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during the later stages of the acceleration. But for this 

case the eddies circulation is small and does not have a 

distinctive effect on the overall temperature distribution. 

Figures 5.4.7 and 5.4.8 show the variations of the 

local Nusselt number with time at a Prandtl number of 0.7, 

for a solid sphere accelerating towards its terminal velocity 

and for an impulsively accelerated flow past the solid sphere, 

respectively. Similarly, figures 5.4.9 and 5.4.10 show the 

variations of the local Nusselt numbers with time for a 

Peclet number of 100, for a solid sphere accelerating from 

rest and for an impulsively accelerated flow, respectively. 

As shown in figures 5.4.7 and 5.4.9 for a Prandtl number 

of 0.7 and a Peclet number of 100, respectively, the local 

Nusselt numbers around the solid sphere remain fairly constant 

during the early stages of the acceleration. However, as 

the solid sphere continues to accelerate towards its terminal 

velocity, the local Nusselt numbers around the upstream 

region of the solid sphere rapidly decrease towards minimum 

values and then increase until the late-time steady state 

values are attained. During the same period the local 

Nusselt numbers around the downstream region of the sphere 

decrease towards their late-time steady state values. 
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5.5 	NUMERICAL SOLUTION OF THE ENERGY EQUATION FOR A 

TERMINAL REYNOLDS NUMBER OF 50 AND A DENSITY RATIO 

OF 0.1 

For a terminal Reynolds number of 50 the time- 

dependent energy equation was solved for the same three 

cases as described earlier for a terminal Reynolds number 

of 10. Figures 5.5.1a to 5.5.1f and 5.5.2a to 5.5.2f show 

the development of the isotherms around the solid sphere 

as it accelerates towards its terminal velocity, for 

Prandtl numbers of 0.7 and 2.4, respectively. For this 

case, the initial dimensionless fluid temperatures were set 

to zero everywhere in the domain except on the sphere 

surface. Figures 5.5.3a to 5.5.3e and 5.5.4a to 5.5.4e 

also show the development of the isotherms around the 

solid sphere as it accelerates towards its terminal velocity 

but with steady state conduction as the initial condition. 

The two sets of figures are for Prandtl numbers of 0.7 

and 2.4, respectively. For both of these cases the temperature 

distribution around the solid sphere at late-time steady 

state condition are found to be exactly the same. Isotherms 

for the third case of an impulsively accelerated flow were 

not constructed. 

From figures 5.5.1a to 5.5.1f, it is observed that 

during the early stages of the acceleration, the thickness 

of the thermal layer around the solid sphere increases 
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uniformly in all directions. However, at a dimensionless 

time of approximately 5.5, the thermal layer at the upstream 

region of the solid sphere starts to shrink and continues 

to do so until the late-time steady state is reached, while 

the thermal layer at the downstream region of the sphere 

continues to expand and finally forms a tail of heated 

fluid downstream. Similar behaviour was observed for 

a Prandtl number of 2.4. 

In the second case, when steady state conduction is 

used as the initial condition the layer of heated fluid 

along the upstream region of the solid sphere continues to 

decrease while the region of heated fluid downstream expands 

slowly until at late-time steady state condition the temperature 

distribution around the solid sphere becomes exactly the 

same as that observed in the previous case. 

Figure 5.5.5 shows the variation of the overall 

Nusselt numbers with time. In this figure, one observes 

that when the initial dimensionless fluid temperature is set 

to zero everywhere in the domain except on the sphere surface, 

the overall Nusselt number decreases rapidly to a minimum 

value and then increases towards its late-time steady state 

value. When steady state conduction is used as the initial 

condition, the overall Nusselt number starts from a value 

of 2.0 and increases slowly towards its late-time steady 

state value. For an impulsively accelerated flow past a 
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solid sphere with the initial dimensionless fluid temperature 

set to zero everywhere in the domain except on the sphere 

surface, the overall Nusselt number is observed to decrease 

slowly towards its late-time steady state value without 

passing through a minimum value. At the late-time steady 

state condition, the overall Nusselt numbers obtained for 

all the three cases agree well with each other and with 

the overall Nusselt numbers obtained by Al-Taha (1969). 

The values are shown in table 3. 

Figures 5.5.8 and 5.5.9 show the variation of the 

local Nusselt numbers with time for a Prandtl number of 0.7. 

Figures 5.5.10 and 5.5.11 show similar results for a Prandtl 

number of 2.4. Figures 5.5.8 and 5.5.10 were obtained when 

steady state conduction was used as the initial condition, 

while figures 5.5.9 and 5.5.11 were obtained when the initial 

dimensionless temperature was set to zero everywhere in the 

domain except on the sphere surface. When steady state 

conduction is used as. an initial condition, the local Nusselt 

numbers start from a value of 2.0 which is constant around 

the solid sphere. As the solid sphere accelerates towards 

its terminal velocity the local Nusselt numbers around the 

upstream region of the solid sphere increase continuously 

towards their late-time steady state values while the local 

Nusselt numbers around the rear part of the sphere first 

decrease slightly and then increase towards their late-time 

steady state values. When the initial dimensionless temperature 
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is set to zero everywhere in the domain except on the 

sphere surface then it is observed that during the early 

stages of acceleration the values of the local Nusselt numbers 

are high but fairly constant around the solid sphere. As the 

solid sphere continues to accelerate towards its terminal 

velocity, the local Nusselt numbers along the upstream region 

decrease rapidly to minimum values and theli increase continuously 

towards their late-time steady state values while during the 

same period local Nusselt numbers around the rear part of 

the sphere decrease slowly and continuously. 

The dimensionless fluid temperatures at 1.17351 sphere 

radii and at angles of 0°, 90°  and 180°  are plotted against 

time in figures 5.5.6 and 5.5.7 for Prandtl numbers of 0.7 

and 2.4, respectively. From these figures, one observes 

that when the dimensionless fluid temperature in the domain 

is initially set to zero then during the early stages of 

acceleration the dimensionless temperature in the vicinity 

of the sphere increases equally in all directions.. As the 

solid sphere continues to accelerate the temperatures at the 

three points specified, reach maximum values and then decrease 

towards their respective late-time steady state values. 

The slight drop in the dimensionless fluid temperature at 

1.17351 sphere radii along the axis of symmetry in the 

downstream direction was not observed in the solutions for 

terminal Reynolds numbers of 1.0 and 10. The drop in 

temperature at this location probably arises because of the 
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increasing rate of circulation in the wake region. This 

will be discussed in more detail later. In the case when 

steady state conduction is used as an initial condition, 

one observes that the dimensionless fluid temperatures at 

1.17351 sphere radii and at angles of 0°  and 90°  decrease 

slowly towards their respective late-time steady state 

values while the temperature along the axis of symmetry 

in the downstream direction increases to a maximum value 

during the early stages of the acceleration and then 

decreases towards its late-time steady state value. 

For the case of an impulsively accelerated flow the 

dimensionless fluid temperatures at the three points 

specified increase rapidly towards their late-time steady 

state values without passing through maximum values. 

5.6 	NUMERICAL SOLUTION OF THE ENERGY EQUATION FOR A 

TERMINAL REYNOLDS NUMBER OF 100 AND A DENSITY 

RATIO OF 0.5 

For a terminal Reynolds number of 100, the time-

dependent energy equation was solved for Prandtl numbers 

of 0.7 and 2.4 and for Peclet numbers of 50 and 100. 

Figures 5.6.1a to 5.6.1f and figures 5.6.2a to 5.6.2f 

show the development of the isotherms with time around 

a solid sphere when it is suddenly released and is 

allowed to accelerate towards its terminal velocity. 

These two sets of figures are for the Prandtl numbers of 
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0.7 and 2.4, respectively. Figures 5.6.3a to 5.6.3e show 

the development of the isotherms around the solid sphere,  

with time for a Prandtl number of 0.7, when steady state 

conduction is used as the initial condition. For this case, 

the temperature distribution around the solid sphere at the 

late-time steady state condition is found to be the same 

as the temperature distribution shown in figure 5.6.1f. 

From figures 5.6.1a to 5.6.1f and 5.6.2a to 5.6.2f, 

it is observed that during the early stages of acceleration 

the thermal layer around the solid sphere increases uniformly 

in all directions. However, as the solid sphere continues 

to accelerate, the thermal layer around the upstream region 

of the sphere increases to a maximum thickness and then 

shrinks again as the late-time steady state condition is 

approached whereas the thermal layer at the downstream region 

of the sphere continues to expand. For a Prandtl number of 

2.4, at a dimensionless time of approximately 12.0, the 

isotherms around the rearward side of the sphere develop a 

pinched-in portion, as seen from figure 5.6.2e. This 

pinched-in feature of the isotherms at the rearward side 

of the sphere becomes more and more pronounced as the solid 

sphere continues to accelerate, and, as will be seen later, 

it also becomes more pronounced as the terminal Reynolds 

number is increased. The pinched-in feature of the isotherms 

is probably the result of circulation in the wake region. 

Although circulation was observed during the later stages of 
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flow separation. 

5.7 	NUMERICAL SOLUTION OF THE ENERGY EQUATION FOR 

A TERMINAL REYNOLDS NUMBER OF 200 AND A DENSITY 

RATIO OF 0.5 

For a terminal Reynolds number of 200, the 

time-dependent energy equation was solved for Prandtl 

' numbers of 0.7 and 2.4 and for Peclet numbers of 50 

and 100. Initially, the dimensionless fluid temperature 

was set to zero everywhere in the domain except on the 

sphere surface. Figures 5.7.1a to 5.7.1f, 5.7.2a to 

5.7.2f, and 5.7.3a to 5.7.3f show the isotherms around the 

accelerating solid sphere for Prandtl numbers of 0.7 

and 2.4 and a Peclet number of 100, respectively. As 

in the previous cases, during the early stages of the 

acceleration, the thermal layer around the solid sphere 

increased uniformly. At a dimensionless time of approximately 

5.3, the thermal layer around the upstream region of the 

solid sphere starts to contract towards the sphere surface, 

while the thermal layer around the rear part of the sphere 

continues to expand and finally forms a tail of heated 

fluid. However, at a dimensionless time of approximately 

13, the isotherms for temperatures of 0.4 and greater 

around the downstream region of the sphere begin to 

deflect back towards the sphere surface. The deflection 

of these isotherms towards the sphere surface is a 
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consequence of circulation within the wake region. 

It is interesting to observe that if the points of 

inflexion of these isotherms are joined together, the 

line joining these points corresponds approximately to 

the streamline for the streamfunction, 1p*, equal to 

zero which appears because of flow separation. The 

isotherms which represent dimensionless temperatures 

of 0.3 and below do not deflect towards the sphere 

surface. 

It is observed that because of circulation 

'a secondary thermal layer' forms at the rear of the 

solid sphere within the region of flow separation. 

This ' secondary thermal layer' is a form of 'thermal 

boundary layer' which occurs within the wake region. 

It is observed that the higher the Prandtl number, the 

greater is the effect of circulation on the temperature 

distribution around the downstream region of the solid 

sphere and the thinner the 'secondary thermal layer' 

becomes. The thinner the 'secondary thermal layer', the 

higher the temperature gradient normal to the sphere 

surface around the rear part of the sphere becomes and 

the higher the local Nusselt number becomes within this 

region. The variation of the local Nusselt number with 

time is shown in figures 5.7.5, 5.7.6 and 5.7.7, for 

Prandtl numbers of 0.7 and 2.4 and for a Peclet number 

of 100, respectively. From these figures, it is observed 
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that the variations with time of the local Nusselt 

numbers are similar to those observed from the solution 

for a solid sphere accelerating towards a terminal 

Reynolds number of 100. The local Nusselt numbers 

between angles of 0° and 100° and between 130° and 

180° decrease to minimum values and then increases 

towards their late-time steady state values, while 

the local Nusselt numbers between the angles of 100° 

and 130° continuously decrease towards their late-time 

steady state values. At a dimensionless time of 

approximately 13.0, a point of minimum local Nusselt 

number begins to appear on the downstream region of the 

sphere. As the solid sphere continues to accelerate, the 

point of minimum local Nusselt number moves slowly 

upstream, but it always remains between the point of flow 

separation and the rear stagnation point. At the late-

time steady state condition, for a Prandtl number of 0.7 

the minimum local Nusselt number occurs at an angle of 

136° , and for a Prandtl number of 2.4 it occurs at an 

angle of 130°, while flow separation occurs at an angle 

of 116°. Figure 5.7.4 shows the variation with time of 

the local Nusselt numbers for an impulsively accelerated 

flow. In this case, the local Nusselt numbers around the 

upstream region of the sphere at angles up to 160°  rapidly 

reach their late-time steady state values without passing 

through minimum values. During the early period of the 

solution the local Nusselt numbers between angles of 160° 
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and 180°  decrease until a dimensionless time of 2.3 is 

reached. At dimensionless times between 2.3 and 6.0, 

these local Nusselt numbers increase slightly and then 

decrease again towards their late-time steady state 

values at dimensionless times of 6.0 and greater, A 

minimum local Nusselt number is observed to appear very 

early during the solution and the point where it occurs 

remains almost constant throughout the solution. 

Figure 5.7.8 shows the variation with time of 

the overall Nusselt numbers. The plots are very similar 

to those observed from the solution obtained at a terminal 

Reynolds number of 100. The late-time steady state overall 

Nusselt numbers obtained from the solution for a solid 

sphere accelerating from rest and from the solution of an 

impulsively accelerated flow agree with each other, as 

shown in table 3. 

Figures 5.7.9, 5.7.10 and 5,7.11 show the variations 

with time of the dimensionless fluid temperatures at 1.17351 

sphere radii and at angles of 0°, 90° and 180° for Prandtl 

numbers of 0.7, 2.4 and 0.25, respectively. The behaviour 

of the dimensionless fluid temperature at the three points 

specified is observed to be fairly similar to that observed 

from the solution obtained for a terminal Reynolds number 

of 100. As in previous case, the dimensionless fluid 

temperature along the downstream axis of symmetry reaches 
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a maximum value and then decreases steadily towards its 

late-time steady state value. The drop in the temperature 

at the downstream point is greater than those observed in 

the solutions for terminal Reynolds numbers of 50 and 100. 

This probably because the intensity of circulation within 

the wake region increases as the terminal Reynolds number 

increases. 

5.8 	NUMERICAL SOLUTION OF THE ENERGY EQUATION FOR 

A TERMINAL REYNOLDS NUMBER OF 300 AND A DENSITY 

RATIO OF 0.5 

For a terminal Reynolds number of 300, the time-

dependent energy equation was solved for Prandtl numbers 

of 0.7 and 2.4 and for Peclet numbers of 50 and 100. 

Initially, the dimensionless fluid temperatures were set 

to zero everywhere except on the sphere surface where the 

temperatures were set to unity. The development of the 

isotherms as the solid sphere accelerates towards its 

terminal velocity is shown in figures 5,8.1a to 5.8.1f, 

5.8.2a to 5.8.2i, 5.8.3a to 5.8.3f and 5.8.4a to 5.8.4f 

for Prandtl numbers of 0.7 and 2.4 and for Peclet numbers 

of 50 and 100, respectively. The temperature distributions 

around the solid sphere are similar to those observed for 

terminal Reynolds numbers of 100 and 200. As the solid 

sphere accelerates towards its terminal veldcity, the 

thermal layer around the upstream region of the sphere 
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increases to a maximum thickness and then shrinks as 

the late-time steady state is approached. For a particular 

Prandtl number, it is observed that the late-time steady 

state thickness of the thermal layer around the upstream 

region of the sphere becomes narrower and narrower as the 

terminal Reynolds number increases, Also, the effect of 

circulation on the temperature distribution around the 

downstream region of the sphere becomes more and more 

pronounced. As the solid sphere continues to accelerate, 

the points of inflexion of the isotherms move upstream. 

This is probably because as the solid sphere accelerates 

the point of separation moves upstream and, hence, the 

region of circulation behind the solid sphere increases. 

As in the previous case, a 'secondary thermal layer' 

appears at the rear of the solid sphere, The late-time 

steady state thickness of the 'secondary thermal layer' 

is much thinner than that observed for a terminal Reynolds 

number of 100. 

Figure 5.8.5 shows the variation of the overall 

Nusselt number with time. As in the previous cases, 

the overall Nusselt number decreases to a minimum value 

at a dimensionless time of approximately 5.0 and then 

increases slowly towards its late-time steady state value. 

Figures 5.8.6 and 5,8.7 show the variation with time 

of the dimensionless fluid temperature at 1.17351 sphere 
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radii and at angles of 0°, 90°  and 180°  for a Prandtl 
4)-tzt -For 0,  Prandtl. number c4 

number of 0.7 and for a Peclet number of 50,,( respectively. 

The behaviour of the dimensionless fluid temperatures at 

these three points is similar to that observed in the 

previous cases. 

Figures 5.8.8, 5.8.9, 5,8,10 and 5.8.11 show the 

variation of the local Nusselt numbers with time for 

Prandtl numbers of 0.7 and 2.4 and for Peclet numbers 
too 	5o 

of 450 and V4O, respectively. The behaviour of the local 

Nusselt numbers is similar to that observed in the 

solution for a solid sphere accelerating towards a terminal 

Reynolds number of 200. At a dimensionless time of 

approximately, 13 a minimum local Nusselt number appears 

at the rear region of the sphere. As the solid sphere 

continues to accelerate the point of minimum local Nusselt 

number moves upstream. At the late-time steady state 

condition, the minimum local Nusselt number appears at an 

angle of 125° for a Prandtl number of 2.4 and at an angle 

of 130° for a Prandtl number of 0.7, while the point of 

flow separation appears at an angle of 111°. As before 

the point at which the local Nusselt number is a minimum 

always appears downstream of the point of flow separation. 
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5.9 	NUMERICAL SOLUTION OF THE ENERGY EQUATION FOR 

A TERMINAL REYNOLDS NUMBER OF 400 AND A DENSITY 

RATIO OF 0.5 

For a terminal Reynolds number of 400, the time-

dependent energy equation was solved for Prandtl numbers 

of 0.7 and 2.4 and for Peclet numbers of 50 and 100. 

In order to simulate time-dependent heat transfer around 

a solid sphere which is suddenly placed in a stationary 

fluid and then allowed to accelerate towards a terminal 

Reynolds number of 400, the initial dimensionless temperature 

was set to zero everywhere in the domain except on the 

sphere surface. Figures 5.9.1a to 5.9,1f, 5.9.2a to 5.9.2f, 

5.9.3a to 5.9.3f and 5.9,4a to 5.9.4f show the development 

of the isotherms around the accelerating solid sphere, for 

Prandtl numbers of 0.7 and 2.4 and for Peclet numbers of 

50 and 100, respectively. The variations with time of the 

isotherms around the accelerating solid sphere are similar 

to those observed from the solution for a terminal Reynolds 

number of 300. The effect of circulation on the temperature 

distribution on the downstream surface of the solid sphere 

becomes more and more pronounced with increasing time, 

The thickness of the 'secondary thermal layer' within the 

wake region decreases as the late-time steady state 

condition is approached. 

Figure 5.9.5 shows the variation with time of the 
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overall Nusselt numbers. The overall Nusselt numbers 

decrease rapidly to minimum values and then increase 

towards their late-time steady state values in a similar 

manner to that observed in the previous cases. 

Figures 5.9.6, 5.9.7 and 5.9.8 show the variation 

with time of the dimensionless temperatures at 1.17351 

sphere radii and at angles of 0°, 90°  and 180°  for a 

Peclet number of 50 and for Prandtl numbers of 0.7 

and 2.4, respectively. From these figures, it is seen 

that the variations with time of the temperatures at the 

three points specified are similar to those observed 

from the solutions obtained for a terminal Reynolds number 

of 300. 

The variations of the local Nusselt number with 

time are shown in figures 5.9,9, 5.9.10, 5.9.11 and 5.9.12, 

for Prandtl numbers of 0.7 and 2.4 and for Peclet numbers 

of 100 and 50, respectively. The variations are similar 

to those obtained from the solutions for a terminal Reynolds 

number of 300. The local Nusselt numbers around the 

upstream region between angles of 0° and 100° and within 

the wake region between angles of 130° and 180°  decrease 

to minimum values and then increase to their late-time 

steady state values. The local Nusselt numbers between 

angles of 100°  and 130°  decrease continuously towards their 

late-time steady state values without passing through 
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minimum values. From these figures, it is observed that 

at a dimensionless time of approximately, 13.0, a minimum 

local Nusselt number starts to appear on the downstream 

surface of the sphere. As the solid sphere continues 

to accelerate, the point at which the local Nusselt number 

is a minimum moves upstream but is always downstream-of 

the point of flow separation. For instance, at the 

late-time steady state condition, the minimum local 

Nusselt number occurs at an angle of 123°  for a Prandtl 

number of 2.4, and at an angle of 127°  for a Prandtl 

number of 0.7, whereas the point of flow separation occurs 

at an angle of 108°. 

As discussed in chapter 4, the numerical errors in 

the solution of the time-dependent Navier-Stokes equation 

were much larger for a terminal Reynolds number of 400 

than they had been for lower terminal Reynolds number and 

they had had a significant effect on the solutions obtained 

for a terminal Reynolds number of 400. As mentioned in 

the introduction to this chapter, the accuracy of the 

numerical solution of the time-dependent Navier-Stokes 

equation affects the accuracy of the numerical solution of 

the time-dependent energy equation although it is difficult 

to estimate the magnitude of the effect. However, the 

numerical solution of the time-dependent energy equation 

is see$ to be stable and the late-time steady state overall 

Nusselt numbers are found to be in reasonable agreement with 
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the steady state overall Nusselt numbers obtained 

experimentally by Drake. Drake's results are presented 

in the paper by Vliet and Leppert (1961). The agreement 

is within ten per cent. The results are shown in table 3 

and are plotted in figure 5.10.1, 

5,10 	GENERAL DISCUSSION 

In this chapter, it has been observed that when a 

heated solid sphere is suddenly placed in a fluid of 

different temperature and allowed to accelerate towards 

terminal Reynolds numbers in the range of 10 to 400, the 

overall Nusselt number rapidly decreases to a minimum 

value and then steadily increases towards its late-time 

steady state value. However, when steady state conduction 

was used as the initial condition, the overall Nusselt 

number started from a value of 2.0, and increased 

continuously towards its late-time steady state value as 

the solid sphere accelerated towards its terminal Reynolds 

number. The late-time steady state overall Nusselt numbers 

obtained from both initial conditions were found to be 

in agreement with each other, 

Figure 5.10.1 shows the variation of the late-time 

steady state overall Nusselt number minus two with the 

terminal Reynolds number. From this figure,• it is 

observed that for the range of terminal Reynolds numbers 
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between 1.0 and 400 and for a Prandtl number of 0.7, 

the late-time steady state overall Nusselt numbers agree 

with those obtained experimentally by Drake as described 

in the paper by Vliet and Leppert (1961). The late-time 

steady state overall Nusselt numbers for Prandtl numbers of 

0.7 and 2.4 are also found to agree with the steady state 

overall Nusselt numbers obtained by Al-Taha (1969). From 

figure 5.10.1, it is also observed that when the Peclet. 

number is kept constant, the change in the late-time 

steady state overall Nusselt number as the terminal Reynolds 

number increases is small compared with the case when the 

Prandtl number is kept constant. For instance, when the 

Peclet number is kept constant at a value of 50, the 

late-time steady state overall Nusselt number varies from 

4.92 to 6.80 for terminal Reynolds numbers between 1.0 and 

400, while for the same range of terminal Reynolds numbers, 

the late-time steady state overall Nusselt number varies 

from 2.92 to 12.33 when the Prandtl number is kept constant 

at a value of 0.7. 

Figure 5.10.2 shows the variation of the group 

(Nuav  - 2)/Re0.55 with Prandtl number. From this graph, 

the late-time steady state overall Nusselt number can be 

formulated in terms of the terminal Reynolds number and 

the Prandtl number, as follows:- 

Nuav = 2 + 
O. 468ReO. 55 Pr0.44 
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The late-time steady state overall Nusselt numbers 

obtained in the present work are tabulated in tables 3 

and 4. 
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CHAPTER 6 

CONCLUSIONS 
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6.1 	INTRODUCTION 

As stated at the beginning of this thesis, the main 

aim of the present work is to investigate heat transfer 

from a heated solid sphere which has a uniform time-independent 

surface temperature and which accelerates from rest 

through a viscous incompressible fluid of different 

temperature. In order to achieve the objective of the 

study, the time-dependent Navier-Stokes equation was solved 

for an accelerating solid sphere and the instantaneous 

streamfunction values thus obtained throughout the domain 

of.integration were then used to solve the time-dependent 

energy equation. The listings of the computer programmes 

used are shown in appendix A6. The time-dependent Navier-

Stokes equation was solved for terminal Reynolds numbers 

of 1.0, 10, 30, 50, 100, 200, 300 and 400. For each 

terminal Reynolds number, the time-dependent energy equation 

was solved for Prandtl numbers of 0.7 and 2.4 and for 

Peclet numbers of 50 and 100. The results obtained will be 

summarized in the following sections. 

	

6.2 	THE TIME-DEPENDENT NAVIER-STOKES EQUATION 

The results obtained from the numerical solution 

of the time-dependent Navier-Stokes equation can be 

summarized as follows:- 
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1) The time-dependent Navier-Stokes equation was 

written in the form of the vorticity transport equation 

and streamfunction equation. These equations were solved 

simultaneously. The vorticity transport equation was 

solved using Peaceman and Rachford's Alternating Direction 

Implicit Method and the streamfunction equation was solved 

using a point iterative successive over-relaxation method. 

The time-dependent Navier-Stokes equation was solved for 

terminal Reynolds numbers of 1.0, 10, 30, 50, 100, 200, 300 

and 400. 

2) In order to simulate the behaviour of a solid sphere 

accelerating from rest, the co-ordinate system was fixed on 

the sphere centre so that the time-dependent Navier-Stokes 

equation was solved within an accelerating frame of 

reference. Hence, the undisturbed stream velocity at the 

outer boundary was time-dependent and the flow was assumed 

to be uniform parallel flow. Therefore, at the outer boundary 

the vorticity was zero while the streamfunction value was 

time-dependent and was calculated using the following equation:- 

Re÷(t*) 
11)* (t*) = 	Sin20 x Re 

In order to solve the above equation, the variation of the 

instantaneous Reynolds number, Ret  , with time, t*, had to 

be known. 
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3) The variation of the instantaneous Reynolds number 

with time was determined from a force balance for an 

accelerating solid sphere using O'Dar and Hamilton's 

equation which was integrated numerically using the method 

suggested by Clift (1973) 

4) When the 'integral' and the 'added mass' terms 

were omitted from O'Dar and Hamilton's equation, the 

numerical solution of the time-dependent Navier-Stokes 

equation approached the late-time steady state condition 

at a faster rate than when none of the above terms were 

omitted. By omitting the 'integral' and the 'added mass' 

terms, the apparent value of acceleration increased, hence 

the late-time steady state condition was approached more 

rapidly. 

5) During the period of acceleration, the instantaneous 

total drag coefficient was calculated to be higher than 

the steady state total drag coefficient calculated at the 

same instantaneous Reynolds number. This is because of the 

effect of 'added mass' and history of acceleration. When 

the instantaneous Reynolds number was around 5% of the 

terminal Reynolds number, the instantaneous drag coefficient 

was approximately ten to fifty times the steady state drag 

coefficient calculated at the same instantaneous Reynolds 

number. It was also observed that the change in the density 

ratio had a greater effect on the instantaneous total drag 
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coefficient than the change in terminal Reynolds number. 

6) In the case of an impulsively accelerated-flow, 

flow separation appeared almost immediately after the 

solution had been initiated in the solutions for terminal 

Reynolds numbers of 30 and above. However, in the case of 

an accelerating solid sphere at the same terminal Reynolds 

numbers there was a significant time lapse after the 

sphere had started to move before flow separation began to 

appear. This is probably because time is required for a 

flow pattern at a particular Reynolds number to be established. 

The instantaneous Reynolds number at which flow separation 

began to appear increased as the terminal Reynolds number 

increased. 

7) Drag coefficients were calculated using two different 

methods. In the first method the drag coefficients were 

calculated from the vorticity values and in the second 

method from the streamfunction values. The results obtained 

from the two methods were in good agreement except for the 

case of terminal Reynolds number of 400. Furthermore, for 

a terminal Reynolds number of 400 neither of the variations 

with time of the total drag coefficients calculated by the 

two methods agreed with that determined l from the solution 

of O'Dar and Hamilton's equation. This is probably because 

the effect of round-off errors was more significant in the 

solution for a terminal Reynolds number of 400 than for 



0 	 349 

lower terminal Reynolds numbers. 

8) 	Apart from the discrepancy observed in the solution 

for a terminal Reynolds number of 400, the results obtained 

were satisfactory. The instantaneous total drag coefficients 

determined from the solutions of the Navier-Stokes equation 

were within about 10% of those calculated from 0'Dar and 

Hamilton's equation. As the late-time steady state condition 

was approached, the results obtained by the varies methods 

became more and more in agreement. The late-time steady 

state results were found to agree well with the results 

obtained by Al-Taha (1969) and Rafique (1971). The 

agreement was in the region of 1 and 10%. 

6.3 	THE TIME-DEPENDENT ENERGY EQUATION 

The time-dependent energy equation is of the same 

form and type as the time-dependent vorticity transport 

equation. Hence, Peaceman and Rachford's Alternating 

Direction Implicit Method was used to solve the time-

dependent energy equation for Prandtl numbers of 0.7 and 

2.4 and for Peclet numbers of 50 and 100 using the solutions 

of the time-dependent Navier-Stokes equation for terminal 

Reynolds numbers of 1.0, 10, 30, SO, 100, 200, 300 and 400. 

The following initial conditions were used; 

In the first case the initial dimensionless temperature 
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everywhere in the domain was set to zero except on the 

sphere surface where the dimensionless temperature was 

set to unity. 

In the second case, steady state conduction was 

used as the initial condition. 

The results obtained from the solutions of the 

energy equation can be summarized as follows:- 

1) 	Transient heat transfer from an accelerating solid 

sphere was simulated by solving the time-dependent energy 

equation using the streamfunction values obtained from 

the solutions of the time-dependent Navier-Stokes equation. 

From the study, it was observed that in the first case as 

the solid sphere accelerated towards a terminal Reynolds 

of 10 or above, the overall Nusselt number reached minimum 

value and then increased towards its late-time steady state 

value. During most of the period of acceleration, with the 

exception of a short initial period, the instantaneous 

overall Nusselt number was less than the steady state 

overall Nusselt number. This was because during the early 

stages of acceleration heat transfer took place largely by 

unsteady state conduction. Hence, the overall Nusselt number 

rapidly decreased and tended to approach a value of 2.0. 

As the solid sphere continued to accelerate, the effect of 

convection increased causing the overall Nusselt number to 
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increase towards its late-time steady state value. When 

steady state conduction was used as an initial condition, 

the second case, the overall Nusselt number started from 

a value of 2.0 and gradually increased to its late-time 

steady state value. For an impulsively accelerated flow, 

the overall Nusselt number decreased slowly towards the 

late-time steady state value without passing through a 

minimum. 

