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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 5.5.1la 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. 1In 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



280

A A PR=2-4
A A PE=100-0
A A PE= 500
X fa3 PR= 07

/

A, A
A/ —_A——_ Pure conduction as initial condition

A — — — Impulsively accelerated flow

Sclid sphere suddenly released

| I i | |
0 15 30 45 60 75
. TIME

Figure 5.5.5 OVERALL NUSSELT NUMBER vs TIME for Re=50

A A 0=180"
A [a) 6= 90
4 A o 0
/ e A Pure conduction as initial condition
— — __Impulsively accelerated flow
02
: Solid sphere suddenly released

0 15 . 30 45 60 75
- TIME
Figure 5.5.6 TEMPERATURE vs TIME at r*=1.17351,Re=50,Pr=0.7



281

4 o
i P A 6 =180
08 .
— A—— Pure conduction as initial condition
_________Imbubivew accelerated flow
4
0-6

Solid sphere suddenly released :

e A 6 =90
A A o= 0 '
! l ] | |
0 15 30 45 60 75

TIME
Figure 5.5.7 TEMPERATURE vs TIME at r*=1.17351, :
for Re=50, Pr=2.4

[N

v v pggmengpnn



282

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 fof 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 then 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 ever&where 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, y*, 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

306
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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° decrecase 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 acain 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 shéws 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 1£0° 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 cobserved 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 symrmetry 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.la to 5.8.1f,
5.8.2a to 5.8.25% 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 velocity, 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
Tegion 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 decréases 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

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

ond for & Prewmdtl number of 2:4,
number of 0.7 and for a Peclet number of SO,Krespectively.
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
oft%% and k%%, 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 5.9.1la to 5.9,1f, 5.9.2a to 5.9.2f%f,
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 thebtemperature
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 seem 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

0.55

(Nu_,, - 2)/Re_ with Prandtl number. From this graph,

av
the late-time steady state overall Nusselt number can be
formulated in terms of the terminal Reynolds number and
the Prandtl number, as follows:-

Nu = 2 + 0.up8Rel 5% pp0- it
av

<
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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 aﬁpendix 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 veloéity 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:-

Ret(t*)

Re

(e

v: (%) = je’P=sin?e x
(oo
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—étokes
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 steaay 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

Tatio 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
soluticn had been igitiated 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'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
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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 O'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, 50, 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.

s

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 Nussélt 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 upstréam 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 solution; 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 wés 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

Al.1 INTRODUCTION

In order to simulate the solution of a solid sphere
accelerating from rest, it was convenient to fix the
co-ordinate system on the sphere centre. The outer boundary
condition was assumed te be that of uniform parallel flow
with time-dependent velocity. The variation with time 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:~
m'g.y.

F =} 1pgU%Cp + £(D) (Al.1.1)

The first term, %m'gg represents the 'added mass'
dat ’

effect, the second tern, %prZCD , is the steady state

drag force and the third term, f(t), is the Basset's history
tern, commonly known as the 'integral' term, Two different
methods were used to determine the relationship between the
instantaneous Reynolds number, Rey, and the dimensionless
time, t*, In the first method, the 'added mass' and the

"integral' terms were omitted and the procedure used is
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described in section Al.2. In the second method, none of
the terms in equation (Al.1.1) was omitted and the procedure

used is described in section Al.3,.

Al.2 THE RELATIONSHII BETWEEN THE INSTANTANEOQUS
REYNCLDS NUMBER, Re¢, AND TFME, t*, WITH THE

{

'ADDED MASS' AND 'INTEGRAL'%TERMS OMITTED.
Consider a solid sphere acceherating from rest,
under the influence of cravity, wheke at time, t*, the

instantaneous velocity is Ug e

The following equation is obﬁained from a force

balance around a solid sphere:-

dl¢ (2R)3
meT T - Fe + H“TT"(QS - pf)g (Al1.2.1)

s

where Iy is given by equation (Al.1.1). For this case,
the 'added mass' and the 'integral' terms in equation

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

ﬂ<2R)3 dU¢ _ R' w(2R)? 2. w(2R)®

5 gt T T puf w o Prlt T T (Ps T PeE
(A1.2.2)
Therefore,
au Or 7 :
t R' 3 Pf vy Pf
— = =X + (1 - —= Al.2,3)
at To 02 by (70 ps)g (
R
where Cp = ~B~¢? (Al.2.%)



Therefore, equation (Al.2.3) becomes;

—r =3 DT, -y (A1.2.5)

By defining:

p-U, 2R
R e v
Ret = “_ﬁ
D UOC 2R
- Re& = f
U
tUx
t*F = e
R

- 8R
and RFR = o= o

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

dRe p- Re? o
t 3 f t f
— = = ZCp—— + Re_Rpp(1l - —/) (A1.2.86)
d-t* 8 DpS Reoc s o FR pS
At steady state;
dRet
v = 0» Rep = Reg, Up = Uy, Cp = Cp,
/p
_ 3 PelPg
hence, RFR = =C

D —t 5
8 D1 pr/0.) (A1.2.7)

In order to find the relationship between the
instantaneous Reynolds number, Rey, and time, t*,
equation (Al1.2.6) had to be integrated, in which case the
relationship between the drag coefficient, Cp, and the

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

n
Hh
O
s
)
[
n
o
(N}

CD Re-t t
(A1.2.8)

2% (1 + 0.15ReY™) for 0.2 € Re, < 500
Ret (

Cp t

For terminal Reynolds numbers between 0.2 and 500,

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

o

The following variables were defined:

AL - - 3 (pf/ps)
8 Re,
and. A2 = RegRpp(l - pf/ps)

These variables were substituted into equation (Al1.2.6),

so that equation (Al.2.6) became:

gi%t = AlCpRef + A2 (A1.2.9)
Re,C R
hence, t* =/ et
o (AlCpRei + A2) (A1.2.10)

Equation (Al1.2.10) 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.
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Al.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 (Al.1.1) was expressed
in the general form suggested by O'Dar and Hamilton (1964)

as follows:-
t

3 2
LR™ dU+t mR 2 2 au dt
F,. = Cp pr—5— - ¢t Cp =5 pgU + CyxR /ﬁpf%/.[mlﬂ —_

(A1.3.1)
From a force balance around an accelerating solid sphere,

one obtains: -

aus _ T(2R)°
maEt = -~ Fy + é (pg - pg)g (Al.3.2)

Substituting equation (Al1.3.1) into equation (Al.3.2),

equation (Al.3.2) becomes;

3 3 2
4R au 4R TR .2
— (ps * PECAITEE = —3= (P — p£)g - Cp gl
t
2 au a
0 Tzt T
(A1.3.3)

Equation (Al1.3.3) may be rewritten in dimensionless form,
using the dimensionless variables defined earlier together

with the following variable:

TU
o = —% Al.3.4
R ( )



where 1 is the dummy time variable in the
term. DBy substitution, equation (Al.3.3)

into the following form:-
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history integral

is transformed

C

2
Reo EE + C dRit - Re«RpR Ps _ 1 - —ERei
_t'*
C.;Re
e S [dRe{] d¢ (A1.3.5)
VBTRea o o /T* -0

The main difficulty in solving equation (Al1,3.5) 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.

method can be described as follows:-

%
‘/'t [dReﬂ o
3
O d’t @ I/t*"®

Define,

IH(t*) =

Clift's

(Al1.3.6)

Equation (Al1.3.6) can be split into two separate integrals,

.as follows:-

t¥-2At*
It ./~ Re (o) 4o
0 NEERY)

t* .
YT =%

t*-240t*
* -
where Re(e) = SRt
dt ®

(Al.3.7)

(Al1.3,.8)
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Defining the following notation:-~

Reo = Re(O)
Re; = Re(At*) (A1.3.9)
ﬁéN = Re(NAt*) = Re(t*)

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

The first integral, I of equation (Al1.3.8) may

H1l?
be integrated using Simpson's rule if N is an even number:-
&r

.