2) 	When a solid sphere was suddenly placed into a 

fluid of different temperature and allowed to accelerate, 

it was observed that during the early stages of acceleration, 

the layer of heated fluid around the solid sphere increased 

uniformly in all directions. As the solid sphere continued 

to accelerate, the thickness of the heated layer over the 

upstream region became narrower and narrower as the late-time 

steady state condition was approached. The behaviour of the 

heated layer explain why the local Nusselt numbers around 

the upstream region of the sphere decreased rapidly to 

minimum values and then increased to their respective 

late-time steady state values. It was also observed that 

at low terminal Reynolds numbers and'at low Prandtl numbers, 

the isotherms were almost symmetrically distributed about 

a plane between the upstream and downstream regions of the 

sphere. As the terminal Reynolds numbers or the Prandtl 

numbers increased, the fluid temperature was convected more 

and more downstream and the thickness of the thermal layer 
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around the upstream region of the sphere decreased. 

3) In the solutions for terminal Reynolds numbers of 

100 and above, the isotherms around the rear region of the 

sphere developed a pinched-in portion. This was the result 

of circulation within the wake region. The inward deflection 

of the isotherms in the downstream region was first observed 

at approximately the same time as flow separation appeared. 

The pinched-in feature of the isotherms became more and more 

pronounced as the terminal Reynolds number increased. 

From the solutions for terminal Reynolds number of 200 and 

above a 'secondary thermal layer' was observed around the 

rear of the solid sphere. This 'secondary thermal layer' 

was a form of thermal boundary layer within the wake region 

and it appeared because of the increasing rate of circulation 

within the wake region as the terminal Reynolds number 

increased. 

4) During the early stages of the acceleration, the 

local Nusselt numbers were approximately constant around 

the solid sphere but as it continued to accelerate, the 

local Nusselt numbers around the upstream region of the 

solid sphere decreased rapidly to minimum values and then 

increased towards their late-time steady state values. 

When steady state conduction was used as the initial 

condition, the local Nusselt numbers started from a constant 

value of 2.0. As the solid sphere accelerated from rest 
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the local Nusselt numbers around the upstream region of the 

sphere increased rapidly towards their late-time steady 

state values while the local Nusselt numbers around the 

downstream region of the solid sphere fluctuated slightly 

before settling down to their late-time steady state values. 

5) For the solutions at terminal Reynolds numbers of 

50 and above, it was observed that there was a minimum 

local Nusselt number somewhere between the point of flow 

separation and the rear stagnation point. As the solid 

sphere accelerated towards its terminal velocity, the 

point at which the local Nusselt number was a minimum 

moved upstream but it always remained downstream of the 

point of flow separation. 

6) From the present work, it was observed that when 

the Peclet number was kept constant, the change in the 

late-time steady state overall Nusselt number as the terminal 

Reynolds number was increased was small compared with the 

change which was observed when the Prandtl number was kept 

constant. 

7) The late-time steady state overall Nusselt numbers 

for terminal Reynolds numbers between 1.0 and 400 and for 

Prandtl numbers of 0.7 and 2.4 agreed reasonably well with 

the steady state overall Nusselt numbers obtained by Al-Taha 

(1969). The agreement was within 10%. 
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8) 	Experimental work is required in order to investigate 

time-dependent heat or mass transfer from an accelerating 

solid sphere so that the reliablity of the results obtained 

in this work may be examined, 
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APPENDIX Al 

THE RELATIONSHIP BETWEEN THE INSTANTANEOUS 

REYNOLDS NUMBER WITH TIME 

A1.1 	INTRODUCTION 

In order to simulate the solution of a solid sphere 

accelerating from rest, it was convenient to fix the 

coordinate system on the sphere centre. The outer boundary 

condition was assumed to be that of uniform parallel flow 

with tine-dependent velocity. The variation with tine of 

the undisturbed stream velocity at the outer boundary was 

taken to be similar to that of the velocity of an accelerating 

sphere. The drag force around the accelerating sphere was 

taken to be that given by O'Dar and Hamilton (1964), as 

follows:- 

F _ 1 T dU 
- m 	u2c 

di- 	2 p f 	- D 	f(t) ( A1.1.1) 

The first tern, 2m'111 , represents the 'added mass' 
dt 

effect, the second term, ipfU
2
CD  , is the steady state 

drag force and the third term, f(t), is the Basset's history 

term, commonly known as the 'integral' term. Two different 

methods were used to determine the relationship between the 

instantaneous Reynolds number, Ret, and the dimensionless 

time, t*. In the first method, the 'added mass' and the 

'integral' terms were omitted and the procedure used is 



dUt 	R' 3 Pf Ut 	
(1 	PfN 

dt ` :1-pfuFt4 T7RT (' --ig 
s 

where CD 
R' 

---77 
Pfut 

(A1,2,3) 

(A1.2.4) 
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described in section A1.2. In the second method, none of 

the terms in equation (A1.1.1) was omitted and the procedure 

used is described in section A1.3. 

A1.2 	THE RELATIONSHIP BETWEEN THE INSTANTANEOUS 

REYNOLDS NUMBER, Ret, AND TIME, t*, WITH THE 

'ADDED MASS' AND 'INTEGRAL' TERMS OMITTED. 

Consider a solid sphere accelerating from rest, 

under the influence of gravity, where at time, t*, the 

instantaneous velocity is Ut. 

The following equation is obltained from a force 

balance around a solid sphere:- 

dUt 	( 2Rr 
m 	= 	Ft 	7r 	(Ps - Pf)g (A2.2.1) 

where Ft  is given by equation (A1.1.1). For this case, 

the 'added mass' and the 'integral' terms in equation 

(A1.1.1) are neglected, hence equation (A1.2.1) becomes; 

11.(2R)3 c dUt 	R' 11-(2Rr 	T uTt2, + n(2R)3  
P 	=   P 	(Ps - Pf)g 6 -dt pfUt 4 f 	6 

(A1.2.2) 

Therefore, 



fs hence, R 	= 2C , 	FR 	8 pcc  (A1.2.7) ( 1-Pf /ps ) 
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Therefore, equation (A1.2.3) becomes; 

dUt  
- 3 

CDUt pf 	Pf  

dt 	4 2R  Ps 	
- --)g 

PS 

By defining: 

pfUt  2R Re
t 

- 
1-1  

Re 
	pfU 2R 

(A1.2.5) 

t* - tUa, 
R 

and 	RFR  = gR   ' 

then, equation (A1.2.5) can be rewritten as follows:- 

2 	P 
1. 

dRet 	30 p Ret t + 	 D 	u. 	Re 	—)
dt* 	8 'p

s  Rem 	Ps 
(A1.2.6) 

At steady state; 

dt* = 0, Ret  = Recc, Ut  = U., CD = 
dRet  

In order to find the relationship between the 

instantaneous Reynolds number, Ret, and time, t*, 

equation (A1.2.6) had to be integrated, in which case the 

relationship between the drag coefficient, CD, and the 

instantaneous Reynolds number had to be known. 
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In this work the following relationships were used:- 

0  _ 24 
CD 	Ret 	for 	Ret 4 0.2 

CD = a Ret(1 + 0.15Rer67 ) for 0.2 4 Ret  < 500 

For terminal Reynolds numbers between 0.2 and 500, 

equation (A1.2.6) was integrated as follows:-

The following variables were defined: 

3 (r)f /ps ) 
Al = 

and. 	A2 = ReccRFR(1 - Pf /Ps ) 

These variables were substituted into equation (A1.2.6), 

so that equation (A1.2.6) became: 

dRet e 	 2 af - = AlCDRet + A2 (A1.2.9) 

hence, t* = 
fRet  

dRet  
(A1CDR4 + A2) (A1.2.10) 

Equation (A1.2.10) was integrated numerically using 

the trapezoidal rule. Having determined the instantaneous 

Reynolds number at each time-step, it was expressed as a 

polynomial as a function of time. The polynomial was 

computed using a CERN library routine called LSQ. 

8 Rea  



dt 	t 	6 	(Ps - Pf)g (A1.3.2) 
mdUt 	F 	7(2R)3  

	

-CHR2  Arpfp 	[d1 	dT  2 	 

t=T
ir=T dt 
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A1.3 	THE RELATIONSHIP BETWEEN THE INSTANTANEOUS 

REYNOLDS NUMBER AND TIME USING CLIFT'S METHOD 

In this case both the 'added mass' and 'integral' 

terms were included in the force balance around the 

accelerating solid sphere. Equation (A1.1.1) was expressed 

in the general form suggested by O'Dar and Hamilton (1964) 

as follows:- 

t 
2 3 4ffR dUt 

 -E 
	R p 2 	R2  irTrp Ft = CA Pf 3 dt 	DfUt + C H 	f 	at 

	 [Et  dT  

0 

(A1.3.1) 

From a force balance around an accelerating solid sphere, 

one obtains:- 

Substituting equation (A1.3.1) into equation (A1.3.2), 

equation (A1.3.2) becomes; 

4.7R 
	

, 
TE  
dUt 	471-R3,“ 
	CD  1TR

z 
,2 

3 	3' “s PfAJ” = 	)s Pf)g Ofut 

(A1.3.3) 

Equation (A1.3.3) may be rewritten in dimensionless form, 

using the dimensionless variables defined earlier together 

with the following variable: 

= TUcc 	 (A1.3.4) 
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where T is the dummy time variable in the history integral 

term. By substitution, equation (A1.3.3) is transformed 

into the following form:- 

2 
Rec, (P s 	dRet =  Rec 	

- 1 - --RecREE(Ps 	cD 2  
Pf ' dtx 	3 	Pf 	8 t  

t* CHRem 	(D 

	

jdRe 	d
*  

	

0 	
dt 	0  vt *...(1, 

(A1.3.5) 

The main difficulty in solving equation (A1.3.5) is 

in the integration of the history term. Clift (1973) 

suggested a method which is accurate and which requires 

fewer iterations than any other method known. Clift's 

method can be described as follows:- 

Define, 

I (t*) = dRet 	d(1)  
dt 	(1) 0 

(A1.3.6) 

Equation (A1.3.6) can be split into two separate integrals, 

as follows:- jit*-2At*. 
IH(t*) = 	Re(0)  d(1) 

0 
jit* 

Re(0)     d(1) 
t*-2At* /t*-0 

i.e. 	IH(t*) = H1 + IH2 

where Re(q)) = dRet 
dt 1 0  

(A1.3.7) 

(A1.3,8) 
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Defining the following notation:- 

Re o  = Re(0) 

Rel = Re(At*) 

ReN 	Re(NAt*) = Re(t*) 

(A1.3.9) 

where At* is the time-step taken during the integration. 

The first integral, In, of equation (A1.3.8) may 

be integrated using Simpson's rule if N is an even number:- 

   

Reo 	ReN-2 	
N-3 R. 	N-4 

 Ref 
 

b/2.. 

 1 4.  2\--N 
7N- 	4 1=1 	1=2 

	

VN-i 	VN-1 

 

    

VAt* 
IH1 - 	 

3 

  

    

     

	

(odd) 	(even) 
( A1. 3.10) 

If N is an odd number, Simpson's rule cannot be applied. 

This difficulty is overcome by using trapezoidal rule for 

the first interval followed by the use of Simpson'-s rule 

for the remaining (N-1) intervals. 

Thus, if N is odd; 

fit* 	Re 	 N-3 Re. 1 ReN-2 	1 	
N-4 Re. 1 IH1 -  	+ 	 + 4 	 2 

3 	IN-1 	TT 

	

1=2 IN-1 	i.3  IN-' 
. (even) 	. 	1  (odd) 

	

At* Re o 	Re1  + — 	 + 
2 iNAt* AN-1)At* 
L 

(A1.3.11) 

For the second integral, 1H2, of equation (A1.3.8), 

Re is assumed to be a quadratic function of time, (I), in 
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the interval of (t*-2At*) 	t* 

• 2 
i.e. 	Re(0) = ao  + ai(t* -0) + a2(t*-0) 

	
(A1.3.12) 

Therefore, ao  = ReN  

• • 
al  _ 4ReN-1 

- 3Re
N 
 - Re

N-2 

2At* 
• 

Re
N 

+ 
ReN-2 

- 2Re
N-1 

a2  

hence, - 

	

[-. • 	

8 • 	1 • 
1
H2 

= 2/2At* -ReN  + 15 ReN-1 + 
17ReN_2  

5  

(A1.3.13) 

Equation (A1.3.10) or (A1.3.11) may be combined with 

equation (A1.3.13) to obtain:- 

	

I
HN 

= S
N 

+ bRe
N 
	 (A1.3.14) 

where SN  and b are independent of ReN. Therefore, equation 

(A1.3.5) becomes:- 

CDRe2  Rem [Ps + 	Re«RFR  [Ps - 3]. 
	- 

	

T (37 A N 3 	Pf 	 8 . L- 

C
H  	 SN  

/871-Re 	
+ bReN  

CC 

(A1.3.15) 

Since CD, CA 
and C

1 
are functions of ReN 

and Re
N' 

the above equation can be solved by a standard numerical 

2At*
2  
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method. In this case, Hamming's process was used as 

suggested by Clift. Details of the procedure used are 

shown in programme III, listed in appendix A6. 

A polynomial of the form; 

n 

Ret = ya tn-1 (A1.3.16) 
.3 n 
n=1 

was determined from the results, using a CERN library 

routine called LSQ. 

The empirical correlation used to calculate the 

steady state drag coefficient is the same as that used in 

section A1.2, i.e. equation (A1,2,8). O'Dar and Hamilton 

suggested the following empirical correlations for the 

coefficients CA 
and CH 

Ret  
CA = 1.05 - 0.066Re

2 	0.12Re.2t  + 
4 x Re! 

(A1.3.17) 
3 

Ret 
and 	CH 

= 2.88 + 3.12Re3t 	Ret  + 	 
2 x Re)  

(A1.3.18) 

For creeping flow, the coefficient CA, approaches 

the value of 0.5, and CH 
approaches 6.0, hence equation 

(A1.3.3) reduces to Basset's equation; 

3 
WUR 

(Ps + 
0.5p )dUt 

f dt 

3 
41TR 
3 

(p
s 
 -p

f
)g - 6npRUt 

t 

	

- 6R2ITTrp,p 	dal dT 		jr   (A1.3.19) 
0 dt Lrit-T 
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A1.4 	CALCULATION OF THE INSTANTANEOUS TOTAL DRAG 

COEFFICIENT USING O'DAR AND HAMILTON'S EQUATION 

From equation (A1.3.1): 

t 
1  = C — R 1.  2 2 	 T pf Ut  + C p 'E- 3L1Lt + CHR2iff 	dUt  dT  

p u  F
t 	D 2 	A f 3 dt 	f _ dt 

o  

(A1.3.1) 

The instantaneous total drag coefficient is defined as 

follows:- 

C
DT 

- 
Ft  

 

7R 2  x 2pf U.2t  

t 

t ff  

	

8R  dUt 2CH 	 t  dT  
Therefore, C

DT 
= C

D 
+ C

A 3U2  dt + 	 dU 

	

UT- 	dt 
0 

(A1.4.1) 

Rewriting equation (A1.4.1) in dimensionless form:- 

L 	. 
8 Re« • 	2CH 	2Rect  CDT = C + C -- Re + 	 Ret  cm)  

D 	A 3 Feet  t 	Ret 	TrRe2 0  -E-77-1- 

( A1.4.2 ) 

t* • 
The integral 	

Ret 
)1 	 dl) is calculated using the method 

	

0 	  
it*-0 

suggested in section A1.3. 
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APPENDIX A2 

CALCULATION OF DRAG COEFFICIENTS 

A2.1 	INTRODUCTION 

The drag coefficient at a given time, t, is 

defined as:- 

CD = 
DRAG FORCE (A2.1.1) 

 

CROSS-SECTIONAL AREA x ;0_2t  

i where 1pUt  is a characteristic kinetic energy per unit 

volume of fluid at time t and Ut  is the instantaneous 

velocity. At each point on the sphere surface there is 

a force per unit area which acts perpendicularly on to 

the sphere surface (see figure A2.1). The drag force 

obtained from this force by integration over the sphere 

surface is known as the 'form drag' or 'pressure drag', Dp. 

Also, at this point there is a shear stress acting 

tangentially to the sphere surface. The drag force 

obtained from the shear stress by integration over the 

sphere surface is known as the frictional drag, DF. The 

drag coefficients obtained from these forces will be 

denoted by CDP and CDF, respectively. The total drag 

coefficient, CDT, is sum of the two drag coefficients, CDP 

and CDF. 
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Figure A2.1 FORCES ON THE SPHERE SURFACE 

A2.2 	FRICTIONAL DRAG 

Referring to figure A2.1; 

D
F 
 = p fTr0Cos13dS 

S 

where 	= 7/2 - 

( v_LE) + 1 lyr  I Tre  = - 
or r 	r De j 

(A2.2.1) 

pry()  yi4 

On the sphere surface; 

Dv  
= vr = DO -

r v 	= 0 

Dve 
Therefore, T

re 	Dr 
= -p-- (A2.2.2) 

= 	_a _ 
Dr 	r 	r DO 

AlsO, age 	.av 
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again, 	vo 

Therefore, 	s 
	Dye 	 (A2.2.3) 

dS = 2nR2 Sined8 

Cos8, = Sine 

Therefore equation(A2.2.1) reduces to:- 

DF = 27R2  pi csSin2ede 

Now, from equation (A2.1.1); 

DF  CDF = 
ITR2  x iptq 

(A2.2.4) 

(A2.2.5) 

Therefore, 
8 

211 CDF = 	s
sin2Ode 0  (A2.2.6) 

Rewriting equation (A2.2.6) in dimensionless form:- 

0 
Recr  CDF = 8Re2j(- C;Sin20d0 t 0  

(A2.2.7) 

A2.3 	PRESSURE DRAG 

A2.31 CALCULATION OF THE REDUCED PRESSURE AT THE 

FRONT STAGNATION POINT 

The time-dependent Navier-Stokes equation, equation 

(2.21.7) may be rewritten in polar co-ordinates. The 

equation for the velocity component vr  is as' follows:- 

= 0 
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v 2  Ve avr ‘7.0  av 	3vr  + -v-e- 	
57 

,0  __r +  	r at 	 r 

= 13P — [ 
p ar 

+ 	2 p  V Vr i;Fr  _ r2 
ave  _ 2 
Do 	17-2 vo Cote 

2 	3ve.] 
r2Sine De (A2.31.1) 

For axisymmetrical flow all derivatives with respect to cp 

are zero. In the absence of swirl, the velocity vJ  is zero. 

Also, along the axis of symmetry, vo = 0, hence equation 

(A2.31.1) becomes:- 

3vr 	Dvr 	1 3P 	p 32vr  + 2 3vr 	1 32vr  + v -- - - -- + atrDr 	o Dr 	o are 	r 3r + r256.7  

Cote Dvr 2vr 	2 Dye 
+ /,r ae - Fr - F2  5Til 

(A2.31.2) 

The equation of continuity, equation (2.21.1), may be 

written in polar co-ordinates as follows: 

1 	2 	1 Wr vr) + -5--0-(veSint3) = 0 rSine  (A2.31.3) 

Along the axis of symmetry, equation (A2.31.3) becomes:- 

3vr 	2vr  + 1 Dvr 	0  
Dr 	r 	r a@ (A2.31.4) 

Equation (A2.31.4) may be differentiated with respect to r 

as follows:- 
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hence; 

4'  -51- 	V 	= 0 

a 
7 
 [avr 	2v-r, 	1 ava  

(A2.31.5) 

a 2vr 	2 \7r 	2 v  + 1 Vvo 	1 '3N/0_ 0 (A2.31.6) 
1-TF 	r 	r3r3e 	r2 30 

By substitution of equation (A2.31.6) into equation (A2.31.2), 

one obtains: 

av 	v 3v 	1 ED 	32v0 	1 ay e  _ 	11._ 
Dt 	rar 	p ar 	pr 	arae 	r 30 

la 2 vr 	Cote  3vr  
r302 	r DO (A2.31.7) 

Also, from equation (2.21.13), 

c 	ave 	ve 	1 avr 
ar 	r 	r a0 (A2.31.8) 

However, along the axis of symmetry:- 

ve  = 	= 0 ar 

so that 1 av 
r90 (A2.31.9) 

and 	ac _ a ay() 	ve 	' Ayr, 
— H 	30 ar 	r 	r a0 

  

32vn 	1 Dve _ 1 D2vr  _ 1 
36ar 	r 30 	r 30 2 	r2 0 0 (A2.31.10) 

By substitution of equation (A2.31.10) into equation 

(A2,31,7), one obtains; 
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Dvr + v 3v, 	_ 13P + 	Dc 	Cote Dvri 
at 	rDr 	p Dr 	pr 	30 	r ae 

(A2.31.11) 

Thus, by the use of equation (A2.31.9), equation (A2.31.11) 

becomes: 

Dvr 
Dt 

v
3vr 	_ lap 

+ 	— 4i _ cote, 

(A2.31.12) 

But along the axis of symmetry, both e and i  are zero. 

Therefore, using L'Hospital's rule; 

Lim CotO C = ac Tcy 
6}O 

so that equation (A2.31.12) becomes; 

• 
Dv 	Dv 
wr + v r r3r 

1 DP 
15 Dr 

_ 2p DC 
pr 30 

(A2.31.13) 

A 
	X 	X 	 

r 	 S  
OC 

Figure A2.2 DIRECTION OF INTEGRATION 

By integration between the points A and B shown in figure A2.2, 

the following expression is obtained; 
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1(v12,13  — VPA) + 17)-(PB  - PA) 

B
2p B 31,, 	

f
B3vrh,,, (A2,31,14) 1)( 

pr ae 
A 	A 

Define a dimensionless pressure, K, as follows; 

K = PrioU:c  

By substitution: equation (A2.13.14) becomes; 

-3-U2r  (V2 B 	r - V2A 	2 
1 

) + -(K
B 
 - KA  ) 2  

=_ 
7- 	or 
1 I 2p B 	1 jr. Dvr  

ao-
r 

- u2 	
i„ 

A 	
«A 

(A2.31.15) 

Now, if point A is on the outer boundary and if point B 

is at the front stagnation point, then vrA = Ut at any 

time t and v
rB = 0. Define a quantity K

o  as follows: 

Ko  = (Ks  - Kra) 

where Ks = PsfipU! and Krcc = Pr ripU2  

Thus: 
U2 	0 
t 2 f 2p K0  or DO = "GT  — uy 	 Br —- 	4r3r 

rm 	rcc  
(A2.31.16) 

Equation (A2.31.16) may be rewritten in dimensionless form 

and vr  may be expressed in term of the streamfunction. 

The equation becomeS:- 

2 	zm  (z m Ret 
8  f 	Bz — 2/ 7 	z. 

cc 	
1  7E3 	w7%24)  D K o  = --- + --- 

Rem 
 0 Tu0.0 

Re 	 .)4 e 

(A2.31.17) 



Therefore; 
1 DP = lv2v  
pr DO 	p 

  

_ p[2ve  
p are 

.11  [2 vo  

- p are 

2 Dve 
r Dr 

1 D2vo 
r2 

Hence, 
1 DP 
pr 30 

 

- But, 	
Dvo ve 13vr  _  
Dr 	r 30 

D' 
Therefore, 	

Drs -- -2717v- 
o _ r   D

r
e 
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A2.32 	CALCULATION OF THE REDUCED SURFACE PRESSURE 

BY INTEGRATION ALONG THE SPHERE SURFACE FROM 

THE FRONT STAGNATION POINT. 

Writing the time-dependent Navier-Stokes equation, 

equation (2.21.7), in polar co-ordinates, for the velocity 

component v0, one obtains:-  

/13 	v  .\70 	y_flaVo 4  vrve  
at 	r 30 

1 DP 
+ 	ve V 	

2 Dv
r -- /72- Ye  Sind 

pr 30 	p 	PTU  

(A2.32.1) 

On the sphere surface:-  

v  = 	
@Ve _ Dve _ Dvr  _ 32  ve 	0  

r v = 	ae 30 ae2  

and, 	s = 1 Dve 
r 	r Dr 

CotO  Dye] 
r DO 

(A2.32.2) 

(A2.32.3) 

(A2.32.4) 

(A2.32.5) 
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By substitution of equations (A2.32.4) and (A2.32.5) into 

equation (A2.32.2), one obtains: 

1 M3  
P 3r 4'  r (A2.32.6) 

 

0 

Figure A2.3 INTEGRATION OF SURFACE PRESSURE 

By integration of equation (A2,32.6) between the points 

C and D shown in figure A2.3, one obtains: 

02 

P1 	
Pr 
	3c 	C — (P - Pc) = D 	P)( 	TiTs + Ts ae 	(A2.32.7) 

As before: 	K = P/iptif, 

62  

So that: 2U:(KD 	KO) = Pr  3r 	
_c_s] e 

 r 
e l  

If point D is at an angle 0, and C is at the front 

stagnation point where 0=0,"then: 

0 
2U (xe  - K0) = + 3r 	

_c.s1 a0 (A2.32.8) 
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Equation (A2.32.8) may be rewritten in dimensionless form 

as follows: 
0 

4 )1 (t 
0 K = Ko 	Dc 

Re 	
b + c*) DO 

cc 
0 

(A2.32.9) 

where Ko  is calculated from equation (A2.31.17). 

Note that to obtain equation (A2.32.9), the relationship 

r*=1 has to be used. 

Equation (A2.32.9) can be integrated in the above 

form or it can be rewritten in terms of streamfunction 

values in the following way:- 

It can be shown that; 

az - Sine az3  1 a3V* 1 z=0 	z=0 
4qc 	(A2.32.10) 

1p*(z+h) may be expanded using Taylor's series; 

*(Z-Fh) 	V(Z) 	1194)* 
	h2 a2.11* 	h3 asp* 

	

az 	2! 	+ 3! TiY  

On the sphere surface; z=0, hence the above equation 

becomes; 

	

r(h) = 11)*(0) + 041 	
112 pip*1 	h3  93V1 

az 	2! rz-r 	3! -a73-  
z=0 	lz=0 	z=0 

where the derivatives of the streamfunction with respect 

to z of the fourth and higher orders are neglected. 
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Furthermore, on the sphere surface:- 

ir(0) = VAS = 0 	and a*  az z=0 
=0 

h2  a2ip* Therefore, 11(1-1) = 	az 2  z =0 

h3  a 3** 
Ti7 z=0 

  

hence, 
plrel 	6.1.*,1„.\ 	3 a 2 1p*I  

	

"" 	h az2 Iz=0 h3 Dz3 1z=0 

But, 1  a 2 tp* 
Sina z=0 

  

3th* 1 
Therefore, c6z; 

z=0 

6 	3 	* = 17** (h) - FSine s  

Therefore, equation (A2.32.10) becomes; 

ac*I 	6 	3 * 	q (h) - 	1-1- 
lz=0 

• 

h3Sin6 .*  * 

• h3Si 
6

ne *(h) - ( 3  

or, in finite-difference form:- 

	 Isplc 	. - 	4 ct 	. 	(A2.32.11) 
• h3SIne.

3 
 1=2,3 	h 	1=1,3 

aC* 
az z=0 



ii  

(Re)  
Re
t 	

6 

0 

2 	'II I< Sin20d0 	(A2.33.4) 
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A2.33 	CALCULATION OF THE PRESSURE DRAG COEFFICIENT 

From equation (A2.1.1) the pressure drag coefficient, 

CDP, is defined as follows:- 

D
P  

CDP = 

 

(A2.33.1) 

 

nR2  x 2pU.2t  

 

Referring to figure A2.1, the pressure drag force, DP, 

can be calculated as follows:- 

DP =ffPs 
	 (A2.33.2) 

where 	(3 = 7/2 - 8 

7 
Therefore, DP = 7R2 	PsSin28d8 
	

(A2.33.3) 

0 

But, as before: K = 

7 

f 
Therefore, DP  = 7R2(ipUcc  ) 	KeSin28d8 

7R2  x 301_2t  

27 

- 
 (

-51.) 	K6 
 Sin26d0 

Ut  

Hence, CDP 

0 
7 

11-R2(1pU2) 0 
f 

 KGSin26d0 

0 

where K
8 
 is calculated from equation (A2.32.9). 
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APPENDIX A3 

LOCAL AND OVERALL NUSSELT NUMBERS 

A3.1 DETERMINATION OF THE LOCAL NUSSELT NUMBER 

From Fourier's Law of heat conductiOn, the heat 

flux, ql, normal to the surface, at any instant of time 

is given by:- 

1 3T q1 = - kT  	w- 111  oxl xi  =(xl)s  
(A3.1.1) 

x1 =(xl)s  

the surface in the direction of the outward normal to the 

surface. 

The local heat flux may also be expressed in terms 

of the local heat transfer coefficient hloc(x2 ) as follows: 

q1 = hloc(x2)(Ts - To) 
	

(A3.1.2) 

Equating equations (A3.1.1) and (A3.1.2), one obtains; 

1 3T ] -k 
Th ax 

	hloc(x2)(Ts 	To) 

xl=(xl)s 

where kT  is the thermal conductivity of the fluid and 

[1. 3T 
1113xj 	is the local temperature gradient at 



kT 

hloc(e) x 2R 
Nu(0) = (A3.1.4) 
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For a sphere, the above equation becomes: 

hloc(0)  

kT 

1 	aT 
(Ts 	To) (k-,)r=R 

(A3.1.3) 

The local Nusselt number is defined as follows: 

Substituting equation (A3.1.4) into equation (A3.1.3), 

one obtains:- 

Nu(0) 	
2R 	(T 

= (Ts 

- 	
To) 3r)r=R 

(A3.1.5) 

Equation (A3.1.5) can be rewritten in dimensionless form 

as follows:- 

(A3.1.6) 
z=0 

where r* = e z 

A3.2 DETERMINATION OF THE OVERALL NUSSELT NUMBER 

The total heat flow from the surface, QT, -T' is  
evaluated from a summation of the products of the local 

heat fluxes and areas for all points on the sphere surface, 

as follows:- 

(A3.2.1) 

Nu(0) = - p_I* 
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QT may also be expressed in terms of an overall heat 

transfer coefficient, hT, as follows:- 

QT = hT x S(Ts 	To) 
	

(A3.2.2) 

Therefore, by equating equations (A3.2.1) and (A3.2.2), 

one obtains:- 

hT x S(Ts - To ) = )5(41ds 
S 

But, from equation (A3.1.1), 

1 (DT ) q  = 
1 	kT hi al  

xi=(xl)s 

(A3.2.3) 

1 DT) 
Therefore, 	hT x S(Ts - To ) = 	-kT (FiDxi 	

dS 
 xi=(xl)s 

For a sphere, the above equation may be rewritten as 

follows:- 

hT 	1 	DT) dS kT 	S(Ts 	To  )D7 r=R 
S 

where 	S = 4RR2  

and 	dS = R2Sin04D0 

Therefore, equation (A3.2.4) becomes:- 

(A3.2.4) 

2 
hT 	1 	

J.1  .11 ( 
DT ) R2Sin0430 kT = 	411-R2(Ts-To) 
-aT 

0 0 
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Or, 	
h
T 	1 	ff(DT) 

= - 	 Sin6d0 k 	2(T T o )/ TiT 
0 	r= T 	s 	R 

(A3.2.5) 

The overall Nusselt number, Nuav,  is defined as follows:- 

h 
Nu 	= 	 x 2R av kT 

(A3.2.6) 

By substitution of equation (A3.2.6) into equation 

(A3.2.5), one obtains:- 

w DT)R Nuav = 	(T 	T 	Sined8 	(A3.2.7) 
s - o l (Dr r=R 

Equation (A3.2.7) can be rewritten in dimensionless form 

as follows:- 

Nu = av 	(Dz 
3T*)  Sin0d8 

0 z=0 

where; 	= r*  = ez 

(A3.2.8) 

But, from equation (A3.1.6); 

Nu(0) = -23z lz
=0 

Thus, equation (A3.2.8) can be rewritten in terms of the 

local Nusselt number as follows: 

Nuav 2 
= Nu(8)Sinede 

0 

(A3.2.9) 



C23 
a3 = C33 - C12  x  C32 

(A4.1.4) 
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APPENDIX A4 

A4.1 	SOLUTION OF EQUATIONS WHICH FORM TRIDIAGONAL 

MATRICES USING GAUSSIAN ELIMINATION METHOD 

Consider three simultaneous equations of the form:- 

C32T2 + Cl 2 -T  3 D2 (A4.1.1(1)) 

C23T2  + C33T3 + C13T4 D3 
(A4.1.1(11)) 

C24T3 + C34T4 
(A4.1.1(iii)) 

By multiplication of equation (Al.l.l(i)) by the factor 

3 	one obtains:- C32 ' 

C23 	C23 C23T2 + C12 
x 
C32 

T3 = D2 C32 (A4.1.2) 

By subtraction of equation (A4.1.2) from equation (A4.1.1(ii)), 

one obtains:- 

C2 	C2  
T3 	C33 - 012 	C32 

x  	+ C13T4 = D3 - D2 C32 

(A4.1.3) 

Define new variables as follows: 

C2 



and, 	S3 = D3 - D x 	 2 C3
2  

2 

C3 
(A4.1.5) 

Cl3 x C24 

3 
a4 = C34 	a (A4.1.9) 

S3 x 
a C2

4 and, 	S4 = D4 - 	 
3 

(A4.1.10) 
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Substitution of the above variables into equation (A4.1.3) 

gives:- 

a3T3 + C13T4 = S3 	 (A4.1.6) 

By multiplication of equation (A4.1.6) by the factor 

one obtains:- a3 ' 

C24 	C24 C24T3 + Cl3 x a3 
T4 = S3 a 3 

(A4.1.7) 

Substract equation (A4.1.7) from equation (A4.1.1(iiI)) 

to obtain:- 

C24 	C2  T4 	C34 - Cl3  x 	= D4 - S --- 	(A4.1.8) a3 	3 a3 

Define the following variables:- 

C24 

By substitution of equations (A4.1.9) and (A4.1.10) into 

equation (A4.1.8), one obtains:- 

S4 T4 = 3  
4 

(A4.1.11) 



and 	S = D - 	 Sk k a(k-1) 
(k-1) 

(A4.1.14) 
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Equation (A4.1.7) can be rewritten as follows:- 

T3 

S3 - Cl3
T4 (A4.1.12) 

a3 

Equations (A4.1.9) and (A4.1.10) may be rewritten in 

general form as follows:- 

ak  = C3k  

Cl(k-1) x C2k  

a(k-1) 
(A4.1.13) 

where k assumes the values from k=2 to k=N and (N-1) 

is the number of simultaneous equations. If the 

maximum number of simultaneous equations in a tridiagonal 

matrix is (N-1) then equations (A4.1.11) and (A4.1.12) 

can rewritten as; 

SN 
TN aN 

and 	Tk = ak 

(A4.1.15) 

for 	2 >< k 	(N-1) 
Sk 	C1k x T(k+1) 

(A4.1.16 ) 

From equations (A4.1.13) and (A4.1.14) one can deduce that; 

a2 = C32 
	 (A4.1.17) 

and 	S2 
= D2 
	 (A4.1.18) 

Therefore, the solution of any set of simultaneous 

equations which form a tridiagonal matrix can be obtained 

using the following procedure:- 



Tk = Skk 

Clk x T(k+1) 
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Set: 	S2 = D2 and a2 = C32 

for all values of k from k=3 to k=N, where (N-1) is 

the number of simultaneous equations forming the tridiagonal 

matrix. The following may be evaluated; 

ak = C3k  
Cl(k-1) x C2k  

a(k-1) 
(A4.1.19) 

and 	Sk = Dk a
(k-1) 

 x C2
k  (k-1) 

(A4.1.20) 

The solutions of the simultaneous equations are as 

follows: 

SN For k=N: 	TN = a 	 (A4.1.21) 
N 

and for k=2 to k=N-1: 

(A4.1.22) 

Note that the subscript k runs from k=2 to k=N, so that 

the number of simultaneous equations to be solved is (N-1). 
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APPENDIX A5 

	

A5.1 	DERIVATION OF THE STABILITY CRITERIA 

	

A5.11 	DERIVATION OF THE STABILITY CRITERION FOR THE 

VORTICITY TRANSPORT EQUATION. 

By rewriting the vorticity transport equation, 

equation (3.21.1), in finite-difference form, one obtains:- 

Re 2z1 	 +1 	Re 	1  
/-1(gi,j)  + 	zi 	ai (44_1,j )  Ygi,j)  e 	Sin 8. 

3 

2Cote.e .1 	- 3.412* .) 	D.(g1.1 
1,7 	113 

2g1?" .] 
J 1,7 	j 1,3 	1,] 	113 

= D(e .) - D.(g. .) + ?(g1.1  .) - Cot8.3.(0-1.1  .) 1 1,3 	1 1,3 	3 1,3 	3 3 '1,3 

(A5.11.1) 

By expansion of equation (A5.11.1), using a first order 

simple explicit form, equation (A5.11.1) becomes; 

n+1 .=(1-2X.)a. 	+ 2X. 	bl.g. 	+ b2.g. gi,j 	1 	1+1,j 	b21 g1-1,j 

+ b3.g 	+ b4.g. 	2X.D. 1,j-1 	1 1,7 

(A5.11.2) 
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C 

1 	
R  

AC where; D. 	= 	OR  ) [ A ( 	)  
,i 	h3i 	15i 	i g ,i - 4kCt

O 	
° igi,j ,i  

	

A.(0,j  ) 	gi,j [A.( 	) 4he )] 1  

and 	X. = 	aAt  1 	2z- e 1 Re 

For creeping flow, the convective term can be 

neglected. The above equation can then be rewritten 

as follows:- 

n+1 _ . 	- (1-2X.)g. 	+ 2X. 	bl.a. 	+ b2.g. 
gi,j 	1 I,j 	1 	1°1+1,j 	1 1-1,j 

	

+ b3.g. 	+ b4.g. 1,j+1 	1,j-1 

(A5.11.3) 

From a comparison of equation (A5.11.3) with the vorticity 

diffusion equation derived by Fromm (1964), the following 

stability criterion can be deduced:- 

0 < X. < 1  for all i 2 1 

AS.12 	DERIVATION OF THE STABILITY CRITERION FOR THE 

ENERGY EQUATION. 

The energy equation, equation (2.31.7), may be 

written in finite-difference form as follows: 
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e
2zi Re Pr  9 ern+1 + 	Re Pr 	9. (VII )a .(Ti ) 2 	n 	 1 Sine. 	,3 j i,j 

a.ce .)3.(Tn .) 

	

1,3 	1,3  

= 9.(Tn .) + 	.) + Cot0.9.(Tn .) + 9(Tn .) 
1 1,3 	1 1,3 	3 3 1,3 	3 1,3 

(A5.12.1) 

Equation (AS.12.1) can be rewritten in first order simple 

explicit form as follows:- 

T1 
 

,j 
	(1-2X:)Tn 	+ 2X: bl.Tn 	+ b2.Tn 

I,j 	1 1,3 	1 	1 I+1,j 	1-1,j 

+ b3.Tn 	+ b4.T11 	2X!0.1  
3  1,j+1 	3  1,j-1 	1 I,j 

(A5.12.2) 

cRP  
where D 

	
- 
h3i,j 	

Ai
) [Aj

(T?
,j

)1 - 	A.(4)1.1  ,) [A.(Tn .d 3  1,3  1 1,3  

and Xi  = aAt  
• 

Re Pr e 
2z  

For creeping flow together with small Prandtl number 

the convective term can be neglected and equation (A2.12.2) 

can be rewritten as follows:- 

Tn+1  = (1-2X:)Tn 	+ 2X 	Ti+ 109 Tn 
1,j 	1 1,j 	i i+1,j 	--i-i-1,j 

+ 	 T b4 b3.T. 	+ 	.. 	1 
3  1,j+1 	1,j-1 

(A5.12.3) 
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The following stability criterion for the energy 

equation can be deduced from a comparison of equation 

(A5.12.3) with equation (A5.11.3): 

0 < X
1  < 2 for all i. 

A5.13 TO SHOW THAT THE SUM OF THE COEFFICIENTS 

bl1., b21., b3.3  and b4. IS UNITY. 

As defined in section 3.23 by equations (3.23.5) 

to (3.23.9): 

1 [1 bl. 	1 
a. 	a ri2  - 2h 

. = 	
[1_ b2 a_ a h2  2h 

b3. = 	[1 	Cot  031 
 a 172  - 2k 

and ' 
Coteli]  

j a 72 	2k 

1 where 	a = 2 [1  h2  k2  

Therefore, bl. + b2. + b3. + b4. 1 	1 	3 	3 

= 	
K2 

1 [1. 

11] a h2  2h a k2  2k + [   + ] + 	— - 1 	1 	1 	1 [ 1 	Cote'  
a 

3 

+ 	+ 1 [ 	-- 1 Cote] J 
a k2  2k 
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APPENDIX A6 

COMPUTER PROGRAMMES 

A6.1 	USER'S GUIDE 

The listings of the computer programmes written in 

FORTRAN IV are presented in sections A6.3, A6.4 and A6.5. 

The function of each subroutines is described in the 

listings. 

Programme I was used to compute the numerical 

solution of the time-dependent Navier-Stokes. Programme II 

was used to compute the numerical solution of the time-

dependent energy equation. Programmes 11I and IV were 

used to determine the polynomial describing the variation 

of the instantaneous Reynolds number, Ret, with the 

dimensionless time, t* . 

The instantaneous streamfunction values 

throughout the domain, calculated from Programme I were 

transferred to Programme II via magnetic tape. This was 

done by mean of the subroutines OUTAP3 and INTAP3 in 

Programmes I and II respectively. 

To obtain results presented in this thesis, one 

needs only to specify the appropriate counters and parameters 

in subroutines CNTROL and CNTRTP in programmes I and II 

respectively. 
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A6.2 	LIST OF FORTRAN SYMBOLS 

Given below is alist of important Fortran symbols 

used in the programmes. All other symbols used in the 

programmes are either defined in terms of these symbols 

or are self-explanatory. 

FORTRAN SYMBOLS 	 MEANING  

AA 	 an 

KNOT 	 Ko  

AK(J) 

AVNU1 	 Overall or average 

Nusselt Number 

Bl(I) 	 bl. 

B2(I) 	 b21  

B3(J) 	 b 3j  

B4(J) 	 b4. 

C(I) 	 C. 

CCU 	
* 

CCG 	 eg  

CCT T 

CDF 	 CDF 

CDP 	 CDP 

CDT 	 CDT 

CPT 	 The Central Processor Time 

CR 	 CR 
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FORTRAN SYMBOLS 	 MEANING 

CRP 

CT(J) 

DFU 

DFG 

DFT 

DELTT 

GO(I,J) 

GN(I,J) 

H3(I,J) 

II 

IN1 

INPRV 

ISKIPN 

ISKIPO 

ISKIPT 

ITHETA(J) 

CRP 

cote. 

cull)  

w
g  

wT 

St* 

n 
gij 
n+1 
gij 
h3. ,3 

Input magnetic tape 

unit number. 

IN1; total number of grid 

lines in the z-direction. 

Number of unconverged nodes 

in the initial solution of 

the Navier-Stokes equation. 

Number of files to be 

skipped on input magnetic 

tape. 

Number of files to be 

skipped on output magnetic 

tape. 

Number of files in storage 

magnetic tape; tape3. 

0 in degree 
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FORTRAN SYMBOLS 	 MEANING  

Output magnetic tape 

unit number. 

JN1; total number of grid 

lines in 0-direction. 

Storage magnetic tape 

unit number; set equal to 3. 

Number of streamlines to 

be plotted. 

Number of vorticity lines 

to be plotted. 

Number of isotherms to 

be plotted. 

k in degree. 

If LM1 or LT1 equal to one, 

another step in time is 

taken, otherwise iterations 

are performed on the 

existing solution. 

The first file to be read 

from the storage tape; tape3. 

The minimum number of 

unconverged nodes acceptable 

in a solution. Normally set 

to zero. 

JJ 

JN1 

KK 

KNU 

KNV 

KNT 

KS 

LM1, LT1 

LSKIPT 

MNPR, MPT 



394 

FORTRAN SYMBOLS 	 MEANING 

MXITER 

MXUP 

NSKIPT 

NPRU1 

NPRG1 

NPRT 

NPRINT 

The maximum number of 

iterations allowed at each 

time-step for the surface 

vorticity or for the 

temperature along the 

axis of symmetry. 

Maximum number of iterations 

for the streamfunction at 

the n+1 time-step. 

Last file to be read from 

the storage tape; tape3. 

Total number of unconverged 

points in the streamfunction 

field. 

Total number of unconverged 

points in the vorticity 

field. 

Total number of unconverged 

points in the temperature 

field. 

The number of time-steps 

after which print out of 

contours were produced, and 

the drag coefficients and 

Nusselt numbers are calculated. 
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FORTRAN SYMBOLS 	 MEANING  

NTIMES 	 Total number of time-steps 

by which the solution is 

advanced in time before 

the computer run is 

terminated. 

OPTIME 	 The approximate central 

processor time required for 

printing out the results. 

PE 	 Peclet number. 

RE 	 Terminal Reynolds number. 

RET 	 Instantaneous Reynolds number. 
Pf 

RADEN 	 Density ratio; — . 
Ps 

RPLOTT 	 The radial distance up to 

which the isotherms plot 

is produced. 

RPLOTU 	 The radial distance up to 

which the streamlines plot 

is produced. 

RPLOTV 	 The radial distance up to 

which the vorticity lines 

plot is produced. 

SH 	 mesh size; h 

SK 	 mesh size; k 

SN(J) 	 Sine 

ST 	 time-step At 
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FORTRAN SYMBOLS 	MEANING  

TIME 	. 	 t* 

THETA(J) 	 0 in radian 

+1 TN(I,J) 	 T.n  1,3 

TO(I,J) 	 T. 1,j 
TNU2(J) 	 Local Nusselt number, Nu 

UO(I,J) 	
V727 

UN(I,J) 	 n+1  

VCT(K) 	 Value of the isotherm contour. 

VCU(K) 	 Value of the streamlines 

contour. 

VCV(K). 	 Value of the vorticity lines 

contour. 

W11 

W21 

W31 

XRP(I) 

Z(I) 

W2 

W3 

X RP. 

zi(distance in z-direction) 
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A6.3 	COMPUTER PROGRAMME FOR TIME-DEPENDENT NAVIER-STOKES 

EQUATION. (PROGRAMME I) 

INITILIZE 
COUNTERS 

LM1=1 

TIME=TIME+ST 

FIG. A6.1 FLOW DIAGRAM FOR THE MAIN PROGRAMME 



FIG. A6.1 (Continued) 

YES 

K 
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FIG. A6.1 (Continued) 

CALL SECOND 

HAS 
TOTAL 

NO. OF TIM 
STEP COM-
LETED 

? 

CALL OUTPUT 

ROTATE STORAGEI  

ISKIPT=ISKIPT+1 

399 



FIG. A6.1 (Continued) 

HAS 
THE MAX. 
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ITERATIONS 
COMPLETED 

• ' 

400 
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PROGRAM NSE2 (INPUT•OUTPUT,TAPES=INPUT,TAPE6=OUTPUToTAPEI4 

ITAPE24TAPE3) 
C 
c********* **********************************************************#* 

C 
C 	PROGRAM TO S IMULATE VISCOUS INCOMPRESSIBLE ACCELARATING FLOW * 
C 	AROUND A SOLID SPHERE BY SOLVING THE TIME—DEPENDENT NAVIER- 
C 	STOKE EQUATION USING PEACEMAN AND RACHFORD ALTERNATING 

DIRECTION IMPLICIT FINITE—DIFFERENCE METHOD 
C 	THIS PROGRAMME CAN BE RUN USING CDC6600 OR CDC7600 MACHINE 

C 	USING FTN COMPILER 
C 

C 
C 
CC 	THIS PROGRAMME IS VERY SIMILAR TO THE ONE USED BY K.RAFIQUE.  

C 	IN HIS WORK EXCEPT FOR SOME SLIGHT MODIFICATION IN THE MAIN 
C 	PPOGRAMtSUBROUTINF CNTROL,SUBROUTINE INTVAL AND SUBROUTINE 

C 	PDCOEF WITH ADDITIONAL SUBROUTINE VIZ 
C 	I)SUBROUTINF OUTBC 
C 	2)SUBROUTINE OUTAP3 
C 	AND 3/SUBROUTINE POSITN 
C 	THIS CHANGES ARE NECESSARY IN ORDER TO SOLVE FOR TIME— 
C 	OUTER BOUNDARY CONDITION AND TO,TRANSFER THE 
C 	STREAMFUNCTION VALUES OBTAINED AT EVERY TIME—STEP TO THE 
C 	ENERGY PROGRAMME VIA MAGNETIC TAPE 	TAPE3 

. C 	THIS IS DONE THROUGH SUBROUTINE OUTAP3 
C 
C 	FOR THE CASE OF CONSTANT OUTER BOUNDARY CONDITION ONLY 
C 	SUBROUTINE OUTAP3 AND SUBROUTINE POSITN HAS TO BE ADDED WITH 
C 	A SLIGHT MODIFICATION IN THE MAIN PROGRAM 
C 
C 

COMMON /GRIDC/ Z(611.F(61),ITHETA(61),SN(61),CS(61),CT(61)+ 
H3(61.61),THETA(61) 

COMMON /INJNC/ INloJN1IIN,JN,SHoSKISToKS,RE4TIME,NTIMES 
COMMON /CONWT/ CCU'CCG,OFU,DFG' 
COMMON /NPRC/ NPRUI,NPRGI,NPRI.NPRU,NPRG,NPRoMNPR,MXITERvINPRV,  

NPRINT,MXUIMXUP 
COMMON /TSTEP/ RX(61) 
CON /LNPUT/ LNPIeLNP2 ,LNP1 
COMMON /LMAIN/ LM1 ,LM2ILM3 ,LM4/LM5 ,LM6 
COMMON /LRSTAB/ 
COMMON /CPTIME/ CPTIOPTIME 
COMMON /ICOEF/ B1(61) , B2(61) , C(61) , ASH 
COMMON /JCOEF/ B3(61), 54(61)*A,ASK 
COMMON/IJCOEF/ SH4vCR,SK4 
COMMON/UNGNC/ UN(61+11)+GN(61v3I) 
COMMON/UOGOC/ U0(61,31),G0(61+31) 
COMMON /SLVCF/ C1(61).C2(61)+C3(61)+D(61),P(61).LSV1 
COMMON /VFIELD/ LFItLF2ILF14JCUT,INS$ISCANgISLOPE 
COMMON /OMEGA/ WII.W2I.W3I+WI2*W22,W32/W13,W231W33 
COMMON /OUTBC/ DFUB9CCUOB , JNHH4JNHH2 
cr)nN /LNTAP3/ ISKIPT ,KK 
COMMON/09C/ DELTT,LP14LP2*LP3eR,RT,SR 
COMMON/INICD/ FR.RET,RADEN+RETI 
COMMON /LOTPUT/ LOPI*LOP2,LOP3 

C 
C 	SET PROGRAM CONTROL PARAMETERS TO START COMPUTATION, 



402 

C 
CALL CNTROL 

C 
C 
C ' READ OR EVALUATE INPUT DATA 

CALL INPUT 
C 

IF(ISKIPT.EQ.0) GO TO 9 
C 
C 	POSITION TAPE3 READY TO STORE STREAMFUNCTION VALUES WHEN 
C 	ISKIPT IS SET TO ZERO 
C 

CALL POSITN 
C 

GO TO 10 
C 
C 	WRITE ALL THE COEFFICIERTS AND PARAMETERS COMMON TO BOTH- 
C 	THIS PROGRAMME AND THE ENERGY PROGRAMME ONTO TAPE3 WHEN 
C 	ISKIPT=0 
C 

9 CALL OUTAP3 
C 

IcKIPT=1 
10 CONTINUE 

N=OSNPOLD=OSNPAGE=O$CPSEC1=0 
1 CONTINUE 
NITER=0 
Lm1=-1 
TIME=TIME+ST 
IF(NPAGE0E041) WRITE(69100) 

100 FORMAT(1H1) 
C 
C 	FOR TIME—DEPENDENT OUTER BOUNDARY CONDITION LP2=0 AND LP1=14HENCE 
C 	UPDATE THE STPEAMP*UNCTION VALUES ALONG THE OUTER BOUNDARY 
C 

IF(LP2.E0*1) GO TO 2 
IF(LPIoE041) CALL OUTAC- 

C 
2 CONTINUE 

C 
C 
	

UPDATE THE VORTICITY FIELD IN TIME 
C 

CALL UPDATE 
C 

LM1=0 
C 
C 
	

S -T THE SURFACE VORTICITY CONDITION 
C 

CALL VAPBC 
C 

NITER=NITER+1 
NPR =NRRU NPRG 
IF(NPR0LEeMNPR) GO TO 3 
IF (NITERGGEGMXITFR) GO TO 7 
GO TO 2 

3 CONTINUE 
ISKIPT=ISKIPT+1 

C 
C 	STORE THE CONVERGED STREAMFUNCTION VALUES AT THIS TIME—STEP 
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C 	INTO MAGNETIC TAPE--TAPE3 
C 

CALL OUTAP3 
C 

CALL SECOND (CPSEr) 
WOITE(6/102) CPSFC1 NITER 

102 FORMAT(1H0+1X+8HCPTIME =,E8,2910X.7HNITER =914) 
TLEFT = CPT — CPSEC 
DLT1 =TLEFT — OPTIME 
DLT2 = CPSEC 	CPSECI 
I7(OLT1oLE0OLT2) GO TO 6 
CPSEC! = CPSEC 
N=N+1 
IF(NTIMES. EO,N) _GO TO 6 
NPNEW = N/NPRINT 
IE((NPNEW—NPOLD)*E0.1) GO TO 8 
NPAGE =0 

5 CONTINUE 
NPOLD=NPNEW 
DO 4 I=1,IN1 
DO 4 J=1,JN1 
U0(1/J) = UN(I+J) 
GO (10J) = GN(Iej) 

4 CONTINUE 
P=-T1=RET 
GO TO 1 

B CONTINUE 	 % 

NPAGE =1 
WrITE(6e104) TIME 

104 FORMAT(IXt//,20X.9HTIME=+F10.6 
LOP1=0q;LOP2=0SLOP3=1 
CALL OUTPUT 
GO TO 5 

6 CONTINUE 
WPITE(60103) /SKIPT.N 
LOPI=15W_OP2=0$LOP3=0 
CALL OUTPUT 
STOP 

7 CONTINUE 
LOP1=OLOP2=1-SLOP1=0 
WRITE(6/103) ISKIPTIN 
CALL OUTPUT 
STOP 

103 FORMAT(1H .10X47HISKIPT=tI8,2HN=si8) 

END 
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SUBROUTINE CNTROL 
C 
C 
C 	THIS SUBROUTINE SUPPLIES ALL THE CONTROLLING PARAMETERS 
C 	IN ORDER TO START THE COt4PUTATION 

C 
C 

COMMON /GRIDC/ Z(61)IF(61)sITHETA(61)+SN(61),CS(61),CT(61),  
H3(61+61),THETA(61) 

COMMON /INJNC/ IN19—INI,IN9jN4SH,SK.ST,KS,RE,TIME,NT/MES 
COMMON /CONWT/ CCU*CCGIDEUtDEG 
COMMON /NPRC/ NPRUI,NPRG1,NPR14NPRUINPRGsNPRoMNPReMXITER,INPRV,  

NPRINT+MXUqMXUP 
COMMON /TSTEP/ RX(61) 
COMMON /LNPUT/ LNP1gLNP24LNP3 
COMMON /LMA I N/  LM1sLM29LM3,LM4*LMS,LM6 
COMMON /CPTIME/ CPT9OPTIME 
COMMON /VFIELD/ LEILF2eLF3eJCUT.INS'ISCANtISLOPE 
COMMON /OMEGA/ Wil,W2loW31/W124W22,W32,W130W23,W33 
COMMON /PLTPCN/ VeU(10),VCV(10)4KNU.KNVIM 
COMMON /OUTBC/ DEUBICCUOBeJNHH,JNHH2 
COMMON /LNTAPE/ ISKIPN, II 
COMMON /LOTArE/ ISKIP04 JJ 
COMMON/LNTAP3/ ISKIPT,KK 
COMMON /LOTPUT/ LOP1.LOP24LOPS 
COMMON /PLOT(/ XX1(59410)4YY1(59910),XX2(3.0,10)4YY2(30,10).RPLOT, 

IYS,IXSTEP,JNH1,JNH,KNP,LPLOT,RPLOTU,RPLOTV 
COMMON/OBC/ DELTT,LPI,LP24LP34R.RT,SR 
COMMON/INICD/ FR,PET,RADEN,RFT1 
COMMON/POLY/ AA(20),MAX 

C 
C 	SET THE REYNOLD NUMBER TO BE SOLVED 
C 	THIS IS THE TERMINAL REYNOLD NUMBER 

PF=300,0 
C 
C 	IF LP1=1 TIME—DEPENDENT OUTER BOUNDARY CONDITION IS CONSIDERED 

WITH ZERO VORTICITIES AND STREAMFUNCTION AS INITIAL 
C 	CONDITION 
C 	IF LPI NOT EQUAL TO ONE THEN CONSTANT OUTER BOUNDARY 
C 	CONDITION IS USED AND THE INITIAL CONDITION IS 
C 	 THE SAME AS RAFIQUE I.E. SUBROUTINE INTVAL WIL BE 
C 	 EXACTLY AS THE ONE USED BY HIM 
C 	IF LP2=1 , CONSTANT OUTER BOUNDARY CONDITION ONLY WHEN STEADY— 
C 	 STATE IS APPROACHING 
C 

L01=1 
LP2=0 

C 
IF(LP1eNE.1) GO TO 200 

C 
C 	THIS SECTION OF THE SUBROUTINE IS ONLY REQUIRED WHEN TIME_— 
C 	OUTER BOUNDARY CONDITION IS USED • 
C 

DFLTT=0.1E-04 
RADEN=00B 
IrAPP.LE00.?) GO TO 10 
Cr)IFT:(24.0/RE)*(1 0 0+0.15*(RE41#0.687)) 
GO TO 11 

10 CONTINUE 
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Cr)/F=2400/RE 
11 CONTINUE 

FP=((3.0/8.0)*CDIE*RADEN)/(1.0—RADEN) 
WOITE(6,12) RE.FP,CDIE 

12 FORMAT(IH ,5X.3HRE=,F10.9s2X+3HFR=1,F10.5.2X,SHCDIF=0F10.5) 
C 
CSET THE DEGREE OF POLYNOMIAL USED AND IT COEFFICIENTS FOR 
C 	DESCRIBING RET=F(T) 
C 	THIS POLYNOMIAL IS CALCULATED BY PROGRAMME 3 OR 4 
C 

MAX=11 
AA(1) = 0.0 
AA(2) = 0.26349E+02 
AA(3) =-0,99126E+00 
AA(4) = 0,18633E+00 
AA(5) =-0.43682E-01 
AA(6) = 0,54021E-02 
AA(7) =-0.39844E*03 
AA(8) = 061A319E--04 
AA(9) =-0e51484E-06 
AA(10)z: 0.80999F-08 
AA(11)=-0.5464:1E-0 

C 
C 	IE LP3=1 LINEAR INTERPOLATION HAS TO BE USED 
C 	TO ESTIMATE THE INCREAMENT OF STREAMFUNCTION AT THE OUTER BOUNDARY 
C 	THIS HAS TO DONE WHEN SOLUTION NEARING STEADY STATE WHERE 
C 	THE POLYNOMIAL OBTAINED BREAK DOWN 
C 

LP3=0 
SP=Oo8 
RT=2S3e9 
R=06995 

C 
200 CONTINUE 

SH=0,04 
KS=6 
S<=3.14159*FLOAT(KS)/180.0 
ST=0.01 
TIME=0.0 
IN1=51SJN1=31 
IN=IN1-1 
JN=JNI-1 
JNHH=JN/2 
JNHH2=UNHH-1-2 

C 	CENTRAL DIFFERENCE APPROXIMATION IN THE NON—LINEAR TERM 
C 	OF THE VORTICITY EQUATION 
C 

WI1=0,5$W21=005$W31=0*0 
C 

LM3=0 
C 
C 
	

SET THE CONVERGENCE CRITERIA AND THE RELAXATION FACTORS 
C 

CCU=00000001 
ccG=0•001 
DFU=1,905 
nEG=0.75 
MNPR=OSINPRV=0 
MX I TEQ=20 
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MXUP=200sMX1=200 
C 
C 	SET THE INPUT PARAMETER 

LNPI=1$LNP2=0$LNP3=0 
ISK/PT=0 
ISKIPO=OISKIPN=0 

C 
CSET THE TAPE NUMFIER 

II=2SJJ=I 
KK=3 

C 
C 	SET THE OUTPUT PARAMETERS 
C 

CPT=1200.0$6PTIMF=10.0 
NTIMES=40I 
NPRfNT=40 

C 
C 
C 	SET THE PARAMETERS FOR THE STREAMFUNCTION AND VORTICITY 
C 	CONTOUR PLOTS 
C 

RPLOTU=400$RPLOTV=400$M=SSIXSTEP=60 
IYS:=106666*FLOAT(IXSTEP-1)+1.5 
KNU=10SKNV-.:9 
VeU(1)=0,0$VCU(2)=0*00ISVCU(3)=0(.01$VCU{4)=0,1$VCU(5)=005 
VCU(6)=A.O$VCU(7)=2.0$VCU(8)=-0e01$VCUC9)=-0605$VCU(10)=-0.1 
VCV(1)=0 00SVCV(2)=0,01$VCV(3)=04,2$VCV(4)=0.5SVCV(5)=1e0 
VCV(6)=2.0SVCV(7)=-0.01$VCV(S)=-0.1$VCV(9)=-0.5 
RETURN 
END 
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SUBROUTINE OUTRC 
C 
C 
C 	THIS SUBROUTINE UPDATE THE STREAMFUNCTION AT THE OUTER BOUNDARY 
C 	WITH TIME. THE OUTER BOUNDARY CONDITION IS CONSIDER TO BE 
C 	UNIFORM PARALLEL FLOW 
C .  
C 

co!\.moN/oec/ DELTTeLPI.LP2,LP3.R.RT.sR 
coNwoN/poLY/ AA(20)vMAX 
COMMON/INICD/ FP,RET,RADEN/RETI 
COMMON /GRIDC/ Z(61),E(61)91THETA(61)*SN(61)1CS(61),CT(61)* 

1 	H3(61461),THETA(61) 
COMMON /INJNC/ IN19JNI,INTjNSH9SK,ST.KS+REfTIMEINTIMES 
COMMON/UOGOC/ U0(61+31),G0(61'31) 
COMMON/UNGNC/ UN(619.11)+GN(61+31) 

C 
T=TIME 
IF(LP34,E0.1) GO TO 400 

C 
C 	CALCULATE THE INSTANTENOUS REYNOLD NUMBER ALONG THE OUTER 
C 	BOUNDARY USING THE POLYNOMIAL OBTAIN FROM EITHER PROGRAMME 3 OR 4 
C 

RET=AA(1) 
00 1 K=2,MAX 
RET=RET+AA(K)*T**(K-1) 