/AEE Ré y
T = ° + 75 + y
H1 3 VN - VN T
(odd) (even)
(A1.3.10)

If N is an odd humber, 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;

YAt Re Re N-3 Re. N-4 Re,
_ 1 N~2 1 i
IHl = + + L + 2
3 YN=T 7 YN=T — /N1
. (even) . (odd)
At*|  Re, Re,

+ - — t ——
2 YNAL* V(N=-1)At*

(A1.3.11)

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

H2?
Re 1is assumed to be a quadratic function of time, ¢, in
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the interval of (t*-2At*) ¢ @& € t* .

- 2
i.e. Re(®) = a, + a1(tF =0) + a(t*-9) (A1,3.12)
There{fore, a, = Re
_ MReN_l - 3ReN - ReN_2
a, =
2At*
_ ReN + ReN__2 - 2ReN_l
d, = 5
2At*
hence,
T... = 2/95F%|2Re, + -Re + LRe
H2 57N 1577 N-1 157 "N=2

(A1.3.13)

Equation (A1.3.10) or (Al1.3.11) may be combined with

equation (A1.3.13) to obtain:-

IHN = SN + bReN (A1.3.14)

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

(A1.3.5) becomes:-

(A1.3.15)

Since C and CH are functions of ReN and ReN,

D CA
the above equation can be solved by a standard numerical



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 AG6.

A polynomial of the form;
n ,
- n-1
Ret = Edant (A1.3.16)
n=1
was determined from the results, using a CERN library

routine called LSQ.

The empirical correlation used to calculate the
étsady state drag coefficient is the same as that used in
section Al.2, i.e. equation (Al,2,8). O'Dar and Hamilton
. suggested the following empirical correlations for the

coefficients C, and C

A H ™
. . Re%
CA = 1.05 - 0.0BBRe% O.lZRe% + —
4 x Re?
o
(A1.3.17)
3
. . Re%
and C, = 2.88 + 3.12Re? [|Re _ + (A1.3.18)
H t t
2 X Re_
For creeping flow, the coefficient Cas approaches
the value of 0.5, and CH approaches 6.0, hence equation

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

3 3
Ut . _LTB‘R (pg =pg)g - BTURU

UmR
3 (P + 0. SPf)
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- BR2/T / dUt (A1.3.19)
TVt T .
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Al.4 CALCULATION OF THE INSTANTANEOUS TOTAL DRAG
COEFFICIENT USING O'DAR AND HAMILTON'S EQUATION

From equation (Al.3.1):

t D2 APET3 Gt o dt gt

(A1.3.1)

t
3
F, = Cpl-R2p U2 + Cpp ok It 4 CHRz/ﬂpfu/ dUy dt_
g

The instantaneous total drag coefficient is defined as

follows:-

C_. = "

DT ~ 2 1 2

TR* x ﬁprt
2C t
- 8R dU H H du drt
Therefore, C = C. + Crmmip~ ==t + g n_n‘/n__t
(Al.4.1)

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

s
C

. 2C .
Cop = Cp * CpoiS®Re, + 1 [ ZRew Rer 49
aRe-t Ret TI'Re_t 0 YT =0
(Al.4.2)
't:k .
The integral ‘/. —Bet 45 is calculated using the method
O Vt*—q)

suggested in section Al.3,



APPENDIX A2
CALCULATION OF DRAG COEFFICIENTS
A2.1 INTRODUCTION

The drag coefficient at a given time, t, 1is
defined as:-

, - DRAG FORCE (A2.1.1)

CROSS-SECTIONAL AREA x 1pU%

where %pUi is a characteristic kinetic energy per unit
volume of fluid at time t and Uy 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, Dg. 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 drapg coefficients, CDP

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

AZ.2 FRICTIONAL DRAG

Referring to figure A2.1;

Dp = quTPeCosBdS (A2.2.1)
S
where B = 7/2 - 8
- I Vg 1 Bvr_
Trg = = ¥ | P57 r)+’fae |
.~y [2ve - va, 1ovy]
- Wiar » T r'ﬁgr
L -

- OV -
Ve = VP = 53 = 0
Therefore, T = _UEXG (A2.2.2)
* "B or e
Also - v Vo _ 13vnp
O Ay
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again, vg = ag = 0
Therefore, = %%9 (A2.2.3)

ds = 2mR*Sin6ds
Cosf = Sin®b

Therefore equation(A2.2.1) reduces to:-
3]
Dp = anqu('gSsinzede (A2.2.4%)
0

Now, from equation (A2.1.1);

Dp
CDF = —— - (A2.2.5)
1
TR X 2pUt
) 6
Therefore, CDF = Tﬁ{‘-ﬁf z,Sin%0de (A2.2.6)
2 1 O .