1 CONTINUE 
IF(RET..LEoRT) GO TO 10 

C 
C 	IF LP3=1, LINEAR INTERPOLATION IS USED TO CALCULATE THE 
C 	INSTANTENOUS REYNOLD NUMMER(RET) 
C 

LP3= 1 
400 CONTINUE 

WRITE(6,123) LP3 
123 FORMAT(9Xs*LP3=#,I2.2X**HENCE LINEAR INTERPOLATION USED*) 

RFT=RETI+ST*SR 
RATIO=RET/RE 
IF(RATIO.GT•R) GO TO 200 

C 
C 	UPDATE THE STREAMFUNCTION VALUES AT THE OUTER BOUNDARY 
V 

L2=0 
DO 2 J=21,1N 
GN(IN10J) =000 
UN(IN1,J)=0.5*H3(INI,J)*H3(INI,J)*RATIO 

2 CONTINUE 
GO TO 300 

200 CONTINUE 
V 
C 	IFC(RET/RE)oLE0R) CONSTANT OUTER BOUNDARY CONDITION IS THEN USED 
C 

WRITE(6,201) RATIO,T 
WPITE(69202) 
CALL CNST9C 
LP2=1 

300 CONTINUE 
DO 3 1=14INI 
UO(I1)=UN(II1) 
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UO(I,.../N1)=UN(/..M1) 
3 CONTINUE 
DO 33 J =I.JN1 
U0(10J)=UN(1,J) 
UO(INI,J)=UN(INI,J) 

33 CONTINUE 
RETURN 

201 FORMATC2X,//.10X4*CONSTANT OUTER BOUNDARY CONDITION IS NOW USED SI 
INCE RET*42X.F10.1X.*RE AND TIME=*.E.10.5) 

	

202 FORMAT(59X.15H 	
END 

SUBROUTINE CNSTBC 
C 
C 
C 	THIS SUBROUTINE CALCULATE THE STREAMFUNCTION AT THE OUTER BOUNDARY 
C 	WHEN STEADY STATE IS APPROACHED 
C 

COMMON /GRIDC/ Z(61)+E(61)41THETA(61),SN(61)+CS(61),CT(61/1 
H3(61,61).THETA(61) 

COMMON /INJNC/ INI+JNI+INaJN,SH,SK,ST.KS+RE•T1ME•NTIMES 
COMMON /CONWT/ CCU•CCG*DFU.DFG 
COMMON/UNGNC/ UN(61431).GN(61.31) 

C 
DO 10 I=1,IN1 
UN(1.1)=0.0 
UNCIIIJN1)=000 

10 CONTINUE 
DO 11 J,r1.JNI 
UN(I.J)=000 
UN(INI,U)=0.5*H3(IN1,J)*H3(INItU) 

11 CONTINUE 
DO 12 I=1.INI 
GN(1,1)=-0.0 
GN(I,JN1)=0.0 

12 CONTINUE 
DO 11 J=2....IN 
GN(IN14J)=0.0 

13 CONTINUE 
RETURN 
END 
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SUBROUTINE INTVAL 
C 
C 
C 	THIS SUBROUTINE SETS THE INITIAL CONDITON 
C 
C 	THE INITIAL CONDITION IS CALCULATED AT SOME TIME INTERVAL DELTT 
C 	AFTER ZERO BECAUSE AT TIME EQUAL TO ZERO VELOCITY IS ZERO 
C 
C 	FOR THE CASE OF CONSTANT OUTER BOUNDARY CONDITION A SIMILAR 
C 	SUBROUTINE INTVAL AS USED BY RAFIQUE IS USED 
C 
C 

COMMON /GRIDC/ ZtI)IE(61),ITHETA(61),SN(61),CS(61),CT(61,, 
1 	H7(61,61).THETAC6I) 
COMMON/UOGOC/ U0(61+31)4G0(61931) 
COMMON/UNGNC/ UN(61,31)eGN(61e31) 
COMMON /INJNC/ INI+JN1e1NejNeSH.SK,STeKSeRE,TIMEeNTIMES 
COMMON /CONWT/ CCUtCCG+DFU,DFG 
COMMON /NPRC/ NPPUI,NPRG1oNPR1,NPRU,NPRG,NPR4MNPR4MXITER9INPRV, 

NPRINT+MXUeMXUP 
COMMON /LRSTAB/ LRS1 
COMMON /ICOEF/ B1(61),B2(61),C(61)4ASH 
COMMON /JCOEF/ B3(61), R4(61)*AgASK 
COMMCN /13COEF/ SH4,CR,SK4 
COMMON/OBC/ DELTTeLP1ILP2eLP3*Re.RTeSR 
COMMON/INICD/ FReRET,RADEN4RET1 
COMMON/POLY/ AA(20),MAX 

T=DELTT 
C 
C 	CALCULATE THE INSTANTENOUS REYNOLD NUMBER (RET) AT TIME=DELTT 
C 

TIME=T 
RFT=AA(1) 
DO I K=2,MAX 
RET=RFT+AA(K)*T**(K-1) 

I C°NTINUE 
RATIO=RET/RE 

C 
C 	STOKES SOLUTION IS USED TO EVALUATE THE STREAMFUNCTION AND 
C 	VORTICITY VALUES AT THIS INITIAL TIME 
C 
C 	TO CALCULATE THE INITIAL VALUES OF VORTICITY 
C 
C 	ALONG THE AXIS OF SYMMETRIES 

DO 10 1=2eIN 
GO(I*1)=000 
GO(IeJNI)=04,0 

10 CONTINUE 
C 
C 	ALONG THE SPHERE SURFACE 
C 

DO It J=1.JNI 
00(1.si).(3.0/2.o)*sN(J)*sN(J)*RATTo 

11 CONTINUE 
C 
C 	AT THE OUTER BOUNDARY 
C 

DO 12 ..)=1,..)N1 
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GO(IN14J)=0.0 
12 CoNTINUE 

C 
C • AT ALL OTHER MESH POINTS THROUGHTOUT THE FIELD 
C 

DO 13 1=21N 
DO 13 J=2.,IN 
Gc(i.j)=(300/2*0)*SN(J)*SN(J)*PATIO/E(I) 

13 CONTINUE 
C 
C 	TO CALCULATE TEHE INITIAL VALUES OF STREAMEUNCTION 

C 	ALONG THE AXIS OF SYMMETRIES 
C 

DO 20 1=2,IN 
UO(1t1)=000 

.U0(1*JNI)=0.0 
20 CONTINUE 

C 
C 	ALONG THE SPHERE SURFACE 
C 

DO 21 J=1.JN1 
uo(1,J)=0,0 

21 CONTINUE 
• 

C 	ALONG THE OUTER BOUNDARY 
DO 22 J=1,JN1 
Uo(INI,J)=005*H3(IN19J)*H3(IN1+J)*RATIO 

22 CONTINUE 
C 
C 	AT ALL OTHER MESH POINTS THROUGHOUT THE FIELD 
C 

DO 23 I=2+IN 
DO 23 J=2,JN 

uo(10J)=0.*H3(1tJ)*H3(19J)*(1.0-300/(2400*E(I))41-1.0,(200*(E(I)**3 
100)))*RATIO 

23 CONTINUE 
C 

LDS1=1 
CALL RESTAB 
DO 120 J=1*JN1 
00 120 I=1,IN1 
UN(Ti0J)=UO(I,J) 
ON(19J)=G0(1*J) 

120 CONTINUE 
RETURN 
END 
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SUBROUTINE CNPLOT 

C 
C 
C 	THIS SUBROUTINE PLOT STREAMFUNCTION AND VORTICITY CONTOURS 

C 
C 

DIMENSION CHAR(IP01 
COMMON/GPTDC/ z(61).r(61),TTHT4(6I)4sN(61),cs(61),c1-(61),  

1 	H3(61461).;THETA(61) 
COMMON/INJNC/ IN14JN1IIN4JNiSH,SK*STIKSeREITIMEiNTIMES 
COMMON /PLOTC/ XX1(59,10),YY1(59.10),XX2(30,10),YY2(30,10),RPLOT, 

1 

	

	IYSI, IXSTEP,JNH19JNH*KNPeLPLOT*RPLOTUIRPLOTV 
DATA BLANK*PLOT/1H 'IH./ 
DX=RPLOT/(ELOAT(IXSTEP-1)) 
DXHLF=DX/2.0 
DO 10 L=1,120 
CHAR(L) = PLOT 

10 CONTINUE 
WPITE(64100) CHAR 

100 FORMAT(1H10120A1) 
DO 11 L=1.119 
CHAR(L) = BLANK 

11 CONTINUE 
C-----.PLOT CONTOURS IN 	THE 	UPSTREAM 	SECTION 

XPLOT=RPLOT 
1 CONTINUE 
DO 12 JJ=1*UNH 
DO 12 K=1,KNP 
IF(ABS(XPLOT—XX1(jJ,K))*LE.DXHLF) 	GO TO 13 
GO TO 12 

13 LL=(FLOAT(IYS)/PPLOT)*YY1(jj,K)+0.5 
IF(LL.EQ.O 	LL.GT.IYS) 	GO TO 12 
CHAR(LL) 	= PLOT 

12 Cr'NTINUE 
IF(XPLOT.LT0100) 	GO TO 2 
WRITE(6,101) 	CHAR 

101 FORMAT(1X,IHe+120A1) 
3 CONTINUE 

DO 	14 L=1,IYS 
CHAP(L) = BLANK 

14 CONTINUE 
I=(XPLOT.L.E.(DX/1000.0)) 	GO TO 4 
)(PLOT = XPLOT — DX 
GO TO 1 

2 CONTINUE 
CL=100—((XPLOT)*(XPLOT)) 
LC=(FLOAT(IYS)/PPLOT)*SOPT(CL) 	+0.5 
IF(LC.E0.0 .OR. LCeGT.IYS) GO TO 5 
CHAP(LC) 	= PLOT 

5 CONTINUE 
WPITF(6,102) CHAP 

102 FORMAT(2X,120A1) 
GO TO 3 

4 CONTINUE 
C PLOT CONTOURS IN 	THE 	DOWN 	STREAM SECTION 

XOLOT=DX 
NHJ = JNH —1 
Nj=JN-1 

6 CONTINUE 
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DO 15 	JJ=JNH.NJ 
DO 19 	K=1,KNP 
IF(ABS(XPLOT+XX1(jJ,K)).LE.DXHLF) 	GO TO 
GO TO 17 

16 

16 LL=(FLOAT(IYS)/RPLOT)*YY1(jJ.K) 	+0.5 
IF(LL.E0.0 	.OR, LL.GT./YS) 	GO TO 17 
CPAR(LL)=PLOT 

17 IP-7(ARS(XPLOT+XX2(jJ—NHJ,K)).LE.DXHLF) 	GO TO 18 
GO TO 15 

18 LL=(FLOAT(IYS)/RPLOT)*YY2(JJ—NHJ,K) + 0.5 
IF(LLRE000 	oOR, LLI.GT.IYS) 	GO TO 	15 
CHAR(LL)=PLOT 

15 CONTINUE 
Ir(XPLOT.LT.1.0) 	GO TO 7 
WRITF(6.101) 	CHAR 

8 CONTINUE 
IF(XPLOT.GF.(RPLOT—DX/1000.0)) 	RETURN 
DO 	19 L=1,IYS 
CHAR(L)= MLANK 

19 CONTINUE 
XPLOT = XPLOT +DX 
GO TO 6 

7 CONTINUE 
CL=1.0—((XPLOT)*(XPLOT)) 
LC=(FLOAT(IYS)/RPLOT)*SORT(CL)+0.5 
IFCLC.E000.0R. LC.GT. 	'VS/ 	GO TO 9 
CHAR(LC)=PLOT 

9 CONTINUE 
WPITE(6.102) 	CHAR 
GO TO 8 
END 

SUBROUTINE POSITN 
C 
C 
C 	THIS SUBROUTINE POSITION TAPE3 READY TO STORE DATA FOR LATER 
C 	USED BY THE ENERGY PROGRAM 
C 
C 

COMMON/LNTAP3/ ISKIPTe. KK 
REWIND KK 
CALL SKPFILE(ISKIPT,KK) 
RETURN 
END 
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SUBROUTINE INPUT 
C 
C 
C 	THIS SUBROUTINE CONTROLS ALL INPUT DATA TO START THE COMPUTATION 

C 
C 

COMMON /GRIDC/ Z(61),F(61)1ITHETA(61)+SN(61),CS(61)1CT(61)v 
1 	H3(61461),THETA(61) 
COMMON/UOGOC/ U0(61 ,31),G0(61,31) 
COMMON/UNGNC/ UN(61 ,31)*GN(61 ,31) 
cnmmoN /INJNC/ IN1IJN1IINsJN0SH.SK.ST,KS.RE.TIME,NTIMES 
COMMON /CONWT/ CCU,CCG,DFUtDFG 
COMMON /NPPC/ NPRUI9NPRGI*NPRIeNPRU,NPRGeNPR,MNPR.MXITER,INPRV, 

1 

	

	NPRINT/MXU,MXUP 
COMMON /TSTFP/ RX(61) 
CO` MON /LNPUT/ LNP19LNP20LNP3 
COMMON /ICOEF/ B1(61)+192(61)9C(61),ASH 
COMMON /JCOEF/ B1(61)9 B4(61),A,ASK 
COMMON /IJCOEF/ SH4tCPtSK4 

C 
NPRU1=(IN-1)*(JN-1) 
NPRGI=(iN---1) 

NrnP1aINPPUIA-NPPG1 
IF(LNP10E0.1) GO TO 10 
1E(LNP20E00.1) GO TO 11 
IE(LNP36E001) GO TO 12 
WRITE(6e 100) 

100 FORMAT(1H ,10X,*WRONG INPUT PARAMETER,EXCUTION TERMINATED* ) 
STOP 

10 CONTINUE 

CALL GRID 
CALL COEFF 
CALL INTVAL 
GO TO 13 

11 CONTINUE 
CALL INTAPE 
DO 1 J=11JNI 
DO 1 I=14IN1 
UO(/*J)=UN(I*J) 
GO(I4J)=GN(19J) 

1 CONTINUE 
GO TO 13 

12 CONTINUE 
CALL INTAPE 

13 CONTINUE 

C 	EVALUATE THE CONSTANT COEFFICIENTS FOR VORTICITY TRANSPORT 
C 	EOUATION 
C 

A=2_4,0*((141,0/SH**P.0)4-(14,0/SK**2.0)) 
SH4=4,0*SH 
SK4=4.0*SK 

ASH=2.0/(A*SH*SH) 
ASK=200/(A*SK*SK) 
CR=RE/(800*SH*SK*A) 
DO 14 1=1,IN1 

RX(I)=(E(I)*E(I)*RE)/(A*ST) 
14 CONTINUE 

RETURN 

END 
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SUBROUTINE UPDATE 
C 
C 
C 	THIS SUBROUTINE UPDATE THE VORTICITY AND STREAMFUNCTION FIELD. 
C 	PEACEMAN AND RACHFORD (ADI) METHOD IS USED TO UPDATE THE 
C 	VoRTICITY WHILE SUCCESSIVE POINT ITERATION OVER—RELAXATION 
C . 	METHOD IS USED TO UPDATE THE STREAMFUNCTION 
C 
C 

COMMON /GPIDC/ Z(61)oF(61)/ITHETA(61),SN(61),CS(61),CT(61), 
1 	H3(61,61).THFTA(61) 
COMMON/UNGNC/ UN(61931)eGN(61.31) 
COMMON/UOGOC/ U0(61931)*G0(61o31) 
COMMON /INJNC/ INIeJN1,INejNtSH,SK,ST,KS,RE,TIME,NTIMES 
COMMON /CONWT/ CCU9CCG4DFUvDFG 
COMMON /NPRC/ NPPu1oNPRG1.NPR1,NPRU4NPRG.NPR+MNPR.MXITER,INPRV, 

1 	NPRINT,MXUtMXUP 
COMMON /TSTEP/ PX(61) 
COMMON /LMAIN/ LMI,LM24LM3+LM4,LM54LM6 
COMMON /LPSTAB/ LRS1 
COMMON /ICOEF/ B1(61)492(61),C(61),ASH 
COMMON /JCOEF/ R3(61),  94(61),A4ASK 
COMMON /IJCOEF/ SH4vcR9SK4 
COMmON /SLVCF/ C1(61) 9 C2(61)tC3(61)40(61)9P(61),LSV1 
COMMON /VFIELD/ LF1,LF29LF30JCUT,INS,ISCANtISLOPE 
COMMON /OMEGA/ W11 1 W21*W3I,W12tW224W329W13,W239W33 
COMMON /OUTBC/ DFUB+CCUO3,JNHHIJNHH2 

C 
W1=W11SW2=W2I$W3=W31 
C1(1)=000 
C7(1)=1.0 
C74(1)=0.0 
IF(LmloE0.0) GO TO 500 

C 
C 	UPDATE VORTICITY VALUES AT HALF TIME—STEP -- ALONG I—DIRECTION 
C 

CI(JNI)=0.0 
C2(UNI)=100 

C3(UN1)=0.0 
LSV1=1 
DO 200 I=2,, IN 
D(1)=GN(1.1) 
D(JNI)=GN(IlJNI) 

DO 20 J=2,.."1 
SKG=CR/H3(IsJ) 

DIFUJ=UO(I4J+1)—U1(I.J-1) 
DIEUJP=DIFUJ+ABS(DIFUJ) 
'D/FUJN=DIFUJ—ABS(DIFUJ) 
CI(J)=BP(I)—SKG*(Wl*DIFUJN+WP*DIFUJP) 
C2(J)=RX(I)—ASH—SKG*(W3*DIFUJN—W3*DIFUJP SH4*DIFUJ) 
C3(J)=B1(I) 4-SKG*(WI*DIFUJP-1-42*DIFUJN) 
D(J)=CI(J)*GO(I-1 ,J)+C2(J)*GO(I,J)+C3(J)*G0(1+14J) 
DIFUI=UO(I+1,J)-00(I-1,J) 
DIEUIP=DIFUIA-ABS(OIFUI) 
DIEUIN=DIFUT—ABS(DIFUI) 

Cl(J)=—(R4(J)+SK(*(WI*DIFU/P+WP*DIFUIN)) 
Cp(J)=PX(I)+ASK—SI<G*(W-3*NPUIP—W3-YDIFUIN4-SK4*CI(J)*DIFUI) 
C3(J)=—R3(J) 4-SKG*(WI*DIFUIN +W2*DIFUIP) 

20 CONTINUE 
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21 
200 

CALL SOLVE 
DO 21 J=IIJN1 
GN 	(I,J)=P(J) 
CONTINUE 
CONTINUE 
DO 22 J=1,JN1 
DO 	22 	I=14INI 
GO(I,J)=ON(I,J) 

22 CONTINUE 
Ir(LM3*F000) 	GO TO SO0 

C 
C SOLVE STREAMFUNCTION AT HALF TIME STEP. THIS IS FOUND TO 
C BF NOT REALLY NECESSARY 
C 

N=0 
31 CONTINUE 

NPRU=NPRU1 
DO 310 J=2,JN 
DO 310 	I=2,IN 
Ur,N=51(1)*UN(14-1q j/-1-2(I)*UN(I-1,J)+B3(J)*UNCI,J+1)-1-64(J1* 
1UN(I4J-1)—C(I)*GN (19J) 
UnN=UNCI,J14DFU*( UGN—UN<I1J)/ 
ERROPU=(UGN—UN(14 J)//UGN 
IF(ABSCERPOPU).LE .CCU) NPRU=NPRU-1 
UNCI.J)=UGN 

310 CONTINUE 
N=N+1 
IF(NPRU.E0.0) 	GO TO 61 
IF(N.EO.MXU) STOP 
GO TO 31 

61 CONTINUE 
CALL VARBC 

C 
C UPDATE VOPTICITY VALUES AT NEW TIME STEP ALONG J—DIRECTION 
C 
500 CONTINUE 

C1(IN1)=0.0 
C2(IN1)=1.0 
C3(IN1)=0.0 
LV1=0 
DO 100 J=24JN 
D(1)=GN(1+J) 
D(IN1)=GN(IN14J) 
DO 	10 	I=21IN 
SVG=CR/H3(I,J) 
DIFUI=UNCI-41.,0—UN(1-1,J) 
DIFUIP=DIFUI+A9S(OIFUI) 
DIFUIN=DIFUI—ABS(OIFUI) 
CI(I)=B4(J)4-SKG*(Wl*DIFUIP-1-W2*DIFUIN) 
C2(I)=RX(I)—ASK+SKG*(W3*DIFUIP—W3*DIFU/N+SK4*CT(J)*DIFUI) 
C7(1)=R3(J)—SKG*(W1*DIFUIN +W2*DIFUIP) 
D(I)=C1(I)*GO(I.J-1)+C2(I)*CO(I,J)+C3(I)*GO(IeJ+1) 
DIFUJ=UN(I,J+1)—UN(I.J-1) 
DIFUJP=DIFUJ+ABS(DIFUJ) 
DIFUJN=DIFUJ—AqS(OIFUJ) 
C1(I)=—B2(I)+SKG*( 411*DIEUJNA-W2*DIFUJP) 
C2(I)=RX(I)+ASH+SKG-W(W3*DIFUJN—W3*DIFUJP+SH4*DIFUJ) 
C1(1)=—(RI(I)+SKC)-(1All*DIFUjP+W2ii-DIFUJN)) 

10 CONTINUE 
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CALL SOLVE 
DO 11 I=l+INI 
GN(I.J)=P(I) 

II CONTINUE 

100 CONTINUE 
C 
C 	SOLVE THE STREAMFUNCTION AT NEW TIME—STEP 
C 

NO 

30 CONTINUE 

N=N+I 
NPRU=NPRU1 
DO 300 J=2....)N 
Do 300 /=2.1N 
UGN=B1(I)*UN(I+19J)+62(I)*UN(I-1.J)-033(J)*UN(19J+1)+84(J)* 
1UN(I1J—I)—C(/)*GN(Itj) 
UnN=UN(1 ,,J)+DFU*(UGN—UN(I,J)/ 
EPRORU=(UGN—UN(I,J))/UGN 
IP(ABS(ERROPU).LFoCCU) NPRU=NPRU-1 
UN(I,J)=UGN 

300 CONTINUE 

IE(NPRU.E000) GO TO 62 
IE(NeE00MYUP1 GO TO 2000 
GO TO 30 

62 CONTINUE 
LM4=0 

RETURN 
2000 CONTINUE 

LRS1=0' 
CALL RESTAF3 
STOP 
END 

SUBROUTINE COEFF 

C 
C 
C 	THIS SUBROUTINE CALCULATE ALL THE COEFFICIENTS NECESSARY IN 

C 	THE FINITE DIFFERENCE EQUATION 

C 
C 

COMMON /GRIDC/ 2(61)9E(61),ITHETA(61)*SN(61),CS161)+CT(61)1 

1 	H3(61961),THETA(61) 

COMMON /INJNC/ IN1'JNIIINgJNtSH,SK,ST,KS.RE4TIMEsNTIMES 

COMMON /CONWT/ CCU'CCG,DFU4DFG 
COMMON /ICOEF/ 131(61).B2(61),c(61),AsH 

COMMON /JCOEF/ B3(61)* F3e2(61)*A4ASK 
COMMON /IJCOEF/ SH4,CR,SK4 

C 
A=200*((100/SH**200)+(1o0/SK**2.0)) 

DO 10 I=2vIN 
61(I)=((100/SH**p.0)-0.5/SH)/A 

B2(I)=((100/SH-**2.0)+0.5/SH)/A 

C(1)=.(E(I)*E(I))/A 
10 CONTINUE 

DO 11 J=2,JN 
Bl(J)=((1.0/SK**2.0)-0.5*CT(J)/SK1/A 

B4(J)=((100/SK**?4,0)+0.5*CT())/SK)/A 

11 CONTINUE 

PETUPN 
END 
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SUBROUTINE GRID 
C 
C 
C 	THIS SUBROUTINE CALCULATE ALL THE COEFFICIENTS NECESSARY 

C 	AT EACH MESH POINT 
C 

C 
COMMON /GRIDC/ 2:(61)+E(61)+ITHETA(61)*SN(61),CS(61)+CT(61),  

1 	H3(61,61),THETA(61) 

COMMON /INJNC/ INI+JNI.INtjN.SH,SK+ST,KS,PE,TIME,NTIMES 

COmmON /CONWT/ CCU•CCG,DFU,DFG 

C 
DO 10 J=2,JN 
ITHETA(J)=KS*(J-1) 
THETA(J)= SK*FLOAT(J-1) 

. SN(J)= SIN(THETA(J)) 
CS(J)=COS(THETA(J)) 
CT(J) = CS(J)/SN(j) 

10 CONTINUE 
ITHETA(1)=0  
ITK7TA(JN1)=160 
THETA( 1)=000 
THETA(JN1)=SK*FLOAT(JN) 
SN(1)=000 
SN(JN1)=000 

CS(1)=1.0 
CS(JN1)=-100 
DO 11 1=2,IN 
Z(I)=SH*FLOAT(I-1) 
F(I)=EXR(Z(I)) 

11 CONTINUE 
Z(1)=0*0 
Z(IN1)=SH*FLOAT(TN) 
F(1)=1.0 
E(IN1)=EXR(Z(IN1)) 
DO 12 J=1.JN1 
DO 12 I=1,IN1 
H1(I4J)=E(I)*SN(J) 

12 CONTINUE 
RETURN 

END 
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SURPOUTINE OUTPUT 

C 
TwIc, SURPOUTINF rnNTP0L THF OUTPUT ('F THF F--SULT 

CrforvioN /GPTDC/ Z(4,1) , r- (61) , ITHETA(61) ,SN(61) ,CS(61)*CT(6114 
1 	 H,(61461) , THETA(61) 
CnmmflN /INJNC/ INI•JN1 ,1N+JN,SH,SK4STIKS+RE'TIME,N7ImE'S 
cnr",,11-)N /CONWT/ CCU+CCG+DFU,DFC, 
remmmON /LPTAR/ LPS1 
rflY^ ,rN /LOTPUT/ Lr,P14LOP2sLOP3 

C 
LR1=n 
TF(Lo01.Fr).1) CO TO 10  
Tr(LCPP.E0.1) r,r )  TO 11 
1-(Lnn*l.M1) cc TO 1')  
WriTF-(4,4100 ) 

IOC FrIPmAT(1H1/4HINcrcT CFNEPATION OF OUTPUT CONTROL PARAmETERS) 
RETUPN1 

10  CONTINUE 
CALL OUTAPr-
CALL PE'TAr-A 
(- ALL ri'-!r,JLTr) 
CALL Pr-NcOr 
CAL.!. 	Cr? An 
PcrTUnro 

11 CnNTINUF 

(- ALL ourAPE 
CALL PETAr 

p_U( Fnm1AT(1HIIP0X,*mAX. ITERATION PEACHED* ) 
Rr'TURN 

1p cnmTiNu 
CALL CNPLTP 
CALL PPCOFF 
Pa-TumN 
Fns') 

c1HPIDn11TIN'E GnAr-, 

Tt-)Tc, SUmPr")TTNc---  r1-41--rme 	F I nFT 7:7-RIVATIVE OF THF 

	

tv:-nuN— THr- 	';UDEArr- 

Cr■MNI('N./INJNC/ 
rr,mrorw/Umr,Nr/ 	 ),C 
ne,  4 J=I.JN1 

1(10 O/ -1.C, )*LNI:193)1/3H 
j,c,R2D 

1 rnNTINH,- 
1 
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SUBROUTINE VARBC 

C 
CC 
C' 	THIS SUBROUTINE EVALUATE THE SURFACE VORTICITY AT EVERY TIMESTEP 
C 
C 

COMMON /GRIDC/ Z(61)4E(61)+ITHETA(61),SN(61),CS(61),CT(61)+ 
1 	H3(61,61),THETA(61) 
COMMON/UOGOC/ U0(61'31),G0(61+31) 
COMMON/UNGNC/ UN(61+31),GN(61'31) 
COMMON /INJNC/ INI+JN1.IN,JN4SHoSK,ST.KS.RE,TIME,NTIMES 
COMMON /CONWT/ CCU9CCGoDFU4DFG 
COMMON /NPRC/ NPRUliNPRG14NPR1,NPRU+NPRG,NPR.MNPR*MXITERIINPRV, 

1 	NPRINT4MXUoMXUP 
COMMON /TSTEP/ RX(61) 
COMMON /LMA1N/ Lm1tLM2$LM3,LM4,LM5.LM6 
COMMON /ICOEF/ B1(61),B2(61)0C(61).ASH 
COMMON /JCOEF/ B3(61)9 B4(61),A,ASK 
COW4ON /IJCOEF/ SH49CRISK4 

C 
NoRG=NPRG1 
RSH2=009/(SH**2.0) 
IF(LMI.EQ.1) GO TO 11 

C 
C 	EVALUTION OF SURFACE VORTICITY USING A CUBICAL POLYNOMIAL FORMULA 
C 

DO 10 J=2_,JN 
Ur4N=1800*UN(2,J)—UN(3,J))*RSH2 

UnN=GN(1+J) OFG*(UGN—GN(14J)) 
EPRORG=(OGN—GN(IsJ))/H3(1/J) 
IF(ARS(ERRORG).LE.CCG) NPRG=NPRG-1 
GN(1a,J)=UGN 

1 0  CONTINUE 
RETURN 

11 CONTINUE 
DO IP J=24JN 
GN(11j)=1A.0*UN(2,J)—UN(3,J))*PSH2 

12 CONTINUE 
RP= TURN 
END 
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SURROUTINF SOLVE 

C 
C 

C 	THIS SUBROUTINE SOLVE THE TRI—DIAGONAL MATRIX FOR THE VORTICITY 
C 	EQUATION• 
C 
C 

DIMENSION W(61),G(61) 
COMMON /GRIDC/ Z(61),F(61)91THETA(61)1SN(61)4CS(61),CT(61),  

1 	H3(61961),THETA(61) 

COMMON /INJNC/ INIIJNisIN,JNI,SHISK9sT4KS,RE,TImE+NTImES 
COMMON /SLVCF/ C/(61)iC2(61),C3(6I)00(61)+P(61)+LSV1 

C 

C 	IF LSV1=1 UPDATE COLUMN BY COLUMN OTHERWISE ROW BY ROW 
C 

IF(LSV10E001) GO TO 100 

W(I)=C2(1) 
G(1)=D(1)/W(1) 

DO 10 I=24IN1 

w(I)=C2(1)—C1(1)*(-3(I-1)/W(1-1) 
G(I)=CD(1)—C1(I)*G(I-1))/W(I) 

10 CONTINUE 

PCIN1)=G(IN1) 

I=IN 

70 P(I)=G(I)—C3(1)*P(14-1)/W(I) 
I=1 —I 
Tr(1.NE00) GO TO 20 
RETURN 

100 CONTINUE 

W(1)=C2(1) 

G(1)=D(1)/W(1) 
DO 30 J=2,,,N1 

w(J)=C2(J)—Ci(J)*c3(..)-1)/W(J-1) 

G(J)=CD(J)—C1(J)*G(J-1))/W(J) 

30 CONTINUE 
P(JNI)=G(JN1) 
J=JN 

40 P(J)=G(J>—C3(J)*P(J+1)/W(J) 
J=J-1 
IF (JeNE.0) GO TO 40 
RETURN 

END 
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SUBROUTINE CNPLTP 

C 
C 
C 	THIS -SUBROUTINE EVALUATES PLOT POSITION OF BOTH VORTICITY 
C 	AND STREAMFUNCTION CONTOURS AND CALL THE LINE-PRINTER ROUTINE 
C 
C 