Rewriting equation (A2.2.6) in dimensionless form:-
Re © 2
—_ o *Q
CDF = 8'R€%/ z:Sin?6do (A2.2.7)
0

A2.3 PRESSURE DRAG

A2.31 CALCULATION OF THE REDUCED PRESSURE AT THE
FROMT 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 v, is as follows:-
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2 avg
- —0
FZSI50 36 (A2,31.1)

For axisymmetrical flow all derivatives with respect to ¢
are zero. In the absence of swirl, the velocity Ve is zero.
Also, along the axis of symmetry, vg = O, hence equation

(A2.31.1) becomes:-

dvr dvp _ _13P u (3%vy  23vp | 13vy
5% ¢ Vr3y ¢ p or * o | or? N R T LK
, Cot8 vy, _ 2vp _ 2 dvp
r2 36 4 r2 36
(A2.31.2)

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

Wwritten in polar co-ordinates as follows:

1 3, 19 . i
FZ -§-E(r VP) + mﬁ(VeSlﬁG) = O (A2.31.3)

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

vp , 2vp , 103vp
sm t ot T3g ¢ 0 (A2.31.4)

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

as follows:-
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9 v 2v 1 9v
2.] S¥r Lir =L2Y8 = .
sl 358 Y ST Y 2355 0 (A2.31.5)
[ S,

2 2 .
FTvp _I%?_‘_’r’ = Zvp + %%5%8‘ - %2%6: 0 (A2.31.6)

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

one obtains:

3V dvyp _ _ 13P i _ 3%vp _ 13vg
3T " Vryr T T par o 9T30 T 9
lazv-rw Cotéo BVP
t Zegrt % ‘a‘e’] (A2.31.7)
Also, from equation (2.21.13),
- dvg , Vg . L3vr
L = AT + = =5 (A2.31.8)
However, along the axis of symmetry:-
_ 9vp _
Ve T 5m 0
so that r = - 13% (A2.31.9)
r 30 et
dc _ 3 [dvg , vg _ 13vy
and, 3§ * s@[er ST
2 2
= 9 vg , l3vg _ 13°vy _ 1
569 ' 1 90 r 362 276 (A2.’31.‘10)

By substitution of equation (A2.31.10) into equation

(A2.31.,7), one obtains;
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oV v 123P u 9r Coth dvp
2 SV - - &L LT A oY
9t * Vrarr p or * pr [ ] T8

(A2.31,11)
Thus, by the use of equation (A2,31.9), equation (A2.31.11)

becomes:

(A2.31.12)

But along the axis of symmetry, both & and r are zero.

Therefore, using L'Hospital's rule;

Lim Cotb g = =3¢

3z
0-0 0

Qo

so that equation (A2.31.12) becomes;

vy dvp _ _ 13P _ 2u 0
ﬁ + Vr-gi-’- = E-g—i’—- E—ﬁ (A2.31013)
j % 2
s

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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H 9L Bav

4H 96 - r

57 3 dr J/~ T or (A2,31,18)
A A

Define a dimensionless pressure, K, as follows;

< -

K = P/ipU2

By substitution: equation (A2.13.,14) becomes;

LS S ] L _
702 (Vep T Vpa? * 3 7 Kp)
B
1 2 z 1 v
:-U—r\/-'b—]:-g— —-—-é-f—a—-—rar
““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 v.a = Up at any

time t and vog = 0. Define a quantity K, as follows:

S T
_ 1 2 - 1 2
where KS = Psfsza and Kroc Proc zPUZ
U2, [ 2 %
. - L _ £ U9Cy, _ Vp
Thus: Ko = g Uzu/. & or ] §erer (A2.31.16)
<r. “p

[«

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

and v, may be expressed in term of the streamfunction.