DIMENSION VN(61,11) 
DIMENSION ZVC1(10) $ZVC2(10)+LVC(10) 
COMMON /GRIDC/ Z(61),E(61),ITHETA(61),SN(61),CS(61),CT(61)9 

1 	H3(61961)vTHETA(61) 
COMMON /INJNC/ IN1'JN1•IN,JN+SH,SKIST,KS.REITIME,NTIMES 
COMMON /CONWT/ CCU9CCG+DFU,DFG 
COW4ON/UNGNC/ UN(51q31),GN(61,31) 
COMMON /PLTPCN/ VCU(10)4VCV(10),KNU,KNV*M 
COMMON /PLOTC/ XX1(59c10)+YY1(59,10),XX2(20/10)tYY2(30,10),RPLOT, 
IIYS,IXSTEP,JNHI,JNH,KNP,LPLOTIRPLOTUsRPLOTV 
EQUIVALENCE (VN(I+1),GN(1,1)) 
WPITE(611000) 

WPITE(6,1001) 
WpITF(610002) (VCU(K),K=1,KNU) 
DO 11 K=1,KNU 
ZVC1(K)=0,0 
ZVC2(K)=0.0 
LVC(K)=1 

11 CONTINUE 
/IN1=(/N*M/10)+1 
TIN =IIN1-1 

JNH=JN/2 
JNHI=JNH+I 
DO 100 J=2,-IN 

C 	SFARCH AND INTERPOLATE BETWEEN TWO I-LINES 
C 	--- STREAM FUNCTION CONTOURS --- 

DO 110 1=2,IIN1 

DC) 110 K=1,KNU 
IF(UN(1-1/J),LE,VCU(K).AND,UN(I,J).GE,VCU(K)) GO TO 200 
IF (UN( I-1 J) .GF0VCU( K) ,AND.UN( I tJ ) 	VCU(K)) GO TO 200 

GO TO 110 
200 IF(Lvc(K).E.0.0) GO TO 201 

ZVCI(K) =SH*(FLOAT(I-2).4-(VCU(K)-UN(1-10J))/(UN(1,J)-UN(I-1'J))) 
ZVC2(K)=0.0 
LVC(K)=0 
GO TO 110 

201 ZVC2(K)=SH*(FLOAT(1-2)+(VCU(K)-UN(I-1,J))/(UN(I-1+J))) 
110 CONTINUE 

DO 300 K=1*KNU 
ZVC1(K)=EXP(ZVC1(<)) 
ZVC2(K)=EXP(ZVC2(K)) 
IF(ZVC1(K)0LE*100) ZVC1(K)=0.0 
IF(ZVC2(K),LE01.0) ZVC2(K)=0.0 
YY1(J-1 ,K)=ZVCI(K)*SN(J) 
XY1(J-1,K)=ZVC1(K)*CS(J) 

IF(J•LToJNHI) CO TO 300 
YY2(J-JNI-14K)=. ZVC2(K)*SN(J) 
XY2(J-JNH,K)= ZVCP(K)*CS(J) 

300 CONTINUE 
WOITF(691003) ITHP-TA(J),(ZVC1(K)gt<=1 ,KNU) 
WPITE(6,1004) (ZVC2(K),K=IsKNU) 
DO 15 K=IvKNU 
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ZVC1(K)=0.0 
ZVC2(K)=0.0 
LVC(K)=.1 

15 CONTINUE 

100 CONTINUE 
C---- PLOT STREAM FUNCTION CONTOURS 

RPLOT=RPLOTU 
KNP = KNU 
CALL CNPLOT 
DC) 16 ...)=2,JN 
DO 16 17:1,IIN1 
VN(1,J)=GN(I+J)/HltIoj) 

16 CONTINUE 

WPTTE(691005) 

WRITE(691001) 
WPITE(6,1002) (VCV(K)O<=1 ,KNU) 
DO 17 K=1KNV 
ZVC1(K)=000 
ZVC2(K)=0.0 
LVC(K)=1 

17 CONTINUE 
DO 120 J=2,JN 
00 130 1=2IIINI 
DO 130 K=14KNV 

C--- SEARCH AND INTERPOLATE BETWEEN TWO I—LINES --- VORTICITY CONTOURS 
IF(VN(I-1.3)0LE,VCV(K).AND.VN(I4J).GE•VCV(K)/ GO TO 2000 
ICVN(I—IsJ),DGE.VOV(K)eAND.VN(I,J).LEoVCV(K)/ GO TO 2000 
GO TO 130 

2000 IF(LVC(K)0E0.0) GO TO 2001 
ZVC1(K)=SH*(FLOAT(I-2)+(VCV(K)—VN (I-1,J))/(VN(I,J)—VN(I-1,J))/ 
ZVC2(K)=000 
LVC(K)=0 
GO TO 130 

2001 ZVC2(K)=SH*(FLOAT(I-2)4-(VCV(K)—VN(I-11J)//(VN(I ,J)—VN(I-11-1 ))) 
130 CONTINUE 

DO 301 K=1,KNV 
ZVC1(K)=EXP(ZVC1(K)) 
ZVC2(K)=EXP(ZVC2(K)) 
IF(ZVC1(K),LE01.0) ZVC1(K)=000 
IF(ZVC2(K).LE01,0) ZVC2(K)=0.0 

YY1(J-1,K)=ZVC1(K)*SN(J) 
Xx1(J-14K)=ZVC1(K)*CS(J) 
IF(J.LT.JNH1) GO TO 301 

YY2(JJNH,K)=ZVC2(K)*SN(J) 
XX2(J—JNHO<)=ZVC2(K)*CS(J) 

10t Cot'TINUE 

WPITE(6.1001) ITHF  TA(J),(ZVC1(K),K=IIKNV) 
WpITE(6c1004) (ZVC2(K),K=1 ,KNV) 
DC) 25 K=1,KNV 
ZVC1(K)=000 
ZVC2(K)=000 

LVC(K)=1 
25 CONTINUE 

120 CONTINUE 
C--- PLOT VORTICITY CONTOURS 

PPLOT=PPLOTV 

KNP=KNV 

CALL CNPLOT 
DO 26 J=2,,IN 
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DO 26 I=1*IIN1 

GN(I*J)=VN(IoJ)*H3(I,J) 
26 CONTINUE 

1000 FORMAT(IH1 ,15X151H***** COORDINATES OF STREAM FUNCTION CONTOURS** 

1 * * * ) 
1001 FORMAT(1H0,1X,9X,HANGLE,10X+1X+9HCONTOUR 1,1X+9HCONTOUR 2e1X+9HCO 

1NTOUR 3 ,IX,9HCONTOUR 4,1X,9HCONTOUR541X.9HCONTOUR6=1Xl9HCONTOUR7 
2,1X,9HCONTOUR R91Y.9H'7ONTOUR9X9IX410HCONTOUR10 ) 

1 002 FORMAT(20X410(3X41H=sF6e1)) 

1001 FORMAT(1H044X,I5,10X*10F10.4) 
1004 FORMAT(20X,10F10.4) 

1 005 FORMAT(1H1418X44****COORDINATES OF VORTICITY CONTOURS**** 
RETURN 
END 

SUBROUTINE INTAPE 

C 
C 
C 	THIS SUBROUTINE READ DATA ON MAGNETIC TAPE 	TAPE/ 

C 

C 
COMMON /GP/DC/ Z(61),E(61)+ITHETA(61),SN(61),CS(61)+CT(61),  

1 	H3(61+61),THETA(61) 
COMMON //NJNC/ IN1 ,JNI,IN.JN,SH+SK9STIKS,RE,TIME,NTIMES 

COMMON //COEF/ 91(61),92(61)*C(61).ASH 

COMMON /JCOEF/ B3(61)+ B4(61)qA,ASK 
Cr.WON/UNGNO/ UN(51 ,31),GN(5)931) 
COW.ION/UOGOC/ U0(1t31)iG0(51.31) 

COMMON/LNTAPE/ ISKIPN,II 
C 

REWIND II 
IF(ISKIPNeGToO) CALL. SKPFILE(ISKIPN,II) 

READ(II) (Z(1),E(1)91=14IN1) 

Ri1,0(1- 1) (ITHETA(j)9THETA(MoSN(J),CS(J),CT(J)4J=1,,,IN1) 

P7AD(II) ((-43(I*J)*I=lqIN1)1J=1*—/N1) 
RFAD(II) (91(!),p-,(I)4C(1)*1=1.+INI) 

READ(II) (R3(J)srA4(J),,J=1.1-1N1) 

READ(II) C(U0(11J)II=14INI),J=14JNI) 
RP"AD(II) C(GO(I'J) 4 1=10IN1)/J=1,JN1) 
RFrAD(TI) ((UN(1'„))+1=1,IN1),J=It—IN1) 

READ(II) i(ON(I4J)9 I=1'INI),J=1QJNI) 

RETURN 

END 
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SUBROUTINE OUTAPE 

C 
C 
C 	THIS SUBROUTINE RFCORDED DATA ON MAGNETIC TAPE --TAPE2 

C 
C 

COMMON iGginc/ z(61),E(61),ITHETA(61),sN(6.1).cs(61).cT(61). 
H3(61961).THETA(61) 

COMMON /INJNC/ IN1+JN1,1N9jN,SH9SKySTIKS.RE+TIME+NTIMES 

COMMON /ICOEF/ 61(611982(61)9C(61)9ASH 

COMMON /JCOEF/ B3(6119 B4(6119A,ASK 

CCWMON /UNGNC/ UN(61961)9GN(61961) 

COmMON/UOGOC/ U0(61961),G0(61.61) 

COMMON/LOTAPE/ ISKIPO,JJ 

C 
WpITE(6./00) 

100 FOPMATtlXqp0X, 22HDATA WRITTEN ON TAPE 

RPWIND JJ 
IF(ISKIPOGE000) GO TO 2 

N=0 

I CONTINUE 
READ(JJ) DUMMY 

IF(EOF(JJ)) 10911 
IO N=N+I 

IF(N.E001SKIPO) GO TO 2 

11 GO TO 1 

2 CONTINUE 
WoITECJJ1 (Z(I)9P(I)9I=19IN1) 
WolTE(JJ) (ITHFIA(J),THETA(J)4SN(J),CS(J)4, CT(J),J=1,JN1) 
WPITE(JJ) t(M3(19J)91=191N1)*J=1,UN1) 
WaITE(JJ) (1(1),R2(I)9C(I)+I=19INI) 

WPITECJJ) (93(J),R4(j)ej=11jN1) 
WpITE(JJ) (tUO(Itj)91=.19IN1)9J=19JN1) 
wRITP(JJ) t(GO(Isj)91=19IN1)9.1=19,JNI) 

Wr,TTr,"(JJ) NUN(19J)9I=1,1N1),J=19JN1) 
WpITE(JJ) ((GN(19J)9I=191N1)9,J=1,JN1) 

END FILE J...1 

RETURN 
END 
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SUBROUTINE OUTAP3 
C 
C 
C 	THIS SUBROUTINE RECORDED ALL THE PARAMETERS AND COEFFICIENTS WHICH 
C 	APE COMMON TO ROTH THIS PROGRAMME AND THE ENERGY PROGRAMME 
C 	INTO THE FIRST FILE OF TAPE3 
C 	IT ALSO RECORDED THE TIME AND THE STREAMFUNCTION VALUES 
C 	THROUGHOUT THE FIELD AT THIS TIME FOR LATER USED AS DATA BY 
C 	THE ENERGY PROGRAMME, THESE ARE RECORDED INTO THE SUBSEQUENT FILES 
C 	OF TAPE3. 
C 
C 

COMMON /LNTAP3/ ISKIPT9KK 
COMMON /GPIDC/ Z(61) ,E(8I)91THETA(61) ,SN(61) ,CS(61)+CT(6I) ,  

1 	 H3(61'61)9THETA(61) 
COPMON /TNJNC/ INI'JNI,IN, jN,SH9SK ,STIKS,RE4TIMEINTIMES 
COMMON /ICOEE/ BI(61) ,B2(61)+C(61) ,ASH 

.COMMON /JCOEF/ B3(61). 94(61) ,A,ASK 
COMMON/UNGNC/ UN(1931)9GN(51 ,31) 

C 
WpITE(6,100) 

100 FORMAT(IX,20X, 22HDATA WRITTEN ON TAPE 
IF(TSKIPT,GT00) GO TO 1 
REWIND wK 

C 
C 	TO RECORD ALL THE PARAMETERS AND COEFFICIENTS COMMON TO 
C 	BOTH PROGRAMMES 
C 

WPITE(KK) INI,JNI:IN+UN 
WRITF(KK) PE0ST.SK,KS,SH, AtASH, ASK 
WRITE(KK) (Z(I)*E(1) , I=1 , INI) 
WPITE(KK) (THETA(J) , ITHETA(J) ,SN(J)*CS(J) ,cT(J) ,J=ItJN1) 
WRITE(KK) ((1-13(I,J)+1=1+IN1) ,J=1 , JN1) 
WPITE(KK) (91(I),n2(I)+C(I),I=1,INI) 
WRITE(KK) (R3(J),R4(J),J=I,JN1) 
END FILE KK 

RETURN 

C 
1 CONTINUE 

C 

C 	TO RECORD THE TIME AND STREAMFUNCTION VALUES AT THIS TIME 

C 
WPITE(KK) TIME 
WPITE(KK) I(UN(I,J),Ir.-1 ,, INI),J=1•JN1) 
WRITE(KK) ((GN(I,J) , I=1,IN1)*J=1 , JNI) 
END FILE KK 
RETURN 
END 
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SUBROUTINE PDCOEF 
C 
C 
C 	THIS SUBROUTINE EVALUATE DRAG COEFFICIENTS FOR THE TIME—DEPENDENT 
C 	OUTER BOUNDARY CONDITION SOLUTION 
C 	FOR THE CASE OF CONSTANT OUTER BOUNDARY CONDITION THAN RET=RE 
C 	HENCE THIS SUBROUTINE BECOME EXACTLY THE SAME AS THE ONE USED 
C 	BY RAFIQUE 
C 
C 

DIMENSION VN(61 ,31) 
DIMENSION VTH(61)0 VTH2(61)9AK(61),AK2(61) 
COMMON /GPTDC/ Z(61)+E(61)41THETA(61)ISN(61)+CS(61),CT(61)4 

1 	H3t61461)1THETA(61) 
cnmmoN/uoGoc/ U0(61131).G0(61931) 
COMMON/UNGNC/ UN(61931)tGN(61931) 
COMMON /INJNC/ IN1'UNI,INIJN9SH+SK,ST,KS,REITIME,NTIMES 
COMMON /CONWT/ CCUtCCG9DFU4DEG 

COMMON/06C/ DELTT,LP1,LP29LP39R4RTtSR 
COMMON/INICD/ FR*RETsPADEN,PET1 

C 
EOUIVALENCE 1VN(1 9 1)*GN(1+1)) 
IP(LR1.E000.0R0LR2*E001) RET=RE 
PEPET=ERE*PB)/(Rm-T*RET) 
RE1=100/PERET 
DO 10 j=2,JN 
DO 10 /=1,1N1 

VN(II,J)=GN(ItJ)/H3(I1J) 
10 CONTINUE 

S1=100/(12.0*SH) 
52=1.0/(12e 0*SK) 
S1=290/(SK*SK*ST) 
YUZ=0*0 
YVZ=006*S2*(46.0*VN(142)-36.0*VN(1,3)+16,0*VN(1,4)-300*VN(1,5)) 
DO 1000 I=241N 
V7=S2*(4P-00*VN(1,2)-3600*VN(I,3)+16.0*VN(I04)-300*VN(1,5)) 
YVZ=YVZ+V7 

1000 CONTINUE 
DO 1001  I=2,IN1 
UT = S3*(UN(192)—UO(I,2))/E(I) 
YUZ=YUZ+UT 

1001 CONTINUE 
A1=SH*YVZ 

A3=200*SH*YUZ 
AKNOT=RE1+800*AI/RE 
RCH3=66,0/(SH**1e0) 
RSHP4=300/SH+4 
VTH(I)=0,00$VTH(JNI):=000 
VTH2(1)=0,0SVTH2(jN1)=000 
DO 2000 j=2,,,m1 
Y=S1#(-25,0*VN(1,J)+4800*VN(29,1)-36,0*VN(34J)+164,0*VN(4,J)— 

13.0*VN(Sosi)) 
VTH(J)=44.0*(Y+VN(I'J))/RE 
Yp= RSH3*UN(24,1)/SN(j)—RSHP4*VN(14J) 
VTH2(J)=4.0*(Y2A-VN( 14J))/RE 

2000 CONTINUE 
AK(1)=AKNOT 

AK2(1)=AKNOT 
DO 2059 J=20JN1 
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AK(J)=AK(J-1)+0,SK*(VTH(j-1)4A;TH(J)) 
AK2(J)=AK2(J-1)+005*SK*(VTH2(J-1)+VTH2(J)) 

2055 CONTINUE 
CF=0.0 
CP=0,0 
C200 
DO 2066 ..)=24JN 
SNS = SN(J)**200 
SN2 = 20 *SN(J)*CS(J) 
CF=CFA-VN(14.3)*SNS 
CR=CP+AK(J)*SN2 
C'2=CP2+AK2(J)*SN2 

2066 CONTINUE 
A2=SK*CF 
COF=S.0*A2-*RE/(Pa-T*RET) 
CDP= SK*CP*RERET 
CDP2=SK*CP2*RERET 
CDT=CDF+CDP 
CDT2=CDF+CDP2 
WRITE(642010) 

2010 FOPMAT(1H1410X45HANCLE.11X.3HVTH413X.4HVTH2.13X42HK415X.2HK2. 
11)(41HAKC415X+HvNS) 
DO 2040 J=14JNI 
AC=AK(J)-A3 
WrTTF(642030) ITHFTA(J)+VTH(J).VTH2(J)4AK(J)4AK2(J)4AKC.VN(1.J) 

2040 CONTINUE 
2030 FORMAT(10X4i446(9X.F12.5)) 

WRITE(642050) 
2050 FopmAT(IX4///414X42HRF48X43HRET.11X.2HA1,10X42HA2,10X4.3HCOF410X43H 

1CDP410X43HCDT.BX.4HC0P247X44HCDT2) 
WoITF(6.2070) RE.RET.A14A2.CDFICDP.CDT.CDP24CDT2 

2070 FORmAT(10X.F8.24PX,F8.342X47(F1264)) 
WPITE(6420S0) 

pOPO FORMAT(IX495H****NOTF*CDP2 AND CDPT2 ARE FORM DRAG AND TOTAL DRAG 
1CALCULATED BY USING STREAM FUNCTION*** 
DO 11 J=2...1N 
DO 11 I=1.IN1 
GN(I4J)=VN(I4J)*H3(I4.1) 

11 CONTINUE 
RETURN 
END 
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SUBROUTINE RESTAR 

C 
C 
C 	THIS SUBROUTINE TABULATE THE STREAMFUNCTION AND VORTICITY 

C 	Ri7SULT 

C 
C 

DIMENSION VO(61,741)t VN(61.31) 
COMMON /GPIDC/ Z(61)*F(61),ITHETA(61),SN(61),CS(61),CT(61)+ 

1 	H1(61,61),THETA(61) 
COMMON/UOGOC/ UO(61'31)+00(61'31) 
COMMON/UNGNC/ UN(61+31)+GN(61,31) 
COMMON /INJNC/ IN1sJNI*IN.JN9SH9SK,ST,KS,REoTIMEINTIMES 

COMMON /CONWT/ CCU.)CCGoDFUsDFG 
COMMON /NPRC/ NPPU1,NPPG14NPP1,NPRU,NPRGoNPRtMNPR,MXITER,INPRV,  

1 	NPPINT,MXU,MXUP 

COMMON /TSTFP/ PX(61) 
COMMON /LRSTAB/ LRS1 

C 
EOUIVALENCF (V0(1,1)9G0(1 ,1)),(VN(1 ,1),GN( 1 ,1)) 

IF(LPS1.E0o1) GO TO 10 

C**IF 	LPS1=1 WRITE, OLD VALUES OTHERWISE WRITE NEW VALUES ** 

WRITE(6,1100) REeTIME4NPR,NPRUsNPRG 
WPITE(6,200) 
INN=IN1 — 10 
DO 1000 K=1,INNt10 
K1=K 9 

WRITE(69201) itUN(I,J),I=KIK1)4J=11JN1) 
WRITE(69202) 

1000 CONTINUE 
WRITF(6,203) NUN(I4J),I=INI,IN1),J=1,JN1) 

WRITE(6t300) 
DO 500 J=2qUN 
DO 500 1=1*INI 
VN(I4J)=GN(I4J)/H3(I4J) 

500 CONTINUE 
DO 1010 K=IsINN410 

KI=K+9 
WRITF(69201) ((VN(I+J)9I=K4K1),J=19JNI) 
WPITF(64202) 

1010 CONTINUE 
WRITE(64203) C(VN(I,j),I=IN1 ,IN1),J=1 ,JN1) 
DO 510 J=21oJN 
DO 510 1=14IN1 
GN(I,J)=VN(I,J)*H1(I,J) 

510 CONTINUE 
RETURN 

10 CONTINUE 
WRITF(6+100) RE. TIMEtNPRINPRU,NPRG 

WPITE(6,200) 
INN=IN1-10 
DO 1030 Krz/4INN$10 

K1 =K+9 
WPITE(64201) NUO(I,J),I=K4K1),J=11JN1) 
WpITF(6,202) 

1030 CONTINUE 

WPITE(6,203) ((UO(I+J)+I=INI+IN1),J=1+JN1) 
WRITE(6,300) 

DO 501 J=24 —IN 
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DO 501 I=I+IN1 
VO(!.J) 	GO(I0J)/H3(I.J) 

501 CONTINUE 
DO 1040 K=1.INN.10 
K1 =K+9 
WRITE(60201) ((V0(I0J),I=K,K1),J=10JN1) 
WPITF(60202) 

1040 CONTINUE 
WPITE(6,203) t(V0(I0j)q/=IN101N1)0J=10JN1) 
DO 511 J= 2.JN 
DO 511 	I=10IN1 
GO (I.J)=V0(10J)*H3(I1J) 

511 CONTINUE 
RETURN 

100 FORMAT(1H1,/////e20X.14HREYNOLDS NO. =4F8.2160X.12HTOTAL TIME =0 
1F1209,///,20Xt7HNpR 7.:*1.20X,6HNPRU =,18,20X06HNPRG =015) 

200 FORMAT(IH0434X468H***** STREAM FUNCTION FOR VISCOUS LAMINAR FLOW 
!PAST A SPHERE -*****) 

201 EoPMAT(5)(010G12.) 
202 FORMATC1H056X.20H-********************) 
203 FORMAT(5X0G1205) 
300 FORMAT(1H1034X458H**** VORTICITY FOR VISCOUS LAMINAR FLOW PAST 

1 A SPHERE 
END 

SUBROUTINE SKPFILF (/SKIP 0I) 
C 
C 

THIS SUBROUTINE SKIPS FILES ON MAGNETIC TAPE 
C 
C 

NO 
1 CONTINUE 
PEAD(I) DUMMY 
IE(E0F(1)) 10011 

10 N=N+1 
IE(N.EO.ISKTP) RETURN 

11 GO TO 1 
END 
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A6.4 	COMPUTER PROGRAMME FOR TIME-DEPENDENT ENERGY 

EQUATION. JPROGRAMME 2) 

1 

CALL CNTRTP 

1 
INITILIZE 
COUNTERS 

CALL INPUT 

CALL COEFT 

FIG. A6.2 FLOW DIAGRAM FOR THE MAIN PROGRAMME 
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FIG. A6.2 (Continued) 
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FIG. A6.2 (Continued) 
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PROGRAM ENERGY(INPUT ,OUTPUT,TAPE5=INPUT,TAPE6=OUTPUT,TAPEll 
IIAPEPaTAPE3) 

C 
c********************************************************************* 
C 	 * 
C 	THIS PROGRAM CALCULATE THE TIME-DEPENDENT ENERGY EQUATION BY * 
C 	NUMERICAL TECHNIOUE USING PEACEMAN RACHFORD ALTERNATING 
C 	DIRECTION IMPLICIT METHOD, THE VALUES OF STREAMEUNCTIONS 
C 	Rr-QUIRED AT EVERY TIME-STEP ARE DETERMINED BY FIRSTLY SOLVING * 
C 	THE NAVIER-STOKES EQUATIONSqUSING PROGRAMME 1 
C 	THIS PPOGPAm CAN FE PUN ON EITHER CDC6600 OR CDC7600 MACHINE 
C 	USING FIN COMPILER 
C 	 * 
c**************************-g***************************************** 
C 
C 

COMMON/GRIDC/ Z(61)*E(61),ITHETA(61)4SN(61)+CS(61),CT(61)9 
1 	H1(61161),THEIA(6I) 
COMMON/IWNC/ INI+JNIIIN.jN,SH,SKIST,KS+RE,TIME,NTIMES 
COMMON/ICOEF/ B1(61)092(61)4C(61)9ASH 
COMMON/JCOEF/ 93(61),B4(61),A,ASK 
COMMON/UNC/ UN(6196I) 
COMMON/LNIAR3/ ISKIPT4KK 
COMMON/TOTNC/ TO(61 ,61) ,TNI61 ,61) 
COMMON/NPTC/ NPT1rNPRT+MPT ,MXITER,NPRINT 
COMMON/CPTIME/ CPT'OPTIME 
COMMON/TEMPC/ LTI 
COMMON/OUTPC/ NO 
COMMON/BCPC/ L 
COMMON/NUSC/ K2 
COMMON/PRPEC/ PR, RE 
COMMON/NSKIPC/ NSKIPT,LSKIPT 

C 
C 	SUBROUTINE CNTPTP ASSIGN ALL THE PARAMETERS REQUIRED 
C 	TO START THE COMPUTATION 
C 

CALL CNTRIP 
C 

N=osNPoLD.0$NPAGE.oscesEcI=0 
C 
CSITIPOUTINE INPUT READ ALL THE PARAMETERS AND COEFFICIENTS 
C 	WHICH ARE COMMON To BOTH THIS PROGRAMME AND THE NAVIEP- 
C 	PROCRAMMEIIT ALSO EITHER CALCULATE THE INITIAL 
C 	CONDITION OR READ THE VALUES OF TEMPERATURE DETERMINED 
CFROM PREVIOUS RUN - STORED IN MAGNETIC TAPE2, 
C 	DEPENDING ON THE SITUATION 
C 

CALL INPUT 
C 
C 	SUBROUTINE COEFT CALCULATE THE REMAINING COEFFICIENTS 
C 	WHICH ARE REQUIRED BY THIS PROGRAMME 
C 

CALL COEFT 
C 

ISKIRT=LSKIPT 
CTHIS SET THE NUM9FR OF THE STARTING FILE OF TAPE3 FROM 
C 	WHICH THE STPEAMFUNCTION VALUES ARE TO BE READ 
C 
C 	SUBROUTINE POS1TN, POSITION TAPE3 TO THE FILE SET ABOVE 
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C 
CALL POSITN 

C 
1 CONTINUE 

NITFP=0 
LT1=1 
IF(NPAGE•EO.1) WRITE(6,100) 

100 FORMAT(1H1) 
ISKIPT=ISKIPT+I 

C 
C 	SUBROUTINE INTAP3 READ THE TIME AND THE STREAMFUNCTION VALUES 
C 	WHICH WERE CALCULATED BY THE NAVIFR—STOKES PROGRAMME AT THE 
C 	SPECIFIED TIME—STt7P 
C 

CALL INTAP3 
2 CONTINUE 

C 
C 	SUBROUTINE UPTFM4 UPDATE THE TEMPERATURE FIELD IN TIME 
C 

CALL UPTEM 
C 

LT1 =0 
C 
C 	SUBROUTINE BOUNDC CALCULATE THE TEMPERATURE AT THE AXIS 
C 	OF SYMMETRIES 
C 

CALL BOUNDC 
C 

NITER=NITER+1 
IF(NPRTeLE,MPT) GO TO 3 
IF(NITER,GTeMXITER) GO TO 8 

C 
C 	IF SOLUTION IS STILL UNCONVERGED. GO TO 2+ AND CONTINUE 
C 	ITERATION UNTIL EITHER ALL THE POINTS CONVERGED OR THE 
C 	MAXINUM NUMBER OF ITERATION (MXITER) ALLOWED ARE EXHAUSTED 
C 

GO TO 2 
C 

3 CONTINUE 
CALL SECOND (CPSEC) 

C 	CHECK COMPUTER TIME 
Wp/TE(6q200) CPSEc,NITER 

200 FoRMAT(1H0cIX,8HCPTImE =.F662,10X,7HNITER= 914) 
TLEFT = CPT —CPSrc 
DLTI = TLEFT —OPTIME 
DLT2 = CPSEC —CPSECI 
IF(DLTIoLE0DLT2) GO TO 7 
CPSECI=CPSEC 
N=N+1 
IF(NTIMES.E0e.N) GO TO 7 
NPNP'W=N/NPRINT 
IF((NPNEW—NPOLD).FQ.I) GO TO 6 
NPAGF=0 
CONTINUE 
NPOLD=NPNEW 
DO 4 I=111N1 
DO 4 ...1=1,JN1 
TD(I,J)=TN(I,J) 

4 CONTINUE 
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IF(ISKIPT.E0eNSKIPT1 GO TO 7 
I THERE IS MORE COMPUTER TIME AVAILABLE AND MORE DATA LEFT 
IN TAPE3 TO BE READ, GO TO 1( AND CON TINUE UPDATING IN TIME 

C 
GO TO 1 

C 
6 CONTINUE 

NrDAGE=1 
NO=3 
CALL OUTPUT 
WPITE(6,11) TIME 
WpITE(6+12) TN(5,1)*TN(5+16),TN(5931) 

11 FORMAT(20Xl*TIMF=*+F10.6) 
12 FORMATTN(0)=*9F10.6,2X4*TN(90)=*,F10.6,e2XI#TN(180)=**F10.6) 

GO TO 5 
7 CONTINUE 

NO=1 
CALL OUTPUT 
CALL GRAD 
STOP 

8 CONTINUE 
NO=2 
CALL OUTPUT 
STOP 
END 

SUBROUTINE POSITN 
C 
C 
C 	THIS SUBROUTINE POSITION TAPE3 TO FILE NUMBER EQUAL TO 
C 	ISKIPT TO SET IT READY FOR READING THE STREAMFUNCTION 
C 	VALUES AT EVERY TIME—STEP 
C 
C 

COMMON/LNTAP3/ ISKIPTq KK 
C 

REWIND KK 
CALL SKPFILE(ISKIPT,KK) 
RETURN 
END 



436 

SUBROUTINE CNTRTP 
C 
C 
C 	THys SUBROUTINE ASSIGN ALL THE PARAMETERS REQUIRED 
C 	TO START Ti-:77 COMPUTION 
C 
C 

COMMON/GRIDC/ Z(61)9E(61)9ITHETA(61),SN(61)1CS(61),CT(61)t 
H3(61461),THETA(61) 

COMmON/INJNC/ INI,JN1vIN4JNISH+SK,ST9KS,PEtTIME4NTIMES 
COMMON/OMEGA/ WI ,W2 
CnmMON /LNTAP3/ ISKIPT+KK 
COMmON/LNTAPT/ ISKIPN,II 
COMMON/LOTAPT/ ISKIPO,JJ 
COMMON/NPTc/ NPT/,NPRT1MPT,MX/TER,NPRINT 
COmMON/CPTIME/ CPT,OPTIME 
COMMON/BCPC/ L 
COMMON/NUSC/ K2 
COMMON/PRPEC/ PR,pE 
COmMON/PLTPcN/ vcT(11),KNT,m, 
COMMON/PLOTC/ XXI(59,11),YY1(59911),XX2(30,11)+YY2(30,11),RPLOT, 

1 	TYSIIXSTEP,JNH1IJNH,KNP,LPLOT.RPLOTT 
cc.,,mcN/ncir DF-NocTeEPR,crP 
CW4MON/INPC/ LIN 
COMMON/NSKIPC/ NSKIPT,LSKIPT 

C 
C 	ASSIGN THE PRANDLT NUMBER TO BE SOLVED 
C 

Pp=2,4 
C 
C 	ASSIGN THE FIRST AND THE LAST FILE TO BE READ 
C 	FROM TAPE3 
C 

Nc,KIPT=431 
C 
C 	SET THE WEIGHTING FACTORS 

_ C 
W1=0.55W2=0.5 

C 
C 	SET THE PARAMETERS REQUIRED BY SUBROUTINE BOUNDC 
C 

L=1 
C 
C 	SET THE PARAMETERS REQUIRED BY SUBROUTINE NUNUM, FOR 
C 	CALCULATION OF THE NUSSELT NUMBER FTC, 
C . 

KP=1 
C 
CSET THE PARAMETER REQUIRED IN SUBROUTINE INPUT 
C 

LIN=1 
C 
C 	TAPE NUMBER 

Iy=psJJ=1 
KK=3 

C 
C 	SET THE NUMBER OF FILE TO BE SKIPPED FROM TAPEI AND TAPE2 
C 	BEFORE DATA ARE WRITTEN OP READ FROM EITHER OF THEM 
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C 
ISKIPO=OsISKIPN=0 

C 
CST THE CONVERGENCE CRITERIA AND RELAXATION FACTORS 
C 

OFT=14,0$CCT=0.0001 
EPR=001E-10 
CCR=ERR/100.0 
MPT=O$MXITER=150 

C 
C 	SET OUTPUT PARAMETER 
C 

CPT=12000sOPTImE=.0 
NPRINT=50 
NTIMES=430 

C 
Sr-T THE PARAMETEPS REQUIRED IN SUBROUTINE CNPLTP 

C 	AND CNPLOT TO PLOT THE TEMPERATURE CONTOURS 
C 

RpLOTT=400sM=8SIXSTEP=60 

IYS=1,6666*FLOAT(IXSTFP-I)+1•S 
KNT= 10 

C 
C 	SrT THE TFmREPATUmE VALUES WHOSE CONTOURS ARE 

C 	TO BE PLOTTED 
C 

VcT(1)=1,05NCT(?)=0.9$VCTI3)=008$VCTI4)=0,7$VCT(5)=0,6$VCT(6)=0.5 
VcT(7)=0,4$VCT(B)=0.3sVCT(9)=002$VCT(10)=0.1 

C 
RETURN 

END 

SUBROUTINE COEFT 
C 
C 

THIS SU5ROUTINE CALCULATE THE REMAINING COEFFICIENTS 
REQUIRED BY THE ENERGY PROGRAM 

C 
C 

COMMON/GRIDC/ Z(61),F(61)tITHETA(61)4SN(61),CS(61),CT(61)9 
1 	H3(61,61),THETA(61) 

COMMON/INJNC/ IN1,-IN14IN,UN4SH,SK,ST0KS4REITIME•NTIMES 
COMMON/ICOEF/ R1(61)+B2(61)+C(61)+ASH 
COMMON/JCOEF/ 93(61)94(61)qA/ASK 
COMMON/IJCOEF/ CPP9XRP(61) 
COMMON/PRPEC/ PR,PE 

C 
pa-=PP*RE 
CPP=PF/(8.*SH*SK*A) 
DO 10 I=1,IN1 
xpP(I)=(E(I)*E(I)*PE)/(A*ST) 

10 CONTINUE 
RFTURN 
END 
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SUBROUTINE NUNUM 
C 
C 
C 	THIS SUBROUTINE CALCULATE THE LOCAL AND AVERAGE NUSSELT 

NUMREP,JH—FACTOR,HEAT TRANSFER NUMBER, AND STANTON NUMBER 

C 	TRAPEZOIDAL RULE IS USED FOR INTERGRATION 
C 
C 

COMMON/GRIDC/ Z(61)+E(61)4ITHETA(61)1,SN(61)+CS(61)9CT(61)* 
1 	H1(61,61),,THETA(61) 
COMMON/IN-1NC/ INIcJNI,IN,JN,SH,SK,ST.KS,RE4TIME4NTIMES 
COMMON/TOTNC/ TO(61361),TN(61+61) 
COMMON/NUSC/ K2 
COMMON/PPPEC/ PR,PE 
DIMENSION TNUSN2(61),TNU2(61) 

C 
PF3=PR**(1./3e) 
PPE1=PE3*RE 
PpE2=PE3*(RE**009) 
H127-10/(12o0*SH) 
H05=1./(6o0*SH) 
H02=1.0/(2.0*SH) 
Al=0*0 
Ap=0.0 
An=0.0 

C 
• C 	IP K2=1 THEN 4o3oAND 5—POINT FORMULAE ARE USED FOR CALCULATION 

C 	OTHERWISE S—POINT FORMULF IS ONLY USED. 
C 

/F(K2oNEe1) GO TO 5 
C 
C 	USING 4—POINT FORMULA 
C 

WOITF(64400) 
400 FORMATC1H1,1(3X1 * 4—POINT FORMULA IS USED* 	) 

WR/TF(6,100) 
DC) 40 J=1,JN1 
Y2=H06*(-116-4-18**TN(2,J)-90*TN(3*J)+20*TN(44J) ) 
TMU2(J) =—P00*Y2 
INUSN2(J)=TNU2(j)*SN1J) 
FjH2=TNU2(U)/PRE1 
HT2=TNU21.))/PRE2 
STNU2=TNU2(J)/PE 
RNU2=TNU2(j)/TNU2_(1) 
WRITE(64101) ITHETA(j)0TNU2(J)9FUH2,HT2,STNU2,RNU2 

40 CONTINUE 
DO 41 J=loJN 
A2=A2 4-0.5*(TNUSN2(J+1)+TNUSN2(J))*SK 

41 CONTINUE 
AVNUp= 0.5*A2 
AVJHp= AVNU2/PREI 
AVHT2 = AVNU2/PRF2 
AVST2= AVNU2/PE 
WRITE(6,102) 
WRITE(6,103) AVNUp+AVJH21AVHT24AVST2 

C 
C 	USING 3—POINT FORMULA 
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WPITE(6,300) 
300 FORMAT(1H1910X4*1—POINT FORMULA IS USED* ) 
. 	DO 30 J=1,JNI 

Y-7 =H02*(-3.04-44■04FTN(2+J)—TN(3,J)) 
TNU2(J)=-200*Y3 
TNUSNP(U)=TNU2(..1)*SN(U) 
FjH2=TNU2(J)/RRE1 
HT2=TNU2(J)/RRE2 
STNU2=TNU2(J)/RE 
RNU2_=TNU2(3)/TNU2(1) 
WPTTF(61101) ITH=-TA(J19TNU2(J)4F,M2,HT29STNU24RNU2 

30 CONTINUE 
DC) 31 J=1,JN 
A3=434-005*(TNUSN2(J+1)+TNUSN2(J))*SK 

31 CONTINUE 
AVNU3=0*9*A3 
AVUH1=AVNU3/RREI 
AVHT3=AVNU3/PRE2 
AVST3=AVNU3/RE 
WPITE(6,102) 
WPITF(69103) AVNU29AVJH39AVHT3gAVST3 

C 
C 	USING 5--POINT FORMULA 
C 

5 CONTINUE 
WPITE(61500) 

500 FOPMAT(IH1,1OX+*• 5—POINT FORMULA IS USED * ) 
WPITE(6, 100) 
DO 50 j=1 1JNI 

YI--2H12*(—P900+48.0*TN(2.J)-36.0*TN(341J)+16.0*TN(4,J)-3.0*TN(5,J)) 
TNU2(J)=-200*Y1 
TNUSN2(J) =TNU2(...))*SN(J) 
FjH2=TNU2(,))/PPE1 
HT2=TNU2(J)/PRE2 
STNU2=TNU2(U)/PE 
RNU2=TNU2(J)/TNU2(I) 
WRITE(64101) ITHFTA(J)4TNU2(J),FJH2tHT2,STNU2,RNU2 

50 CONTINUE 
DO Si J=14JN 
A1=Al+O.5*(TNUSN2(J+1)+TNUSN2(J))*SK 

51 CONTINUE 
AVNU1=005*A1 
AVJH1=AVNUI/PREI 
AVHT1=AVNUl/PRE2 
AVST1=AVNU1/PE 

WRITE(69103) AVNU1.0AVJHI,AVHTl#AVST1 
RETURN 

100 FORMAT(1110.5X.9HANGLE.15X+11HNUSSELT.NO.,8X+9HJH—FACTOR/10018HHT.0 
10EF..12X16HST.NO..12X.9HRATIO NU. 

101 EnRMAT(1H0,5X1110,2X,9(8X,G1065)) 
102 FORMAT(1Xcl/l/v5X17HAVE.NU..12X91PHAVE.JH—FACTog8X.12HAVE.HTCOEF. 

1,PX,11HAVE0ST.NO. 
103 FOPWItT(IX./05X.G19.5,3(8X9G12.5)) 

END 
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SUBROUTINE GRAD 
C 
C 
C 	THIS SUBROUTINE DETERMINE THE ACCURACY OF 3. 4 AND 5—POINT 
C 	FORMULAE ALONG THE AXIS OF SYMMETRIES 
C 	 FORMULAE 
C 

COMMON/INJNC/ INI,JN1.1NojN*SH.SK,STWS.REtTIME.NTIMES 
COMm'N/GRIDC/ Z(61).E(61),ITHETA(61).SN(61).CS(61).CT(61). 

H3(61.61).THETA(61) 
COMMON/TOTNC/ TO(61.61).TN(61.61) 

SH2=200*SH 
SH6=600*SH 
SH12=12.0*SH 
WRITF(6.100) 
WPITE(6,200) 
DO 3 I=2.IN 
GD7F=(-3.0*TNC/.1).4-4,0*TN(I.2)—TN(1.3))/SH2 
Go4F=(..-11,0*TN(I*1)+18.0*TN(I.2)-900*TN(I.3)+2o0*TN(I04))/SH6 
Gr,E=(—P500*TN(Ie1)+49e0*TN(I.2)-16.0*TN(I.3)-4-1600*TN(I.4)-3o0*TN( 
II.5))/SHI2 
WRITE (6.300) I.GR3F,GR4F,GR5F 

3 CONTINUE 
WRITE(6.400) 
WRITE(6.500) 
DO 4 I=2,IN 
Gq3B=(300*TN(I.JNI)-4o0*TN(I.JN)+TN(I.JN-1),./SH2 
GP4B1-.(11.0*TN(/*JN1)-18.0*TN(I.JN)+900*TN(I.JN-1)-2.0*TN(I,JN-2))/ 

1SH6 
GPE1=(2.0*TNCI.JN1)-48.0*TN(I.JN)+3600-X-TN(1.JN-1)-16.0*TN(I.JN-2) 
1+100*TN(!,JN-3))/SHIP 
WRITE(6,300) T+GP1B4GR499GR5B 

4 CONTINUE 

100 FORMAT(1H1, IX**CALCULATING THE GRAD., OF TEMP. AT AXIS OF SYMM. 
IAT ZERO DEG. USING 3.4.5—POINT FORMULAE * ) 

200 FOPMAT(1H ./////.10X,9HGR3F=.15X.9HGR4F=.15X95HGR5F= 
300 FORNAT(3X.15,2Xc3(G1209.8X)) 
400 FORMAT(1H ,//////,*CALCULATING THE GRAD. OF TEMP. AT AXIS OF SYMM. 

1AT 180DEG..USING 344.9—POINT FORMULAE* ) 
500 FORMAT(1H ./////,10X.SHGR39=.15X.SHGR4B=,15X.5HGR5B= 	) 

RETURN 
END 

C 

C 
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SUBROUTINE BOUNOC 
C 
C 
C 	THIS SUBROUTINE CALCULATE THE TEMPERATURE ALONG 
C 	THE AXIS OF SYMMETRIES 
C 
C 

COMMON/TOTNC/ TO(61961)+TN(61,61) 
commoN/Gprnc/ z(61),F(151),ITHETA(61)gsN(61).cs(61),cT(61). 

Hi(61,61),THETA(61) 
COMMON/INJNC/ IN1,JN1,IN,JN,SH,SKtST,KS,RE,TIME,NTIMES 
COMMON/BCT/ DFToCrT.FRP4ccP 
COMMON/NPTC/ NPTI,NPRT*MPT,MXITER4NPRINT 
COMMON/BCPC/ L 
NPT1=2*(IN-1) 
NPRT=NPT1 

C 
C 	IF L=1 	3—POINT FORMULA IS USED 
C 	IF L=2 	4—POINT FORMULA IS USED 
C 	IF L=3 	5—POINT FORMULA IS USED 
C 

TF(LoLTeleOPoLeGT03) GO TO 4 
GO TO (1.2'3)4L 

C 
C 	USING 3—POINT FORMULA 
C 

1 CONTINUE 
C 
C 	USING FORWARD FINITE DIFFERENCE TECHNIQUE ALONG THETA=0 
C 

DC) 10 I = 24IN 
TT = (4.0*TN(It2)—TN(I.3))/3.0 
TT = TN(If1)+DFT4(TT—TN(I,1)) 
IF(TT0LE.ERR) GO TO 11 
EPROPT=(IT—TN(1,1))/TT 
IF(ARS(ERRORT)eLF0CCT) NPRT=NPRT-1 
GO TO 13 

11 EPROR=TT—TN(191) 
IF(ABS(ERRORT).LE0CCR) NPRT=NPRT-1 

13 TN(111)=TT 
10 CONTINUE 

C 
C 	USING BACKWARD FINITE DIFFERENCE TECHNIQUE ALONG THETA=180 
C 

DO 12 1=291N 
TT=C4 00*TN(I/JN)—TN(ItJN-1))/3.0 
TT=TN(I,JN1)+DFT*(TT —TN(I*JN1)) 
IF(TT0LE0FPR) GO TO 14 
EPRORT=(TT—TN(IsJN1))/TT 
IF(ARS(ERRORT).LE.CCT) NPRT=NPRT-1 
GO TO 15 

14 EPROP=TT—TN(19JN1) 
IF(ARS(EPRORT)*LF0CCR) NPRT=NPRT-1 

19 TN(IeJNI)=TT 
12 CONTINUE 

RETURN 
C 
C 	USING 4—POINT-FORMULA 



442 

2 CONTINUE 
C 

USING FORWARD FINITE DIFFERENCE TECHNIQUE ALONG THETA-0 
PC 

DO 20 1=2,IN 
TT=t18.0*TNtI*2)-900*TN(193)-1-2(.0*TN(I44))/11.0 
TT=TN(I11)+OFT*(TT—TN(1+1)) 
IF(TTeLEoFPR) GO 70 21 
EPRORT=(TT—TN(Iv1))/TT 
IE(ARS(ERRORT)eLE0OCT) NPRT = NPRT-1 
Gn TO 23 

21 ERROR=TT—TN(I'1) 
IF(AES(ERRORT).LE.CCR) NPRT=NPRT-1 

23 TN(II1)=TT 
20 CONTINUE 

C 

	

C 	USING BACKWARD FINITE DIFFERENCE TECHNIQUE ALONG THETA=180 
C 

DO 22 I=2IIN 
TT=I18.04(-TN(/sJN) .-9.0*TN(14JN-1)+2.0-*TN(I,JN-2))/11.0 
TT=TN(I4JNI)+DFT*(TT—TN(I.JN1)) 
IE(TT0LE.FRR) GO TO 24 
EPRORT=CTT—TN(I.jN1))/TT 
IE(ABS(ERRORT).LF.CCT) NPRT = NPRT-1 
GO TO 25 

24 EPROR=TT—TN(I,JN1) 
IF(ABS(ERRORT)oLF 0CCR) NPRT=NPRT-1 

29 TN(I4JN1)=TT 
22 CONTINUE 

RETURN 
C 

	

C 	USING 5—POINT FORMULA 
C 

3 rnmTINUE 
C 

	

C 	USING FORWARD FINITE DIFFERENCE TECHNIQUE ALONG THETA=O 
C 

DO 30 I-2. TN 
TT=I4800*TN(I42)-3600*TN(I,3)+16*TN(I,4)-3DO*TN(II5))/25.0 
TT=TN(I41)+DFT*(TT—TN(I,1)) 
IF(TT.LE.ERR) GO TO 31 
EPRORT=(TT—TN(141))/TT 
IF(ARSCEPRORT/eLF.00T) NPRT=NPPT^I 
GO TO 33 

31 EPROR=TT—TN(I41) 
IF(APS(FRROPT).LE0CCR) NPRT=NPRT-1 

33 TN(191)=TT 
30 CONTINUE 

C 

	

C ' 	USING BACKWARD FINITE DIFFERENCE TECHNIQUE ALONG THETA=180 
C 

DO 32 I=24IN 
TT=(48.0#TN(I,JN)-36.0*TN(I,JN-1)+16#0*TN(1,JN-2)-3..0*TN(I,JN-3)) 
1/29,0 
TT=TN(I,JNI)+DFT4E(TT—TN(IIJN1)) 
IF(TT*LE.ERR) GO TO 34 
FPRORT=(TT—TN(T+JN1))/TT 
1E(A9S(ERRORT)*LE‘CCT) NPRT=NPRT-1 
GO TO 39 



443 

34 EPROR=TT—TN(/*JN1) 
IF(ABS(ERROPT),LE.CCR) NPRT=NPRT-1 

35 TN(I.JNI)=TT 
32 CONTINUE 

RETURN 
	 a 

4 C^NTINUE 
WRITE(6.1000) 

1000 FORMATCIH e2 OX,40H-***WRONG VALUE OF L--B.C.PARAMETER##* 
STOP 
END 

SUBROUTINE OUTAPT 
C 
C 
C. 	THIS SUBROUTINE WRITE OUT DATA ON TO MAGNETIC TAPE--TAPE1 
C 
C 

COMMON/GPIDC/ 2(61)+F(61)+ITHETA(61),SN(61)*CS(6I),CT(61), 
1 	H3(61961),THETA(611 
COMMON/INJNC/ INI,JN1+1N+JN9SH+SK9ST,KS+RE,TIME,NTIMES 
COMMON/TOTNC/ TO(61961),TN(61.61) 
COMMON/LOTAPT/ ISKIPO+JJ 

C 
REWIND JJ 
ir(IsKrpoeFo.0) GO TO 2 
N=0 

1 CONTINUE 
READ(JJ) DUMMY 
IF-(E0F(JJ)) 10,11 

10 N=N+I 
IF(N0F06ISKIPO) GO TO 2 

II GO TO I 
2 CONTINUE 

Wp/TF(jJ) ((TOCItj/,/=191N1)9J=1.JNI) 
WPITE(JJ) t(TN(1,j)+1=101N1)9J=1,JNI/ 
END FILE JJ 
WPITE(6,100) 

100 FORMAT(IX920X,  2PHDATA WRITTEN ON TAPE 
RFTURN 
END 
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SUBROUTINE OUTPUT 
C 
C 
C 	THIS SUBROUTINE CONTROL THE OUTPUT 
C 
C 

COMMON/GRIDC/ Z(61)9E(61)91THETA(61),SN(61),CS(61),CT(61),  
1 	H3(61961)4THETA(61) 
COMMON/INJNC/ IN1.JNI+IN,JN,SH•SK,ST,KS•RE,TIME,NTIMES 
COMMON/LNTAPT/ ISKIPNtII 
COMMON/OUTRc/ NO 
COMMON/NPTC/ NPT1,NPRTqMPT,MXITER,NPRINT 
COMMON/LNTAP3/ ISKIPT,KK 

C 
C 	IF NO=1 	SOLUTION CONVERGED BUT INSUFFICIENT COMPUTING 
D 	 TIMF AVAILABLE OR MAXIMUN NUMBER OF 
C 	 TIME--STEP ALLOWED PER RUN IS REACHED 
C 	IF NO=2 	SOLUTION REMAIN UNCONVERGED 
C 	IF NO =3 	SOLUTION CONVERGED AND NPRINT NUMBER OF 
C 	 TIME—STEP REACHED 
C 

IF(NO.GT.3) GO TO 100 
GO TO (10c11+12)+NO 

10 CONTINUE 
WPITE(6,101) 
CALL OUTAPT 
CALL RESTAM 
CALL CNPLTP 
CALL NUNUM 
WPITE(8,102) ISKIPT,NPRT 
RETURN 

C 
11 CONTINUE 

WPITE(6o103) 
CALL OUTAPT 
CALL RESTAB 
WPITE(6,102) ISKIPT,NPRT 
RETURN 

IP CONTINUE 
WRITE(6e104) 
CALL NUNUM 
CALL CNPLTP 
WPITE(64102) ISKIPT4NPRT 
RETURN 

102 FORMAT(IX,///,10X,7HISKIPT=,I10+10X,SHNPRT=•110 ) 
101 FORMAT(1X1///,20X.35HSOLN000NVERGED BUT LACK COMP. TIME 
103 FORMAT(1Xt///420X,22HSOLNeDOESNT CONVERGED 	) 
104 FORMAT(1Xs///920X415HSOLNeCONVERGED 
100 CONTINUE 

WPITE(6t105) 
105 FORMAT(1X+///,29X4*WRONG PARAMETER (NO) USED * 	) 

STOP 
END 
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SURROUT/NF INPUT 
C 
C 
C 	THIS SUBROUTINE READ ALL THE PARAMETERS AND COEFFICIENTS 
C 	COMMON TO BOTH THE NAVIER—STOKES PROGRAMME AND THIS 
C 	ENERGY PROGRAM BY CALLING SUBROUTINE INTAP3. THIS 
C 	DATA ARE READ FROM TAPE3 BY SETTING ISKIPT=O 
C 	THIS SUBROUTINE ALSO SET UP THE TEMPERATURE THROUGHTOUT 
C 	THE DOMAIN EITHER BY CALCULATING THE INITIAL CONDITION OR 
C 	READING THE LATEST VALUE AVAILABLE FROM PREVIOUS RUN BY 
C 	READING TAPE2 FROM SUBROUTINE INTAPT 
C 
C 

COMMON/GRIDC/ Z(61)0E(61)1ITHETA(61),SN(61)+CS(61)0CT(61),  
H3(61961),THETA(64) 

COMMON/INJNC/ INI.JNIIIN,JN.SH,SK.ST,KS+RE.TIME,NTIMES 
COMMON/TCOEF/ B1(61)*B2(61)1C(61).ASH 
COMMON/JCOEF/ B3(61),B4(61)+A,ASK 
COMMON/UNC/ UN(61.61) 
COMMON/LNTAP3/ IKIPToKK 
COMMON/LNTAPT/ ISKIPN.II 
COMMON/TOTNC/ TO(61v61)oTN(61461) 
COMMON/INPC/ LIN 
COmMON/PROEc/ pp9 pE 
COMMON/NPTC/ NPTIONIPRT*MPT.MXITERoNPRINT 

C 
C 	IF LTN=1 	SOLUTION START FROM INITIAL CONDITION 
C 	IF LIN=2 	SOLUTION START FROM THE LAST VALUE OBTAINED 
C 	. FROM PREVIOUS RUN BY READING FROM TAPE2 
C 	IF LIN=3 	SOLUTION START FROM THE LAST BUT ONE TIME— 
C 	STEP OBTAINED FROM PREVIOUS RUN FOR THE LAST RESULT 
C 	OF THAT RUN REMAINED UNCONVERGED*THIS IS 
C 	READ FROM TAPE2 
C 

IF(LIN.LT.I.OPoLIN,GT.3) GO TO 4 
GO TO (10,20,30).LIN 

10 CONTINUE 
ISKIPT=0 
CALL INTAP3 

C 
C 	FOR THIS CASE THE INITIAL CONDITION IS TAKEN TO BE ZERO 
C 	EVERYWHERE EXCEPT ON THE SPHERE SURFACE 
C 	N.B. IF STEADY STATE PURE CONDUCTION IS USED AS INITIAL.' 
C 	CONDITION THAN THE LOGICAL STATEMENT TO(11j)=0.0 4 

C 	IS CHANGE TO TO(I,J) = 1/E(I) 
C 

DO 1 I=2.IN 
DO I J=1,JN1 
TO(I.J)=0.0 

1 CONTINUE 
C 
C 	SET THE TEMPERATURE ON THE SPHERE SURFACE EQUAL TO ONE 
C 	AND THE TEMPERATURE ALONG THE OUTER BOUNDARY EQUAL ZERO 
C 

DO 2 J=I,JN1 
TO(1.J)=1.0 
TO(IN)/J)=0.0 

2 CONTINUE 
DO 5 J=1.JN1 
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DO S I=1,IN1 
TN(I,J)=TO(I,U) 

5 CONTINUE 
RFTURN 

20 CONTINUE 
ISKIPT=0 
CALL INfAR3 
CALL INTAPT 
DO 3 J=1,JN1 
DO 3 1=19IN1 
TO(I1J)=TN(7,...1) 

3 CONTINUE 
RFTURN 

30 CONTINUE 
ISKIPT=0 
CALL INTAP3 
CALL INTAPT 
RETURN 

4 WPITE(6c100) 
100 FORMAT(1H *10X,*WRONG VALUE OF LIN — INPUT PARA.USED*) 

RmTURN 
END 

SUBROUTINE INTAPT 
C 
C 
C 	THIS SUBROUTINE READ THE TEMPERATURE OBTAINED FROM PREVIOUS 
C 	RUN--READING TAPF2 
C 
C 

COMMON/GPIDC/ Z(61)F(61)ITHETA(61),SN(6l)CS(61)sCTC61) 
1 	H3(61,61),THETA(61) 
COMMON/INJNC/ IN1,—IN1,1N*JNISH4SK,ST,KS,RE4TIME,NTIMES 
COMMON/TOTNC/ TO(61'61)+TN(61,61) 
COMMON/LNTAPT/ ISKIPNIII 

C 
REWIND II 
IF(ISKIPNeGToO) CALL SKPFILE (ISKIPN,II) 
RFAD(II) ((TO(IcJ),I=14INI).J=1,JN1) 
RFAD(I1) ((TN(IsJ),I=leIN1)4J=1,JN1) 
RETURN 
END 
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SUBROUTINE INTAP3 

C 
C 
C 	THIS SUBROUTINE READ ALL THE PARAMETERS AND COEFFICIENTS 

C 	COMMON TO BOTH NAVIER—STOKES AND ENERGY EQUATIONS 

C 	WHEN ISKIPT=O 

C 	IT IS ALSO USED Tn READ THE VALUES OF STREAMFUNCTION 
C 	ALREADY DETERMINED FROM THE NAVIER—STOKE EQUATION 
C 	THIS SAME TAPE WAS USED BY SUPOUTINE OUTAP3 IN THE 
C 	NAVIER—STOKES PROGRAMME 
C 
C 

COMMON/GRIDC/ Z(61)*E(61)41THETA(61)9SN(61),CS(61),CT(61)+ 
1 	H1(61961),THETA(61) 
COMMON/INJNC/ IN1,JNI*INeJN,SH,SKASTtKS+PE,TIME4NTIMES 

COMmON/ICOFF/ 81(61)+B2(61),C(61)+ASH 
COMMON/JCOEF/ 83(61)t94(61)+AtASK 
COMMON/UNC/ UN(61,61) 
commCN/LNTAP3/ ISI<IPTtKK 

C 
IE(ISKTPT0GT*0) GO TO 1 
REWIND KK 

C 
C 	PFAD THE VALUES OF PARAMETERS AND COEFFICIENTS COMMON 
C 	TO ROTH PROGRAMES 
C 

READ(KK) IN1 ,JN19INgUN 
READ(KK) RE,ST,SKiKS,ASH4A*ASH,ASK 
RFAD(KK) (Z(1)+E(T)+I=I+IN1) 
READ(KK) (THETA(J)*ITHETA(j),SN(J),CS(J),CT(J),J=I+JNI) 
PFAD(KK) ((H3(I+J)+1=1 ,IN1)+J=I+JN1) 
PFAD(KK) (81(I)*R2(I)4C(I),II=I+INI) 
PP-AD(KK) (83(J),Ra(J),..)=1*JN1)" 
RETURN 

C 
C 	RPAD THE STREAMFUNECTION VALUES CALCULATED FRON NAVIER—STOKE 
C 	PDOGPAmME 
C 

1 CONTINUE 
RFAD(KK) TIME 
READ(KK) ((UN(I',)91=1 ,INI)+J=41+JNI1 
READ(KK) DUMMY 

4 CONTINUE 

RcAD(KK) DUMM1 
IF(EOF(KK)) 3.4 

3 RFTURN 

END 
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SUBROUTINE INTAP3 
C 
C 

THIS SUBROUTINE READ ALL THE PARAMETERS AND COEFFICIENTS 

C 	COMMON TO BOTH NAVIER—STOKES AND ENERGY EQUATIONS 
C 	WHEN /SKIPT=0 

C 	IT IS ALSO USED TO READ THE VALUES OF STREAMFUNCTION 

C 	ALREADY DETERMINED FROM THE NAVIER—STOKE EQUATION 
C 	THIS SAME TAPE WAS USED BY SUBROUTINE OUTAP3 IN THE 
C 	NAVIER—STOKES PROGRAMME 

C 
C 

COMMON/GRIDC/ Z(61)+F(61) 0 ITHETA(61)+SN(61)+CS(61)+CT(61)* 
1 	H3(61961)vTHETA(61) 
COMMON/INJNC/ INI,JNIIIN,JNISHqSK,ST,KS,REJTIME,NTIMES 
COMMON/ICOEF/ B1(61)482(61)+C(61)tASH 
COMMON/JCOEF/ B3(61)994(51),AtASK 
COMMON/UNC/ UN(61,61) 
COMMON/LNTAP3/ ISKIPTvKK 

C 
IE(ISK/PTeGT00) GO TO 1 
Prwymp KK 

C 
C 	READ THE VALUES OF PARAMETERS AND COEFFICIENTS COMMON 
C 	TO ROTH PROGRAMES 
C 

READ(KK) INI,JNItINvJN 
READ(KK) RE,ST+SK,KS*SH,, A,ASH,ASK 
Rr-AD(KK) (Z(I)9E(I)sI=ItIN1) 
READ(KK) (THETA(J)+ITHETA(j),SN(J)9CS(J)*CT(J),J=1.0JNI) 
READ(KK) t(H3(IsJ)9I=1 ,IN1)eJ=10JN1) 
READ(KK) (R1(I)4R2(I),C(I),I=I+IN1) 
PAD(KK) (173(J)sR4(J),J=1 ,JN1).  
RETURN 

C 
C 	RAD THE STREAMFUNCTION VALUES CALCULATED FRON NAVIER—STOKE 
C 	PROGRAMME 
C 

I CONTINUE 
READ(KK) TIME 
READ(KK) t(UN(I,J)*I=191N1),J=lcJN1) 
READ(KK) DUMMY 

4 CONTINUE 

PEAD(KK) DUMMI 
IF(FOF(KK)) 3,4 

3 RETURN 
END 
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SUBROUTINE UPTEM 
C 
C 
C 	THIS SUBROUTINE UPDATE THE TEMPERATURE THROUGHOUT THE 
C 	DOMAINvUSING ALTERNATING DIRECTION IMPLICIT METHOD 
C 