The equation becomes:-

z
x 2

oo e o ] 9]
e

0

(A2,31,17)
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CALCULATION OF THE REDUCED SURFACE PRESSURE

BY INTECGRATION 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 v

vy
5T

Therefore;

Hence,

But,

Therefore,

and,

6’

v
Vo = 5%
1. 9P
pr 36 °
1 9P
por 96
Z; =
s .
ar -
Zs -
T

one obtains:-

L 3P Mo 29vp . VB g
pra + 0 [V Ve + ;”286 FSlne
(A2.32.1)

- 9Vp 9V Eiz -

55 T 35 " 302 0

%Vzv

uidtveg . 23vg , 1 3%vg , Cotb dveg

pl 9r2 r or r2 962 r 98 ‘
B 2

5 SPZG %%%9 (A2.32.2)

ovg , vg _ 1l23vy

ad = =55 (A2.32.3)
2\

—g—l;;e %,g%e (A2.32.4)

12vg (A2.32.5)



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

equation (A2.32.2), one obtains:

or r

13P _ pr|dts , Ls
5355 ° 7;-[ + ] (A2.32.6)

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:

62
1 - _ Mbr 3z 4
1
As before: K = P/3pU2

6,
r 9
So that: %Ui(KD - Ke) = Eb—[ [%s + %s] 90
5,

If point D is at an angle 6, and C is at the front

stagnation point where 6=0, "then:

8
2 _ ¥r oL C
30U, (Kg - Ko) = »5—[ [WS + -58] 36 (A2.32.8)
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Equation (A2.32.8) may be rewritten in dimensionless form

as follows:
_ b R *
Ke = Ko # ﬁémf (—B-—Z‘b + CS) 30 (A2.32.9)

where K, is calculated from equation (A2.31.17),
Note that to obtain equation (A2.32,9), the relationship

rgzl 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;

Qo

LS 1_3%y*

9z 7z z=0

- ug} ~ (A2.32.10)

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

Ay * h282* h393*
P*(z+h) = Yp*(z) + hg% + 77“52? + §T"§Z¥ I

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

becomes;
* _ * aw* 1'_13:321(")* h3 3311)*
pr(h) = pRC0) + ha |t aTezT | Y 3T Red |
z=0 z=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:-

*
p*(0) = ¢f = 0 and %ﬂ =0
Z —
z=0
h? s2w* 13 SSw*
* - —r—
Therefore, y¥(h) = ST552 | t 3T agT |
z=0 z=0
83\[’* & 3 32‘1)*
hence, gz | = gV (™) - papr |
z=0 z=0
But gk = 1 a%y*
? 5 Sinb 9z2 220

= Ly*n) - 3sine ¢

3
Therefore, %E% i3 H

z=0

Therefore, equation (A2.32.10) becomes;

ag*
oz

* -
0 ResTmgY’ (W) - RUE - M

- 6 % - §. *
= FIeine’ (M) (h.+ ”)Cs
or, in finite-difference form:-

ac* = 0 - (3 x
9z | _ - h381n63$1 2,3 (h * u)Ci:l,j (A2.32.11)
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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:-

(A2.33.1)

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

can be calculated as follows;-

DP =ﬂP881anS

S

where B = m/2 - B
Tr -
Therefore, D, = wR? P_Sin26d6

p
0

But, as before: X = P/1pU2

m
Therefore, D ﬂRZ(%pUi)v/ﬁ Ka5in26d6
0

kil
wRZ(%pUi{/g KgSin26d®

mR? x %pU%

2 pW
= U K.Sin26d6
Ut 0
C
2
- Re«
Ret

i

Hence, CDP

T
f KeSinQGde

0

where X, is calculated from equation (A2.32.9),.