C 
COMMON/TOTNC/ TO(61-,61),TN(61,61) 
COMMON/GRIDC/ Z(61),E( 61)vITHETA( 61)9 SN(61)1 CS( 61)1CT ( 61)9 

H1(61,61)4THETA(61) 
COMMON/INJNC/ INT,JNI.IN,JNsSH,SK*ST,KS,PE,TIME,NTIMES 
COMMON/ICOEF/ B1(61)9B2t6l)vC(61),ASH 
COMMON/JCOEF/ B3(61),B4(61),AvASK 
COMMON/UNC/ UN(61o61) 
COMMON/SLTN/ C1(61)*C2(61),C3(61),D(61),P(61) 
COMMON/OMEGA/ Wl.W2 
COMMON/IJCOEF/ CRPvXRP(61) 
COMMON/TEMPC/ LT1 

C 
C 	IF LT1=0 ITERATE IN I—DIRECTION ONLY FOR TIME—STEP 
C 	N + 1/2 TO N+ 1 
C 

IF(LTI0F0.0) GO TO 500 
C 
C 	ITERATION IN J—DIRECTION FOR TIME—STEP N TO N + 1/2 
C 

DO 100 J=2,JN 
DO 10 I=21, IN 
SKT=CRP/H3(I,J) 
DFUI= UN(I+1tJ)—UN(I-11J) 
DFUIP=DFUI+ABS(DFUI) 
DFUIN=DFUI—ABS(DFUI) 
CI(I)=B4(J)—SKT*(W1*DEUIN+W2*DFU/P) 
CP(I)=B3(J)+SKT*(WI*OFUIP+W2*DFUIN) 
C-1(I)=XPP(1)—ASK 

D(I) =C1(I)*T0(1,J+1)+C2(I)*TO(I1J-1)+C3(I)*TO(II,J) 
DFUj =UN(I,J+1)—UN( I4J-1) 
DFUJP=DFUJ+ABS(DFUJ) 
DFUJN=DFUJ—ABS(DFUJ) 

Cl( I)= —(82(1)+SKT*(W1*DFUJN+W2*OFUJP)) 
Cp(I)= —B1(1) +SKT*(W1*DFUJP442*DFUJN) 
C3(I)=XPP(I)+ASH 

10 CONTINUE 
C'(2)=0(2)—C2(2) 
CALL SOLVE(IN) 
DO II I=2,IN 
TN(It.A=P(I) 

11 CONTINUE 
100 CONTINUE 

DO 12 I=2vIN 
DO 12 J=2,JN 
TO(11,J)=TN(1,J) 

12 CONTINUE 
C 
C 	ITERATION IN I—DIRECTION FOR TIME—STEP N +1/2 TO N + 1 
C 
BOO CONTINUE 

DO 200 I=2vIN 
DO 20 J=2,,IN 
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SKT=CRP/H3(IoJ) 
DFUJ=UN(I*J4.1)—UN(I.J-1) 

DFUJP=DFUJ+ABS(DFUJ) 
DFUJN=DFUJ—ABS(DFUJ) 

CI(J)=B2(I)+SKT*(W2*DFUJP-PW1*DFUJN) 
CP(J)=81(I)—SKT*(W2*DEUJN441*DFUJP) 
C74(J)=XRP(I)—ASH 
D(J) =CI(J)%TO(I-i-1/J)-1-C?(J)*T0(I—I,J)-1-C3(J)*TO(I*J) 
DFUI =UN(I+14J)—UN(I-1+J) 
DFUIP=DFUI+ABS(DFU() 
0E0iN=DFUI—,ABSCDFUI) 
Cl(U)=-134(J)+SKT*(Wl*DFUIP-4V2*DFUIN) 
C2(J)=—B3(J)—SKT*CWi*D UIN+42*DFUIP) 
Cl(J)=XRP(I)+ASK 

20  CONTINUE 
D(2)=D(2)—C2(2)*TN(Iol) 

D(JN)=D(JN)—CI(UN)*TN(I,JNI) 
CALL SOLVE (JN) 
DO 21 ..„1=2*-4 

TN(I4J) =P(J) 
21 CONTINUE 

200 CONTINUE 
RFTURN 
END 

SUBROUTINE SOLVE(KKT) 
C 
C 
C 	THIS SUBROUTINE SOLVE THE TRI—DIAGONAL MATRIX 

C 	FOR THF ENERGY EOUATION 
C 
PC 

DIMENSION ALPHA(61)+S(61) 
COMMON/GP/DC/ Z(61),F(61)9ITHETA(61)*SN(61)+CS(61),CT(61)v 

H7(61q61),THETA(61) 
COMMON/INJNC/ IN),,,IN191N4JNtSH,SK,ST,KS,RE,TIME.NTIMES 
COMMON/SLTN/ C1(61),C2(61),C3(61),D(61),P(61) 
COMMON/NPTC/ NPTI,NPRTIMPT,MXITER:NPRINT 

C 
ALPHA(2)=C3(2) 
S(2)=D(2) 
DO 1 KT=3,KKT 
ALPHA(KT)=C1(KT)—(C2(KT)*C1(KT-1))/ALPHA(KT-1) 
S(KT)=O(KT)—(C?(KT)*S(KT-1))/ALPHA(KT-1) 

1 CONTINUE 
P(KKT)=S(KKT)/ALPHA(KKT) 
KT=KKT—I 

2 P(KT)=(S(KT)—C1(KT)*P(KT+1))/ALPHA(KT) 
KT =KT-1 
IF(KT.GT.1) GO TO 2 
RETURN 
END 



450 

SUBROUTINE 	CNPLTP 

C 
C 

C 	THIS SUBROUTINE SEARCH THE POSITION FOR CONTOUR-PLOTTING 

C 

C 
DIMP*NSION ZVC1(11)+ZVC2(11),LVC(11) 

COMMON/GPIDC/ 7(61),E(61),TTHETA(.61),SN(61)+CS( 61)+CT( 61)1  

1 	H2(61461)4THETA(61) 

CC)MMON/PLTPCN/ VCT( 11),KNT,m 

COMMON/TOTNC/ TO(61,61)4TN(61461) 

COMMON/PLOTC/ XX1 (59911),YY1(99,11),XX2( 304 11),YY2(30,11),RPLOT 4  

1 

	

	 IYStIXSTEPt.MH14JNH,KNP4LPLOT4RPLOTT 

COMMON/IN-MC/ INI4-M111NqJNISH4SKISTIKS4RE4TIMEINTIMES 

C 
WPITE(6.1000) 
WRITE(641001) 

WPITB(64100?) (VCT(K)4K=1.KNT) 

DC) 11 K=1*KNT 
ZVC1(K)=0.0 

ZVC2(K)=000 
LVC(K)=1 

11 CONTINUE 

ITN1=(IN*M/10)+1 
IIN =IIN1-1 
JNH=JN/2 

JNHI=JNH+I 
DO 100 J=2,JN 

C 
C 	SEARCH AND INTERPOLATE BETWEEN TWO I-LINES 
C 

DO 110 1=24IINI 
DO 110 K=14KNT 
IF(TN(I-10-J)0LE0VCT(K)0ANO.TN(1 4 J).GF.VCT ( K)) GO TO 200 
IF(TN(I-19J).GF.VCT(K)0AND.TN(I,J)0LE. VCT(K)) GO TO 200 

GO TO 110 

200  IF(LVC(K).E0.0) GO TO POI 

ZVC1(K) =SH*(FLOAT(1-2)4-(VCT(K)-TN(1-1,J))/( TN( 1 4 J)-TN( 1-1+J))) 

ZVC2(K)=000 

LVC(K)=0 

GO TO 110 
201 ZVC2_(K)=SH*(FLOAT(I-P)+(VCT(K)-TN(I-19J))/( TN( I-1•J))) 
110 CONTINUE 

DO 300 K=14KNT 

ZVC1(K)=EXPEZVC1(K)) 
ZVC2(K)=EXp(7VC2(K)) 

IP(ZVC1(K).LE4100) ZVC1(K)=000 
/F(ZVC2(K).LE.1.0) ZVC2(K)=0.0 

YY1(U-1.9K)=ZVCI(K)*SN(J) 
XX1(J-1+K)=ZVC1(K)*CS(J) 
IF(J.LT.-MH1) GO TO 300 
YY2(J-JNH,K)=.  ZVC2(K)*SN(J) 
XX2(J-JNH,K)= ZVC2(K)*CS(J) 

300 CONTINUE 
WRITE(641003) ITH=-TA(J)4(ZVC1(K)vK=1,KNT) 
WPI TF(64 1 004 ) ( ZVC2 (K ) 4K= 1 tKNT ) 
DC) 16 K=1,KNT 
ZVC1(K)=000 
ZVC2(K)=0.0 
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LVC(K)=1 
15 CONTINUE 

1 00 CONTINUE 
C 

	

C 	PLOT TEMPERATURE CONTOURS BY CALLING THE LINE PRINTER 

	

C 	PLOTTING ROUNTINF 	CNPLOT 
C 

RPLOT=RPLOTT 
KNP = KNT 
CALL CNPLOT 

1000 FroPMAT(1H1435X*5741-1**** COORDINATES OF TEMPERATURE CONTOURS 4E* 
1**** 

1 001 FORMAT(1H04/,1X, HANGLE,IX0IX,9HCONTOUR 1,1X,9HCONTOUR 2,1X*9HCONT 
SOUR 3e1X,SHCONTOUR 4,IX99HCONTOUR 5,1X,9HCONTOUR etlXv9HCONTOUR 7, 
21X99HCONTOUR B,1Xo9HCONTOUR 9,1X+10HCONTOUR 1011X,10HCONTOUR 11 

100p EnP44T(7X,11(3X,1H=9F603).) 
1001 FORMAT(1H0,1X4I5,1X+11F1064) 
1004 FORMAT (7Y,11F10.4) 

RETURN 
END 

SU9ROUTINE PEST AR 
C 
C 

	

C 	THIS SUBROUTINE TABULATE THE RESULT OF TEMPERATURE 

	

0 C 	DISTRUBUTION AT ANY GIVEN TIME—STEP 
C 
G 

COMMON/GRIDC/ Z(61)9E(81)4ITHETA(61)0SN(61)+CS(61),CT(61)v 
1 	H3(61,61)9THETA(6/) 
COMMON/INJNC/ INI,JNI,IN,JN,SHoSK*ST,KS,REsTIMEsNTIMES 
CCrs4MON/TOTNC/ TO(61961).TN(61 ,61) 
COMm,ON/NPTC/ NPTI,NPRToMPT,MXITFR ,NPRINT 
CCDMMON/PPRFC/ PR,PE 

C 
WPITE(6,100) RE.PR ,PF,TIME,NPRT 
WPITE(60200) 
INN=IN1-10 
DO 1000 K=10INN,10 

WRITE(6201) NTN(IeJ) , I=K ,K1)*J=1,JNI) 
WRITE(6s202) 

1000 CONTINUE 
WOITF(.5.203) i(TN(Itd)9I=IN141N1).J=1,JN1) 

C 
WOITF(6,202) 

100 FORMAT(1H1,/////,10X,I4HREYNOLDS NO. =,E8.2,20X+12HPRANDTL NO,=,F1 

1005422X+11HPECLET N0e=9F1065,///,20X+11HTOTAL TIME=1G10,5,50X,6HNP 

2RT= .18 ) 
200 FORMAT(1H0,/////,70X.70H****TEMPERATURE DISTRIBUTION FOR VISCOUS 

1FLOW AROUND A SPHERE**** 
201 FORMAT(5X,I0G1205) 
202 FORMAT(1H v56X920H******************** 
203 FORMAT(5X9G12e5) 

PFTURN 
END 
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SUBROUTINE CNPLOT 
C 
C 
C 	THIS SUBROUTINE PLOTS THE TEMPERATURE CONTOURS 
C 
C 

DrMrNSION (HAP/20) 
COMMON /GPIDC/ Z(61)4F(61)9ITHETA(61)+SN(61),CS(61),CT(61),  

1 	H3(61+61)+THETA(61) 
COMMON /INJNC/ IN/ 4 JNIIIN*JN,SH4SK4ST,KS4RE,TIME9NTIMES 
COMMON/PLOTC/ XXI(59,11),YY1(594I1)vXX2(.30,11)/YY2(30,11).RPLor. 

1YS,IXSTEP,JNH1*JNH,KNPILPLOT,PPLOTT 
C 

DATA BLANK,PLOT/1H 
DX=PPLOT/(FLOAT(IXSTEP-1)) 
DXHLF=DX/2.0 
DO 	10 	L=19120 
CHAP(L) = PLOT 

10 CONTINUE 
WRITE(6,100) 	CHAP 

100 FORMAT(1H1,120A1) 
DO 	11 	L=1,119 
CHAP(L) 	= BLANK 

11 CONTINUE 
C PLOT CCNTOUPS IN 	THE 	UPSTREAM 	SECTION 

XDLOT=RPLOT 
1 CONTINUE 
DO 	12 JJ=1,JNH 
DO 	12 K=1,KNP 
IF(A9S(XPLOT-XX1(JJ,K))*LE4DXHLF) 	GO TO 13 
Go TO 12 

13 LL=(FLOAT(IYS)/RPLOT)*YY1(JJ,K)+0.5 
IF(LL.EQ.0 	.0R. LL.GT.IYS) 	GO TO 	12 
CHAR(LL) 	= PLOT 

12 CONTINUE 
IF(XPLOT.LT.1.0) 	GO TO 2 
WIDITE(6t101) 	CHAP 

101 FORMAT(1X+1H04120A1) 
3 CONTINUE 

DO 	14 L=1+IYS 
CHAP(L)= MLAW 

14 CONTINUE 
IF(XPLOTeLE0(DX/1000,0)) 	GO TO 4 
XPLOT = XPLOT 	DX 
GO TO 1 

2 CONTINUE 
cL=1.0-((XPLOT)*#P) 
Lc=(FLOAT(IYS)/PPLOT)*SORT(CL) 	+005 
IF(LCoEO.0 	.OR, LC.GT.IYS) 	GO TO 5 
CHAR(LC) 	= PLOT 

5 CONTINUE 
WPITE(64102) 	CHAR 

102 FORMAT(2X1120A1) 
GO TO 3 

4 CONTINUE 
C-----PLOT CONTOURS IN THE DOWN STREAM SECTION 

XPLOT=DX 
NHJ = JNH -I 
Nj=JN-I 



6 CONTINUE 
DO 15 JJ=JNH4NJ 
DO 15 	K=19KNP 
IF(A8S(XPLOT+XXI(JJ+K)).LER:DXHLF) GO TO 16 
GO TO 17 

16 LL=(FLOAT(IYS)/RPLOT)*YY1(JJ+K) +0.5 
1=(LL0E-000 cOR. LL.GT.IYS) GO TO 17 
CHAR(LL)=PLOT 

17 /F(A8S(XPLOT-I-XX2(jJ-.-NHJIK)).1-E.DXHLF) GO TO 18 
GO TO 15 

18 LL7-(FLOAT(IYS)/RPLOT)*YY2(jJ—NHJ,K) + 0.5 
IF(LL,EQ.0 ,ORo LLoGT.INeS) GO TO 15 
CHAR(LL)=PLOT 

15 CONTINUE 
IE(XPLOT.LT.1.0) GO TO 7 
WRITE(69101) CHAP 

8 CONTINUE 
IF(XPLOToGE.(RPLOT—DX/1000.0)) RETURN 
DO 19 L=19IYS 
CHAR(L)=4 PLANK 

19 CONTINUE 
XPLOT = XPL.CT +DX 
GO TO 6 

7 CONTINUE 
CL1.4100--((XPLOT)*(XPLOT)) 
Lc=(FLOAT(IYS)/RRLOT)*SORT(CL)+0,5 
IF(LC.E0,04,0Po LCoGT. TVS) GO TO 9 
CHAP(LC)=PLOT 

9 CONTINUE 
WPITE(6,102) CHAR 
GO TO 8 
END 

SUBROUTINE SKPFILF (ISKIP9/) 
C 
C 
C 	THIS SUBROUTINE SKIPS FILES ON MAGNETIC TAPE 
C 
C 

NO 
I CONTINUE 
PrAD(T) DUMMY 
IF(E0F(I)) 10,11 

10 N=N+1 
IF(NeE0e18KIR) RETURN 

11 GO TO 1 
END 

4S3 
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A6.51 PROGRAMME III 

PROGRAM RCLIFF(INPUT.OUTPUT,TAPES=INPUT.TAPE6=OUTRUT) 
C 
c************Kx******************************************************* 

C 
C 	THIS PROGRAMME COMPUTE THE POLYNOMIAL OF INSTANTMVUS REYNOLD 
C 	NUMBER AS A FUNCTION OF TIME USING THE EQUATION SUGGESTED BY 	* 

A e 
	* 

C 	°OAR—HAMILTON AND IT IS INTE GRATED USING NUMERICAL METHOD 	* 
C 	SUGGESTED BY POLAND—CLIFT. 	 * 
C 	THIS PROGRAMME ALSO CALCULATE THE TOTAL DRAG COEFFICIENT OF 	* 
C 	PARTICLE UNDER GRAVITITIONAL ACCELARATION 	 * 
C 	 * 
c*******************************************************'************** 
C 

COMMON ARE(0),RADENoTETA,DREO.FR+ DRE(50)1ERR,RET(2000), 
1 	DRET( 2000).REN(50 ).DREN( 50),N.R.B.DREH1,DREH24DREH3,DREH4 
1 	.RE 

C 
CALL PARAM 

C 
C 	INITIAL POINTS CALCULATION......,. 
C 	THE FIRST TWO STEPS HAVE TO RE CALCULATED IN A 
C 	1/2 TIME—STEP INCREMENT 
C 

I=1 
ARE( I)= (TETA/200)*DREO 
XPE= ARE(I) 
DORE=DPEO 
'CALL INTER1(XPE4DXRE4DORE) 
DPE(I)= DXRE 
I=I+1 
ARE(I1= (TETA/2.0)*DpE(1-1) 
XPE= ARECI) 
DDRE=DPE(I-1) 
CALL INTER1(XRE.DXRE,DDRE) 
DPE(I)= DXRE 
PEW= 005*(ARE(I)+ARECI-1)) 
> -4E= REH1 
DDRE= DRE(I) 
CALL INTERI(XPE,DYREtDDRE) 
DOEHI= DXRE 
1=1 
ARE(I)=TETA*DREH1 
XPE= AREA') 
DDRE= DREH1 
CALL INTER2(XPE,OXRE,DDRE) 
DRECI)=OXPF 

1 CONTINUE 
ARE(I+1) =( TETA/6.0)*(DRE0+4.0*DRFH1+DRE(I)) 
XRE=APE(I+1) 
Dr`RE=DRE(I) 
CALL INTER2(XPE/DXRE,DDRE) 
DRE(I+1)=DXRE 
IF(ASS(ARE(11—APF(I+1)).LE.ERR) GO TO 2 
I=1+1 
GO TO 1 

P CONTINUE 
DPEH2=DRE(1+1) 
REM2= ARE(I+1) 

1=1 



APE(11= O.5*TETA*DREH2 + PEH2 
X0E= ARE(I) 
DDRE= DREH2 
CALL INTEP3(XRE.IXRE,DDPE) 
DPE(I)=DXRE 
APE(I+1)= 0.9*TETA*ORF(1) + REH2 
xpE. 4RE(I+1) 
DORF= DRE(I) 
CALL INTER3(XRE,OXRE,DDRE) 
DoE(I+1)= DXRE 
REH3= 0.6*(ARE(I) + ARE(I+1)) 
XPE= PEH3 
rpnpE= DPE(I+1) 

CALL INTER3(XRE,DXRE,DDRE) 
DPEH3= DXRE 
1=1 
APE(I)= TETA*DREH3 + REH2 
XPE= ARE(I) 
DnPF=OPEH3 
CELL INTFP4(XPP- onYRE,DOPE) 
opr(i)= DXRE 

3 CONTINUE 
APP'(I+1)=(TETA/6.0)*(DREH2 + 4.O*DREH3 + DRE(I)) + REH2 
DDRE=.DPE(I) 
XPE= ARE(I+1) 
CALL INTER4(XRE,DXRE.DDRE) 

DRE(I+1)= DXRE 
IF(ABSCARE(I)—ARE(/+1))0LE.ERR) GO TO 4 
1=1+1 
GO TO 3 

4 CONTINUE 
DPEH4=DPF(1+1) 
RFH4= ARE(I+1) 
RFT(1)=REH2 
RET(2)= REH4 
DPET(1)= DREH2 
DPET(2)= DREH4 

C 
C 	THE THIRD TIME—STEP CALCULATION 
C 

N=3 

1=1 

PPN(1)=((4.0*TETA)/34,0)*(2e0*DRET(2) 	DRET(1) +2.0*DREO) 
X0E=REN(I) 
DORE=DRET(2) 
CALL INTER5(XRE,DXREeDDRE) 
DPEN(I)=DXRE 

5,CONTINUE 
REN(I+1)=(1.0/8.0)*(9.0*RET(2)+3.0*TETA*(DREN(I)+2.0*DRET(2)—DRET( 
II))) 
XpE=REN(I+1) 
DDRE=DREN(I) 
CALL INTER5(XPE9DXREtDDRE) 
DOEN(I+1)=DXRE 
IF(ADS(REN(1)—REN(1+1))0LE0EPR) GO TO 6 
1=I+1 
GO TO S 

6 CONTINUE 

RET(N)=RFN(1+1)—(9.0/12100)*(REN(I+1)—REN(1)) 

455 
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XPE=PET(N) 
DOPE=DPEN(1+1) 
CALL INTER9(XPEIDXREeDDRE) 
DPET(N)= MIRE 

7 CONTINUE 
C 
C 	CALCULATION FOR THE FOURTH TIME—STEP AND ABOVE 
C 

N=N+I 
PPENL=PEN(1+1) 
PPENI=REN(1) 
1=1 
IF(N0E004) GO TO 
PP-N(I)=PET(N-4)+4.0*TETA*(2460*DRET(N-1/ —DRET(N-2)+2.0*DPET(N-3),/ 

1 	3.0 
GO TO 9 

8 CONTINUE 
PFN(I)=((4.0*TETA)/3.0)*(2.0*)RET(N—.1)DRET(N-2)+2.0*DRET(N-3)) 
CONTINUE 
PEN(I)=PEN(I) + (112.0/121.0)*(PPENL—PRENI) 
DDRF=DPET(N-1) 
XPE=PEN(/) 
1!---(N*E0e4/ GO TO 10 
CALL INTER7(XPE,DXRE,DDRE) 
IF(DXRE.LE.ERR) GO TO 19 
GO TO 11 

10 CONTINUE 
CALL INTER6(XRE,DXRE,DDRE) 

11 CONTINUE 
DPEN(I)=OXPE 

12 CONTINUE 
PFN(I+1)=(1.0/8.0)*(9.0*RET(N-1)—RET(N-3)+3,0*TETA*(DRENIII+2,0# 

1 	DPET(N-1)—OPET(N-2))) 
DOPE=DREN(I) 
XRE=kEN(I+1) 
IP-(Ni,E0o4) GO TO 13 
CALL INTER7(XRE+DXRE,ODPE) 
IF(DXPEDLEeERR) GO TO 19 
GO TO 14 

13 CONTINUE 
CALL INTER6(XPE*OXREeDDRE) 

14 CONTINUE 
OPEN(I+1)=DXPE 
IF(AS(REN(1)—PEN(I+1)/eLEoERR) GO TO 15 
1=I+1 
GO TO 12 

15 CONTINUE 
PFT(N)=REN(/+1)—(9.0/121.0)*(REN(1+1)—REN11/) 
DOPE=DPEN(I+1) 
XPF=PET(N) 
IF(NsEQ4,4) GO TO 16 
CALL INTER7(XPEsOXRE,ODPE) 
GO TO 17 

16 CONTINUE 
CALL INTER6(XPE9OXRE,DDRE) 

17 CONTINUE 
OPET(N)=DYPF 
IF1(PFT(N)/PE).GE0R) GO TO IS 
GO TO 7 
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19 CONTINUE 
N=N-1 

18 CONTINUE 
CALL COPAG 
CALL POLY 
STOP 
END 

SUBROUTINE PARAM 
C 
C 
C 	THIS SUBROUTINE ASSIGN ALL THE PARAMETERS REQUIRED 
C 	FOR THIS COMPUTATION TO START 
C 
C 

COMMON APF(BO),RADEN,TETA,OREO,FR, OPE(50),ERRIRET(2000)t 
1 	DRETI2000),REN(90),DREN(50),N,R,8*DREH1oDREH2ODREH3IDREH4 
I 	ORE 

RP.=50.0 
RAOEN=0.1 
TETA=01,1 
R=00998 
EPR=00001 
IF(REcLE.0e2) GO TO 1 
COO=(24•0/RE)*(1.04-0,15*RE**0.687) 
GO TO 2 

1 CONTINUE 
COO=r'400/RE 

2 CONTINUE 
Ft,=(143.0/860)*COO*RADEN/(1c0-ORADFN) 

1.0—RADEN)/(RADEN*3.0) 
DPEO= B*3.0*RADEN/RE 
WPI1E(6+100) PE+PADEN,CDO,FR,DREO 

100 FORMAT(5X+3HRE=9F10.5,2X+6HRADEN=,F10.542X94HCDO=vF10.5,2X+3HFR=. 
1F1005.2X,5HDRE0=oF10,5) 
R=TURN 
END 
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SUBROUTINE CALCUL(DDRE.PRE,PDEN.PE,4M,A,C) 
C 
C 
C 	THIS SUBROUTINE CALCULATE THE COEFFICIENT OF THE 
C 	MOMENTUM EQUATION 
C 
C 

PHI=3.14159 
IF(RRE.LE.0.2) GO TO 1 
Cr1=(24,0/RPF)*(1•0+0015*RRE**0.687/ 
Gr TO 2 

1 CONTINUE 
CO=24.0/PRE 

2 CONTINUE 
A=CD*RRE*RRE/8.0 

C 
CALL COEFCA(CA,DDRE,RRE,RE) 
AM=((100/RADEN)+CA)*PE/3.0 

C 
CALL COFFCH(CH0DOPE.PPF.RE) 
AY=S(800*PHI*PE)*40.5) 
C=CH*P=/AX 
RE TURN 
END 

SUBROUTINE COEFCA(CAIDDREsRRT.RE) 
C 
C 
C 	THIS SUBROUTINE CALCULATE THE ADDED MASS COEFFICIENTS USING 
C 	EQUATION SUGGESTEr) BY ODAR—HAMILTON 
C 
C 

A=(PIPT**4.0)/(4.0#RE*RE) 
B= DDRE*DORF 
CA=1,09-0.0664R/(0.1P*B+A) 
Rr'TURN 
END 

SUBROUTINE COEFCH(CH.DDRE.RRTeRE) 
C 
C 
C 	THIS SUBROUTINE CALCULATE THE INTERGRAL TERM COEFFICIENT 
C 	licING THE EQUATION SUGGESTED BY ODAR—HAMILTON 
C 
C 

A= (PPT*PRT)/2.0*RE 
CH=PoR8 	(1.17*DORE**tio0)/(tDDRE+A)**3.0) 
Rr'TURN 
END 
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SUBROUTINE INTER1(XRE,DXRE,DDRE) 
C 
C 
C 	THIS SUBROUTINE-  TNTE GRATE THE INTERGRAL, TERM 
C 	FOR THE FIRST HALF—STFP 
C 
C 

COMMON APE(50)*RAOENITETA0ORP-O'FR, DRF(.90).ERRoRET(2000) ,  
DPFT(2000)9REN(50)4DREN(50)oNoR,B,DREHIIDREH2oURFH31DREH4 

1 	oRE 
C 

CALL CALCUL (DOPE1XPE,RADENoRF9AM,A,C) 
X1 ((200*TETA)**065/*ORE0/3,0 
Xp=(C*P.0*(P*0*Th'7A)**0.95)/3.0 
DYRE=(9—A—C*X1)/(AM+XP) 
RETURN 
END 

SUBROUTINE INTER2(XRE,DXREoDDRE) 
C 
C 
C 	THIS SUBROUTINEANTE GRATE THE INTERGRAL TERM FOR THE FIRST 
C 	TIME—STEP 
C 
C 

COMMON ARE(90),RAOENoTETA.DPEO.FRo DRE(50)sERRRET(20OO)1 
DPET(2000),RFN(50),DREN(50)  

1 	oRF 
C 

CALL CALCUL (DDREoXREoRADEN•REoAM*A0C) 
RTETA=TETA**0,'71 
X1=200*RTETA*((8,0*DREHI+DRE0)/15.0) 
X2=C*4,0*RTETA/500 
DXRFIL,(B—A —C*X1)/(AM+X2) 
RETURN 
END 

SUBPOUTINE INTEP(XREoPXREoDDRE) 
C 
C 
C 	THIS SUBROUTINE INTE 'GRATE THE THIRD HALF—STEP 
C 
C 

COMMON ARE(50)oPAoENoTETA,DREO,FR, DRE(50),ERR,RET(2000), 
1 	DRET(2000),REN(50),DPEN(50),NoRtBsDREHI0DREH2oDREH3,DREH4 
1oRF 

C 
CALL CALCUL (DORF,XRFoRADENIREoAM,A,C) 
PTETA=TFTA**0,r5 
X1=2eOlfRTFTA*((8.0/19.0)*DREH2+DREHI/15.0) 
XP= C*4.0*-PTETA/.0 
OXRE=CA—A—C*X1)/(AM+X?) 
Pc-TURN 
END 
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SUBROUTINE INTER4(XRE,DXRE,DDRE) 
C 
C 

C 	THIS SUBROUT/NF INTE GRATE THE SECOND TIME-STEP 
C 
C 

COMMON ARE( 0),RADENtTETA0DREO,FRt DRE(50),ERR,RET(2000), 
DRET(2000) ,RFN(50),DREN(50)1N+R$B,DREHltDREH2,DRFH3tDREH4 

tRE 
C 

CALL CALCUL (DDREtXRE,RADEN,REIAM*AtC) 
RTETA=TETA**009 
X1=2.0*RTETA*((8.0*DRPH3+DRFH2)/10) 
X2=C*400*RTETA/50 0 
DYPF=(B--A—C*)<1)/(AM+X?) 
PFTURN 
END 

SURE)OUTINE !NTER( XRE,DXRE,DORE) 
C 
C 
C 	THIS SUBROUTINE INTE GRATE THE THIRD TIME-STEP 

C 
C 

COMMON ARE(90),RAOENtTETAtDREO,FR1 DRE(50) ,ERRIRFT(2000)t 
1 	DRET(2000),REN(50),DREN(50),NtRtB,DREHI,OPEH2,DREH3,DREH4 

tRF 

CALL CALCUL (DDRFtXREtRADEN,RE.AM,AtC) 
RTETA=TETA**0,5 
Xl= RTETA*((1660/15.0)*(2.0**0e5)*DRET(2) + (2.0/15.0)*(2.0**0.5)* 

I 	DRET(1) + DRET(1)/(2,0*(24,0**0.5)) + DRF0/(2.0*(300**0.5))) 
X2=RTETA*C*1s131370849 
DYRE=(B—A—C*X1)/(AM+X2) 
RP-TURN 
END 

SUBROUTINE INTER6(XRE,DXRE4DDRE) 

THE FOURTH TIME—STEP 

COMMON APE(SO),RAnEN.TETA,OPEOFR, DRE(50),ERRtRET(2000), 

1 	DRET(2090),REN(50),DREN(50),N,R,B,DREHI,DREH2tDREH31DREH4 

1 	,RE 

CALL CALCUL (DDREO<REtRADENtREtAM,A,C) 

RTETA=TETA**009 
X]=RTFTA(le90°,4,-'4466*DRET(3)+0,4P426406c)*DRET(2)+DRE0/6.0 +(4.0/3 

.0)*nnFT(1)/(7,c*o.5) 
Xpz.C*PTETA1.13137084,) 
DXRFtt(B—A—C*X1)/(AM+X2) 
PFTURN 

C 

C 
C 
C 
C 
C 

C 

END 
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SUBROUTINE INTER7(XRF/DXRE9DDRE)' 
C 

C 
C 	THIS SUBROUTINE INTE 'GRATE THE EQUATION FOR TIME—STEP 

GREATER THAN FOUR 
C 
C 

COMMON ARE(.90),RAnEN,TETA,DPEOIER, DRE(50)1ERR,RET(2000)v 
1 

	

	DRETC2000),PEN(90),DREN(60).N4R,BIDREH1*DREH29DREH3,DREH4 
tRE 

C 

CALL CALCUL (DDREO(RE,RADEN,RE,AM,A,C) 
PTETA=TETA**005 
NN=N 
NN=NN/2 
NN=NN*2 

IE(NNoE00N) GO TO 1 

XIA=16508494466*r)RET(N-1)+0.424264069*DRET(N-23+ 
I E.O*DPET(1)/(6.0*((FLOAT(N-1))**005)) 
1 DPEO/(2*0*((FLOAT(N))**065)) 
XI B=0 0 0 
XIC=0e0 

NL=N-4 

IF(NLeLT.3) GO TO 4 

DO 2 N3sNL42 
X1S=X1P+DRET(I)/((ELOAT(N—I))**0.5) 

2 CONTINUE 
4 CONTINUE 
NL=N-3 
DO 3 1=2.NL,2 
XIC=X1C+DRET(I)/((FLOAT(N—I))**0o5) 

3 CONTINUE 
XIC=4.0*XIC/3.0 
X15=2.0*X16/3.0 
XI=X1A4-X1B+X1C 
Xlm-RTETA*X1 
X2=CPTETA*10131370849 

DXRE=CB*A—C*X1)/(AM+X2) 
RETURN 

I CONTINUE 
XIA=1.F08494466*OPET(N-1)+04,424264069*DRET(N-2)4. 

1 	DRFO/(3.0*((FLOAT(N))**0,5)) 
XIB=0*0 

XI C=000 
NL=N*3 

DC) 9 I=1,NL92 
XiB=X1B+DRET(I)/((ELOAT(N—I))**0,5) 

5 CONTINUE 
NL=N-4 

DO 6 1=2*NL*2 
X1C=XIC+DRET(I)/((FLOAT(N—I))**0.9) 

6 CONTINUE 
X187.44,0*X119/300 

X1C=2,0*X1C/34,010 
XI=X1A-1-X19i-XIC 

X1:=X1*RTETA 

Xp=C*RTETA*1*131170849 
DXRE.=(R*A—C*X1)/(AM4-X2) 
RETURN 

END 
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SUBROUTINE POLY 
C 
C 
C 	THIS SUBROUTINE CALCULATE THE COEFFICIENT OF THE POLYNOMIAL 
C 	REQUIRED TO DESCRIBE RET=E(T),USING CERN LIBRARY ROUTINE 
C 	KNOWN AS LSO 
C 
C 

DIMENSION T(2000)tAA(20),MMAX() 
COMMON ARE(50)tRAnEN.TFTAtORE.OsERt DRE(50),ERRtRET(2000), 

1 	OPFT(2000),REN(50),DREN(50),NtR,BIDREHltDREH2,DREH3vOREH4 
,RE 

C 
MMAX(It)=12$MMAX(2)=11$MMAX(3)=10$MMAX(4)=9$MMAX(5)=8 
NN=0 
T(1)=000 

1 CONTINUE 
NN=NN+1 
XNN=NN 
NT=NN+1 
T(NT)=XNN*TETA 
IE(NN0E0oN) GO TO 2 
GO TO I 

2 CONTINUE 
NP=N 

3 CONTINUE 
RET(NR-4-1)=RET(NR) 
DRET(NR+1)=DRET(NR) 
NR=NR-1 
IF(NR.F000) GO TO 4 
GO TO 3 

4 CONTINUE 
RFT(1)=0.0 
DIDET(1)=DREO 
NN=N+1 
DO 5 I=ItNN 
WPITE(6,101) ItT(I)vRET(I),DRET(I) 

5 CONTINUE 
DO 6 K=1,5 
MAX=MMAX(K) 

C 
C 	CALL CERN LIBRARY SUBROUTINE LSO (PROGRAM NO. E208 IN THE 
C 	CERN LIBRARY) WHICH'FIT A POLYNOMIAL FOR THE RESULT CALCULATED 
C 

CALL LSO(NNtT+RETyMAX,AA) 
DO 7 J=11MAX 
WPITE(6t100) .J,AA(J) 

7 CONTINUE 
WRITE(6+102) MAX 
CALL TEST(RET,T4AA'NNtMAX) 

6 CONTINUE 
RETURN 

100 FORMAT(25X,y3,7H—_-----t3HAA=1E12.5) 
101 FOPMAT(5X,3HNN=c144PX,2HT=oF10.5,2X14HRET=9F10.512X,SHDRET=tF10.5) 
102 FORMAT(E5Xt*THESF ARE THE COEFS. FOR THE POLY. OF*,I3,*DEGREE*) 

END 
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SUBROUTINE TEST(pm.TIT,AA4NN,MAX) 

C 
C 
C 	THIS SUBROUTINE TEST THE ACCURACY OF THE FITTING OBTAINED 

C 
C 

DIMENSION RET(NN),T(NN),AA(MAX) 

Sg-ER=0.0 
DO I K=2oNN 
TT=T(K) 
TDE=0,0 
DO 2 I=2,MAX 
TRE=TRE 	AA(I)*TT**(I—I) 

2 CONTINUE 
EFR=RET(K)—TRE 
RER=EER*EEP/TRE*TRE 
SF'EP=SFER+RER 

1 CONTINUE 
SEER=SEER/FLOAT(NN— /) 
WRITE(6,100) SEER 

100 FORMAT(62X1*AND THE LEAST SO,EPROP=**E12.5) 
RETURN 
FND 

SUBROUTINE CDRAG 

C 
CTHIS SUBROUTINE CALCULATE THE TOTAL DRAG COEFFICIENT 
C 	FOP SOLID SPHERE UNDER ACCELARATION DUE TO GRAVITY 

C 
COMMON APE(0),PADENITETA*OPEO,FR, DRE(50)IEPP,RET(2000), 

1 	DPET(2000)*REN(50),DREN(S0)6N,RIB4DREH14DREH2rDREH34DREH4 
1 	4qP- 

C 
PH1=34,1415_9 
WPITE(6,94)) 
DO 10 K=10,N,10 
TIME=TETA*K 
TRE=RET(K) 
TORET=DPET(K) 
IF(TRE6LEs042) GO TO 1 
COO=(24.0/TRE)*(14)0 0e1B*TPE**0.687) 
GO TO 2 

1 CONTINUE 
CD0=24,0/TRE 

P CONTINUE 
CALL COEFCA(CA9TDPET.TRF,PF) 
CO1=(8.0/3.0)*CA*TDRET*RF/(TRE*TRE) 
CALL INTEGL(K,Y) 
CALL COFFCH(CH,TORET*TRE,PE) 
X=(2,0*RE)/(PHI*TRE*TRE) 
X=SOPT(X) 
X=(2,0*CH*X)/TRE 
CD2=X*Y 
CDT=CDO+CD14-CD2 
RmE=TRE/PE 
PCD=COT/COO 
WAITE(6*100) TIMF,TREITDPFT,CDO,CDI,CD2,CDT,PPE,PCD 

10 CONTINUE 
100 FOPMATC5X99(2X,F10e5)) 
99 FORMAT(9X,*TIME*.10X**PET*enX,*DRET*,10X,*CDO*,10X.*CD1*110X1*CD2* 

1+1CIXI*CDT**10Xe*PRE*,10X,-*RCD*) 
RETURN 
END 



464 

SUBROUTINE INTEGL(KgY) 
C 
C 
C 	THIS SURROUTINE CALCULATE THE VALUE OF THE INTE GRAL TERM 

C 
C 

C'1" 4ON Ar7(F:',0)4PAnEN,TETAiDREOIFR,  DRE(50)9ERR,RET(2000) ,  
DRET(2000),REN(90),DREN(50)eN,R.B,DREHIIDREH2,DREH34OREH4 

1 	'RE 
C 

RTETA=SORT(TETA) 
KK=K 
Kte=KK/2 
KK=KK*2 
IE(KK.FO.K) GO TO 10 
Alm(DRFO/SORT((FLOAT(K))*TETA) + DRET(l)/SCiRTNFLOAT(K-1))*TFTA), 
Al=(TETA*A}/200 
A2=0 *0 
M=K-3 
DO 1 L=2,M92 
AP=A2 + DRET(L)/SORT(ELOAT(K-L)) 

1 CONTINUE 
,A.1=0 0 0 
M=K-4 
DO 2 L=34M,2 
A2=43+ DRFT(L)/SOPT(FLOAT(K-L)) 

2 CONTINUE 
Aa=OPF,T(1)/SORT(m-LOAT(K-1)) 
AR= DRET(K-2)/SORT(2.0) 
XI=(RTETA/3.0)*(A6_ +45 + 4.0*A2 + 2.0*A3) + Al 
GO TO 11 

10 CONTINUE 
A4= DREO/SORT(FLOAT(K)) 
45= D1?ET(K-2)/SOPT(2,0) 
Ap=0,0 
M=K-3 
DO 5 L=1 ,M42 
A=42+ DRET(L)/SOPT(ELOAT(K-L)) 

5 CONTINUE 
A7;=0.0 
M= K-4 
DO 6 L=2vM42 
Al=43+ DRET(L)/SORT(FLOAT(K-L)) 

6 CONTINUE 
X1=(PTETA/3.0)*(A4 +A5 + 4.0*A2 + 2.0*A3) 

11 CONTINUE 
RI =(200/5.0)*DPFT(K) 
Sp = (800/1500)*opET(K-1) 
8:1=-(100/15•0)*DRT(K-2) 

B4= 200*SOPT(200)*RTETA 
X2= R4*(914-924-B3) 
Y= X1+X2 
PmTURN 
END 
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A6.52 PROGRAMME IV 

PROGRAM POLYN (INPUTiOUTmUTtTAPE5=INPUT9TAPE6=OUTPUT) 
C 
c********************************************************************* 

C 	 * 
C 	.THIS PROGRAMME CALCULATE THE COEFFICIENT OF THE POLYNOMIAL 
C 	REJ=F(T) WHICH IS DETERMINED FROM THE FORCE BALANCE EQUATION * 
C 	BUT NEGLECTING THE ADDED MASS AND INTE GRAL TERMS 
C 	 * 
c******************************************************************** 

C 
COMMON NAXIMAX,A(70),NAXI9INRETsX,NRET,NRET19RET(200)1A19A29Y(1500 

1)*T(200)vTRZ9REIRADEN$CDIF,FR,KK9MMAX(20),XRET(1500) 
C 

CALL CTRPR 
NRET=INRET 
NRFT1=NRET+1 
DETRET=RE/NAX1 
T(1)=04,0 
RFT(1)=000 
Y(1)=0.0 
X=DFTRET/NRET 
DO 1 T=29NAX 
RET(I)=PET(1-1)+OFTRET 
XRET(1)=RF-7T(T-1) 
DO 2 J=29NRET1 
XRET(J)=XRET(J-1) 	X 
Ir(XRET(J).LE.0.2) GO TO 100 
Cr1=(2400/XRET(J))*(1.0+0015*XRET(j)**0.687) 
GO TO 101 

100 CONTINUE 
CO=24.0/XRET(J) 

101 CONTINUE 
Y(J)=100/(Al *co*XpET(J)*XRET (J)+A2 ) 

2 CONTINUE . 
CALL TPAPEZ 
T(I)=T(/-1)+TPZ 
y(1)=Y(NRET1) 

I CONTINUE 
DO 3 K=1,KK 
MAX=MMAX(K) 

C 
C 	SUBROUTINE LSO IS A CERN LIBRARY ROUTINE 
C 	(SUBROUTINE NO. F208) 
C 

CALL LSO(NAX9T ,RET ,MAX9A) 
C 

WRITE-(6,1002) 
WRITE(6,1000) MAX 
WRITE(6.1003) 
DO 4 M=1,MAX 
WDITE(6,100I) M,A(M) 

4 CONTINUE 
CALL TRIAL 

3 CONTINUE 
1002 FORMAT(IH1s5X,*POLYNOMIAL OF DEGREE(MAX-1) WITH COEF. A( MAX)* ) 
1 000 FnPmAT(1H ,/ 45X44HMAX= 918) 
1001 FORMAT(7X913910XIFI2e9) 
1003 Fr?v,AT(10X4*THE COEFF.  OF THE POLYNOMIAL ARE---* 	) 

STOP 
P-ND 
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SUBROUTINE CTRPR 
C 
C 	THIS SUBROUTINE ASSIGN ALL THE PARAMETERS REQUIRED TO START 
C 	THE COMPUTATION 
C 

COMMON NAXtMAX,A(p0)9NAXIgINRET.X,NRET.NRET14RET(200)*A1vA29Y(1500 
1)..T(p00),TP7qPF0PfkOEN,CDIF,FRIKK,MMAX(20)/XRET(1500) 

C 
Rr=200.00 

RADEN=0.5 
INRET=1000 
NAX1=200 
NAX= 200 
IF(RE•LE.002) GO TO 100 
CDIF=(.24.0/RE)*(1.0+0015*RE**0.687) 
GO TO 101 

100 CONTINUE 
CDIF=(24.0/RE) 

101 CONTINUE 
FP=((3.0/S.0)*CDI="*RAnEN)/(1.0—RADEN) 
Al=—(1.0/RF)*(1.0/8e0)*RADEN 
A2=R=*FR*(1.0—RADFrN) 
WPITF(611000) RE1cDIF,RADEN,FR 
WPITE(6vI001) 
YY=A1*CDTF*RE*RE+A2 
WRITE(6.1002) YY 

Ki<=5 
MmAX(1)=12$MMAX(?)=1I$MMAX(3)=10$MMAX(4)=9$MMAX(5)=8 
RrTURN 

1000  FORMAT(3X,///911HS0S0RE0N00.= ,F10.5,5X4SHCDIF= ,F1006,5X+6HRADEN=9 
1Fi009,5X112HRECIIPR*NO= 'F10.9) 

1001 FORMATC2X,///,20X,20H******************** 	) 
1 00P FCPMAT(X9*NOTE,YY SHOULD RE 0 AND YY !S*03X9F1005) 

END 
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SUBROUTINE TRAPEZ 
C 
C 	THIS SUBROUTINE INTERGRATE EQUATION A3.2.10 
C 	USING TRAPEZOIDAL RULE 
C 

COMMON NAX,MAX,A(p0),NAX1,1NRET,X,NRET.NRET1IRET(200),A11A2fY(1500 
1),T(700),TRZ,PE,RADEN*CDIF,FR,KK,MMAX(20),XRET(1500) 

TPZ=0.*(Y(1)+Y(NPETI)) 
DO 10 J=2,NRET 
TraZ=TRZI-Y(j) 

10 CONTINUE 
TPZ=TRZ*X 
PrTURN 
END 

SUBROUTINE TRIAL 
C 
C 	THIS SUBROUTINE TEST THE ACCURACY OF THE POLYNOMIAL 
C 	FITTING 
C 

DIMENSION AEER(201) 
COM1ON NAX,MAXIA(20),NAX1sINRETIX,NPET,NRETI ,RET(200),A1,A2,Y(1600 
1),T(200)1TRZ,RE+PADENtCDIF,FR,KK,MMAX(20)+XRET(1500) 

C 
WRITF(6,102) MAX 
WPITE(6,100) 
SEFR=0,0 
DO 1 KT=2,NAX 
TT=T(KT) 
TC,E=A(1) 
DO 2 N=2,MAX 
TPE=TRE+A(N)*TT**(N-1) 

2 CONTINUE 
EER=RET(KT)—TRE 
AFEP(KT) =EER*EER 
RER=AEER(KT)/TRE 
SFER=SEERA-RER 
WRITE(6,101) TT,pm-T(KT),TRE,EFR 

I CONTINUE 
SrE.R=SEER/FLOAT(NAX) 
WmITF(6,101) SEEP 

102 FORMAT(BX,*THF POLYNOMIAL IS OF*,3X,I8,2X.**BEGREE*) 
1 03 FORMAT(2Xs///o,7X,HSFFR= *E12.5) 
100 FORMAT(1H ,//,16X.5HTIME= ,I6X,4HRET= .16X.4HTRE= ,16X+4HEER= ) 
101 FORMAT(2X,4(10X,E12.5)) 

RETURN 
END 
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TABLES 



rm  

64)  

g  
LIJ I)  

wg  
CDF 

CDP 

CDT 

Ko  

K 
Tr 

(Cs  max.,6) 

50 	50 

10-6 	10-6 
10-3 10-3  

C 

1.855 	1.855 

0.5 	0.5 

18.9 	2.82 

9.24 	1.53 

28.14 	4.34 

8.1 	1.89 

-5.99 	-0.55 

(1.79,78°) 	(3.16,63°) 

1.---e

s 	
- 	- 

( s  min.,6) 	- 	- 

Lw 	- 	- 

REYNOLDS 
1.0 	10 	30 NUMBERS 50 	100 

Pf4s 	
0.1 	0.1 	0.1 	0.5 	0.5 

h 	0.07824 	0.07824 	0.04 	0.04 	0.04 

k 	6° 	6° 	6° 	6° 	6°  

TABLE 1: 	MAIN RESULTS AS THE SOLUTIONS OF THE TIME-DEPENDENT 

NAVIER-STOKES EQUATION APPROACH LATE-TIME STEADY STATE 

11.023 	11.023 	11.023 

10
-6 

10
-6 

10
-6 

10
-3 

10 	10
-3 -.3 

1.905 	1.905 	1.905 

0.5 	0.65 	0.65 

1.37 	0.96 	0.61 

0.90 	0.68 	0.51 

2.27 	1.64 	1.11 

1.24 	1.21 	1.11 

-0.4 	-0.205 	-0.14 

(5.08,57°) 	(6.75,54°) 	(9.58,54° ) 

(-0.075,168°) 	(-0.29,159° ) 	(-0.72,156° ) 

0.09 	0.34 	0.71 

156° 	140° 	127.7° 



TABLE 1 : (CONTINUED) 

'When the pressure drag coefficient 

was calculated in terms of the 

streamfunction, the values of the 

pressure drag coefficient was found 

to be 0.4613, and the total drag 

coefficient was 0.6964 

REYNOLDS 
NUMBERS 200 300 400 

Pf/ps 0.5 0.5 0.5 

h 0.04 0.04 0.04 

k 6°  6°  6°  

r. 11.023 11.023 11.023 

Ell)  10-6  10-6  10-6  

sg  10
-3 

10
_ 

10-3  

w1p 1.905 1.905 1.905 

wg  0.65 0.75 0.75 

CDF 0.38 0.29 0.24 

CDP 0.34 0.22 0.11t  

CDT 0.72 0.50 0.345  

Ko 1.06 1.055 1.069 

K 11.  
-0.03 0.09 0.169 

( s  max.,8) (13.6,51°) (16.9,51°) (19.69,48°) 

( s  min.,8) (-1.5,162°) (-2.4,162°) (-2.92,162°) 

Lw  1.37 1.61 1.80 

8s 116°  111°  108°  



es 

TABLE 2: COMPARISON OF THE LATE-TIME STEADY STATE RESULTS WITH 

THE SOLUTIONS OBTAINED BY AL-TAHA(1969), RAFIQUE(1971) 

AND WITH THE EXPERIMENTAL WORK OF LAPPLE AND SHEPHERD(1940) 

KEY: - 

(i) Late-time steady state solution for a solid sphere of density ratio of 0.1, 

accelerating towards its terminal velocity 

(ii) Late-time steady state solution for a solid sphere of density ratio of 0.5, 

accelerating towards its terminal velocity. 

(iii) Late-time steady state solution for an impulsively accelerated flow past a solid sphere. 

REYNOLDS NUMBER = 1 

h, k r«  t*(ss) CDF CDP CDT 

PRESENT WORK (i) 0.07824,6°  50 9.46 18.90 9.24 28.14 

(iii) 0.07824,6°  50 8.6758 18.88 9.25 28.13 

EXPERIMENTAL « - - - 26.5 

RAFIQUE 0.07824,6°  50 8.1552 18.94 9.46 28.13 

AL-TAHA 0.1,12°  54.598 - 18.92 9.19 28.12 



e s 	Lw  

- 

- 

REYNOLDS  NUMBER = 10 

h, k rm  t*(ss) CDF CDP CDT 
0.07824,6 °  50 51.24 2.82 1.53 4.34 
0.07824,6 °  SO 43.858 2.82 1.52 4.34 

- a - - - 4.10 
0.07824,6°  SO 46.86 2.82 1.53 4.35 
0.2,12 °  20.86 3.18 1.60 4.78 

PRESENT WORK (i) 
u (iii) 

EXPERIMENTAL 

RAFIQUE 
AL-TAHA 

TABLE 2: (CONTINUED) 

REYNOLDS NUMBER = 30 

rm  t*(ss) CDF CDP CDT Os Lw  h,k 
PRESENT WORK (i) 0.04,6 °  11.023 44.11 1.37 0.90 2.27 156°  0.09 

?I (iii) 0.04,6°  11.023 33.13 1.35 0.87 2.21 155.5°  0.11 
EXPERIMENTAL - - - 2.00 - 

AL-TAHA 0.05,6 °  6.686 - 1.37 0.90 2.27 156 °  0.14 



TABLE 2: (CONTINUED) 

REYNOLDS  NUMBER = 50 

h,k r«  t*(ss) CDF CDP CDT es  Lw  

PRESENT WORK (i)  0.04,6°  11.023 75.80 0.95 0.68 1.63 140°  0.34 

ft  (ii)  0.04,6°  11.023 16.00 0.96 0.68 1.64 140°  0.34 

ft  (iii)  0.04,6°  11.023 43.86 0.95 0.68 1.63 140°  0.34 

EXPERIMENTAL - cc - - - 1.50 139°  0.4 

RAFIQUE 0.04,6°  11.023 67.49 0.93 0.65 1.58 139.7°  0.515 

AL-TAHA 0.05,6°  6.686 - 0.97 0.72 1.68 144°  0.37 

REYNOLDS NUMBER = 100 

h,k ra  t*(ss) 	CDF CDP CDT es  Lw 

PRESENT WORK (ii) 0.04,6°  11.023 25.80 0.61 0.51 1.11 127.7°  0.71 

(iii) 0.04,6°  11.023 55.90 0.60 0.50 1.10 128°  0.80 

EXPERIMENTAL - 1.07 

AL-TAHA 0.05,6°  6.686 - 0.62 0.53 1.14 131°  0.80 



TABLE 2: (CONTINUED) 

REYNOLDS NUMBER = 200  

h,k 

PRESENT WORK (ii) 	0.04,6°  

" 	(iii) 0.04,6°  

EXPERIMENTAL - 

RAFIQUE 	0.04,6°  

AL-TAHA 	0.05,6°  

REYNOLDS NUMBER = 300 

h,k 

PRESENT WORK (ii) 	0.04,6°  

EXPERIMENTAL 

AL-TAHA 	0.05,6°  

REYNOLDS NUMBER = 400  

h,k 

PRESENT WORK (ii) 	0.04,6°  

AL-TAHA. 	0.05,6°  

rc, t*(ss) CDF CDP CDT Os Lw 

11.023 73.10 0.38 0.34 0.72 116°  1.37 

11.023 43.60 0.38 0.34 0.72 116°  1'.45 

a - - - 0.77 115°  1.15 

11.023 77.55 0.34 0.29 0.63 113.7°  4.48 

6.686 - 0.39 0.32 0.72 123°  1.26 

ra  t*(ss) CDF CDP CDT Os  Lw  

11.023 68.98 0.29 0.22 0.50 111°  1.61 

- 0.65 - 

6.686 - 0.30 0.17 0.48 118.5°  1.59 

ra  t*(ss) CDF CDP CDT es  Lw  

11.023 72.0 0.24 0.11 ;  0.3451' 108°  1.80 

6.686 - 0.26 0.07 0.33 115°  1.85 

1.These values were calculated in terms of the vorticity 



TABLE 3: 	MAIN RESULTS AS THE SOLUTIONS OF THE TIME-DEPENDENT 

ENERGY EQUATION APPROACH LATE-TIME STEADY STATE 

REYNOLDS NUMBER = 1.0, DENSITY RATIO = 0.1 

Nuav  

- 

2.6226 

2.63902 

Pe = 50 

t*(ss) 

9.46 

8.6758 

- 

Nuav  

4.9126 

4.9171 

5.0662 

Pe = 

t*(ss) 

9.46 

8.0858 

- 

100 

Nuav  

5.5102 

5.9394 

6.04306 

Pr = 0.7 

t*(ss) 	Nuav  

PRESENT WORK (i) 	9.46 	2.2856 
tt (ii) 	8.5158 	2.2926 

AL-TAHA 	 2.40751 

Pr = 2.4 

t*(ss) 

- 

8.6758 

- 

REYNOLDS NUMBER =10.0, DENSITY RATIO = 0.1 

PRESENT WORK (i) 	50.44 	3.3262 51.24 4.4418 51.14 5.3714 51.24 6.4973 

(ii) 	43.858 	3.3262 43.858 4.4418 43.858 5.3714 43.858 6.4973 
It 	(ii) 	51.18 	3.2698 51.18 4.3556 51.18 5.2622 51.18 6.3601 

AL-TAHA 	 3.34284 4.55437 5.46844 6.60848 

REYNOLDS NUMBER = 30, DENSITY RATIO = 0.1 

PRESENT WORK (i) 	36.09 	4.5368 36.09 6.3471 44.11 5.7848 36.09 6.9647 

It (ii) 	31.73 	4.5925 29.43 6.4353 28.93 5.8124 28.73 7.0630 



REYNOLDS NUMBER = 

PRESENT WORK (i) 

(i)t  

100, DENSITY RATIO = 0.5 

25.80 6.9643 25.80 10.103 25.80 6.3034 25.50 7.7441 

21.50 6.9613 21.50 10.118 21.50 6.3006 21.50 7.7433 

41.50 6.9504 41.60 10.120 35.90 6.2907 35.90 7.7328 

21.50 6.9488 

6.92677 

TABLE 3: (CONTINUED) 

REYNOLDS NUMBER = 50, DENSITY RATIO = 0.1 

Pr = 0.7 
	

Pr = 2.4 
	

Pe = 50 
	

Pe = 100 

t*(ss) Nuav t*(ss) Nuav t*(ss) Nuav  t*(ss) Nuav  

PRESENT WORK (i)  75.80 5.4395 75.80 7.7304 75.80 6.0139 75.80 7.3328 

(ii)  36.66 5.4395 39.76 7.7304 38.66 6.0139 40.86 7.3327 

(iii)  75.80 5.4395 75.80 7.7304 75.80 6.0138 75.80 7.3328 

AL-TAHA 5.44341 7.74119 6.03186 



DRAKE" 

REYNOLDS NUMBER = 200, DENSITY RATIO = 

Pr = 0.7 

	

t*(ss) 	Nuav  

	

PRESENT WORK (i) 73.10 	9.1235 

	

(ii) 43.70 	9.1331 

9.5 

0.5 

Nuav 

Pe = 50 

t*(ss) Nuav  

Pe = 

t*(ss) 

Pr 	= 	2.4 

t*(ss) 

73.10 13.855 73.10 6.5581 73.10 

43.70 14.007 43.70 6.5581 43.70 

0.5 

68.98 17.249 68.98 6.7083 68.98 

0.5 

72.00 20.865 72.00 6.8038 72.00 

REYNOLDS NUMBER = 400, DENSITY RATIO = 

PRESENT WORK (i) 72.00 	12.334 

DRAKE'' 	12.0 

DRAKE-1-7  

REYNOLDS NUMBER = 300, DENSITY RATIO = 

PRESENT WORK (i) 68.98 	10.852 

100 

Nuav  

8.1826 

8.1858 

8.4532 

8.6337 

11.0 

TABLE 3: (CONTINUED) 

KEY:- (i) A solid sphere suddenly encounters a fluid enviroment of different temperature than itself 
and it is allowed to accelerate towards its terminal velocity. 

(i)' A similar situation as in the first case but the 'added mass' and the 'integral' terms 
are omitted from the O'Dar and Hamilton's equation. 

(ii) Impulsively accelerated flow past a solid sphere. 

(iii) Steady state conduction is used as an initial condition. 

tt 	Drake's result as quoted in the paper by Vliet and Leppert (1961) 
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TABLE 4: EFFECT OF THE ORDER OF POLYNOMIAL USED ON 

THE EVALUATION OF THE•OVERALL NUSSELT NUMBER 

PRANDTL NUMBERS 3rd ORDER 4th ORDER 5th ORDER 

REYNOLDS NUMBER = 1.0, DENSITY RATIO = 0.1  

0.7 	2.2815 	2.2856 	2.2859 

50 	4.9392 	4.9126 	4.9188 

100 	5.9859 	5.9102 	5.9095 

REYNOLDS NUMBER = 10, DENSITY RATIO = 0.1  

0.7 	3.3247 	3.3262 	3.3279 

2.4 	4.4599 	4.4418 	4.4464 

5.0 	5.4303 	5.3714 	5.3704 

10.0 	6.6443 	6.4973 	6.4482 

REYNOLDS NUMBER = 30, DENSITY RATIO = 0.1  

0.7 	4.5399 	4.5368 	4.5389 

2.4 	6.3741 	6.3471 	6.3555 

1.67 	5.8012 	5.7848 	5.7910 

3.33 	7.0082 	6.9647 	6.9755 

REYNOLDS NUMBER = 50, DENSITY RATIO = 0.1  

0.7 
	

5.4523 
	

5.4395 	5.4444 

2.4 
	

7.8094 
	

7.7304 
	

7.7399 

1.0 
	

6.0364 
	

6.0139 
	

6.0209 

2.0 
	

7.3943 
	

7.3328 
	

7.3430 

REYNOLDS NUMBER = 100, DENSITY RATIO =0.5  

0.7 	7.0149 	6.9613 	6.9692 

2.4 
	

10.385 
	

10.118 
	

10.040 

0.5 
	

6.3334 
	

6.3006 
	

6.3078 

1.0 
	

7.8312 
	

7.7433 
	

7.7481 

REYNOLDS NUMBER = 200, DENSITY RATIO = 0.5 

	

0.7 	9.3106 	9.1235 	9.0846 

	

2.4 
	

14.517 
	

13.839 
	

13.169 

	

0.25 
	

6.6037 
	

6.5581 
	

6.5631 

	

0.5 
	

8.3035 
	

8.1826 
	

8.1730 



479 

TABLE 4: 

PRANDTL NUMBERS 

(CONTINUED) 

3rd ORDER 	4th ORDER 5th ORDER 

REYNOLDS NUMBER = 300, DENSITY RATIO = 0.5 

0.7 11.205 	10.853 10.671 

2.4 18.089 	17.249 15.841 

0.167 6.7621 	6.7078 6.7095 

0.33 8.5960 	8.4532 8.4290 

REYNOLDS NUMBER = 400, DENSITY RATIO = 0.5 

0.7 12.838 	12.334 11.932 

2.4 21.444 	20.865 19.102 

0.125 6.8643 	6.8038 6.8022 

0.25 8.7916 	8.6337 8.5964 
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