(A2.33.2)

(A2.33.3)

(A2.33.4)



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, qy normal to the surface, at any instant of time

is given by:-

_ 1 9T
qq = kT [hl gii] } (A3.1.1)
Xl —(Xl )S
where kT is the thermal conductivity of the fluid and
LT is the local temperature gradient at
hdxyf o 2(x))
1 128

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 h C(xz) as follows:

lo

Qy = by (x2) (T, = To) (A3.1.2)

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

1 3T - -
..kT [Hl.a_;(.l] = thC(Xz)(TS To)
x1=7(xX1)g
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For a sphere, the above equation becomes:

Elggiil I S (éi) (A3.1.3)
kg (T, - T \37)__o

The local Nusselt number is defined as follows:

h1 C(6) x 2R

Nu(g) = —2 - (A3.1.4)
T

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

one obtains:-

- 2R oT
Nu(8) = m———p— (—~) (A3.1.5)
(TS To) \or P=R

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

as follows:-

Nu(e) = - 22L" (A3.1.6)
where r* = e
A3.2 DETERMINATION OF THE OVERALL NUSSELT NUMBER

The total heat flow from the surface, Qs is

evaluated from a summation of the products of the local

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

as follows:~

Qp = /fqlds (A3.2.1)
S
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QT may also be expressed in terms of an overall heat

transfer coefficient, hT, as follows:~-

Qp = hg X S(T_ = To) | (A3.2.2)

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

one obtains:-

hg x S(T_ = To) =ffq1d8 (A3.2.3)

S
But, from equation (A3.1.1),

1 foaT
q " ) k h (w-)
1 T hl 8x1 X1=(X1)S

: _ _ 1 9T
Therefore, hT X S(TS - Tp) = f[ kT(E—l'é'SZl) _ ds
Xl"'(X])S
S,

For a sphere, the above equation may be rewritten as

follows:-
h
T 1 9T
= = - ~ ds (A3.2.14)
Ko S(T, To)[[(ﬁ’f)rzR
S
where S = unR?
and dS = R?Sinb3¢ae

Therefore, equation (A3.2.4) becomes:-

h 2T pm
.- 1 AT Y gRogy
k..~ UnR2 (T ~Ty) J{ ‘/. (ar) R%Sin69¢ a0
T s 0 0 r
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h | kil
oT, i 1 3T .
kK ~ WTS = To) f (TI’ R Sin6de (A3.2.5)

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

Nu = x 2R (A3.2.6)

av

15

By substitution of equation (A3.2.6) into equation

(A3.2.5), one obtains:-

- .
- - R T ;
Nuav = m'[ (3P>P 3in64dsé (A3.2.7)

=R

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

as follows:-

T o+
Nuav = -f (75-2 ) i Sinbdd (A3.2.8)
0 2=
*
where; % = = e”

But, from equation (A3.1.6)};

. T*
NU(G) - 2‘——2‘

z=0

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

local Nusselt number as follows:

™
Nu_ = Jz[ Nu(6)sSin6dé (A3.2.9)
0
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APPENDIX A4

Ad.1 SOLUTION OF EQUATIONS WHICH FORM TRIDIAGONAL

MATRICES USING GAUSSIAN ELIMINATION METHOD

Consider three simultaneous equations of the form:-

C32T2 + C12T3 = D2 (A4.1.1(1))
C23T2 + C33T3 + C13Tu = D3 (AL .1.1(¢ii))
C24T3 + C34Tu = Du (A4.1.1(¢1i1))

By multiplication of equation (A1.1.1(i)) by the factor

C23

T3 » one obtains: -
2

C23 C2

By subtraction of equation (A4.1.2) from equation (A4.1.1(1i)),

one obtains:-

C23 C23
T3 C33 - Cl2 X C32 + ClSTH = D3 - D2—§;
(A4.1.3)
Define new variables as follows:
C23
ug = C33 - Cl2 X =3 (Ay.1.4)
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O
w
N

(A4.1.5)

w
w
N
O
w

N

Substitution of the above variables into equation (A4.1.3)
fives:-

a, T, + C1,T, = S (A4.1.6)

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

C2

%3

, one obtains:-

CQH C2

- 5
TM - 83 o

CZHT + Cl, x

3 3 3 (A4.1.7)

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

to obtain:-
C2u C24
TH C34 - Cl3 X 3 = DM - 83-37— (Ab.1.8)
3 3
Define the following variables:-
Cl3 b CZH
a, = C3, - ———— (A4.1.9)
a
3
S C2
and, S, =D, - > 1 (A4.1.10)
“3

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

equation (A4.1.8), one obtains:-

Sy
T = e (Au.l.ll)

t m



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

S, - C1,T
R 3 4 (A4.1.12)
3 a3

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

general form as follows:-

Cl x C2
a, = C3 - (k;l) X (Al.1.13)
(k-1)
S(x-1)
and S = D - == (A4 .1.14)
K kKooage)

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 = (A4,1.15)
o
N
s, - Ci1 xT
and T, = K ak (e+1) for 2 £ kg (N-1)

(A4,1.186)
From equations (A4.1.13) and (A4.1.14) one can deduce that;

a, = C3 (A4.1.17)
and S, =D (A4.1.18)
Therefore, the solution of any set of simultaneous

equations which form a tridiagonal matrix can be obtained

using the following procedure:-
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Set: 82 = D2 and a, = 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;

c1 x €2
o, = C3 - (k;l) k (AL.1.19)
(k-1)
S (k-1)
and s, =D - K ey (A4.1.20)
(k-1)

The solutions of the simultaneous equations are as

fol}ows:
SN
For k=N: TN = (A4.1.21)
o
N
and for k=2 to k=N-1:
Cl, x T
T =g - X (k+1) (AL.1.22)
k k ak

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 AS
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 2z3 n+3 Re 1 n n
= e 3 (gitETy + 28+ 9. (T L) |e.gt o
2 n' 1,3 2 e% Sin 6, 2 1°%5,3 [ 3°%1,3

- 2CotB.g" . - 9. (vt . 9. (g ) - 250,
© ngsj] 545,59 [ i¢es,y) €i,3

n

— 2
B ai(glsj

- 9.(gr L) + 92(e® L) - Cote.p. (st .
) 1485, 3) jles, s 525485, 5)

(A5.11.1)

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

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

n+l _ - n n n
Bi.5 © (1 2Xi)gi,j + 2%, {bligi+l,j + bzigi»l,j
+ b3.g® . . & bu.gl . - 2X.DY .

781,341 38i,3-1 11,]

(A5.11.2)



C
. n - R n n _ n
where; Dl,] = hai,j { Al(wi, ) {'A](gi’j) ukCote.gi,J]
n n n
- A A . .) = Lh
3,5 [ 1485, 5 81,35 ] }

and X, = QZ?At
* e" "1 Re

For creeping flow, the convective term can be
neglected. The above equation can then be rewritten

as follows:-

n+l _ B n n n
gi,j = (1 Qxi)gi,j + 22X, {bligi+l,j + bzigi~l,j
n n
+ b3.g. . + blu.pg. .
381,341 38i,9-1 }
(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; <3} forall i

A5.12 DERIVATION OF THE STABILITY CRITERION FOR TIIE

ENERGY EQUATION.

The energy equation, equation (2.31.7), may be

written in finite-difference form as follows:
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e22iRePr o (pht3y | RePr 14 0 5 (1D L)
2 n°1,3 2e?i8inej 17,1 1 1]
- aj(wg,j)ai(Tgaj)
n n C N n
Bi(Ti,j) + ag(Ti’j) + Cot6j3j(Ti,j) + Bg(Ti,j)
(A5,12.1)

Equation (A5.12.1) can be rewritten in first order simple

explicit form as follows:-

n+l _ B ' n t n n
TE = (-2XPT 4+ 2K ;bliTi+l’j + b2, TP )
+ b3.T% . . + bu.T% . - 2xiD% .
171,3+1 31,71 z 1 1,]
(A5.12.2)
n CRP n n ] n n
where D. . =z —— Ay, Yy AT, ) - AU, . A (T, .
1,7 h3i,j l\wl:] l: 1 153 ] wlaj) l: 1 19])]
\ L aAt
and X. = o
Re Pre™ ™1

For creeping flow together with small Prandtl number
the convective term can be neglected and equation (AZ2.12.2)

can be rewritten as follows:-

L ocoox TR L o+ 2x! sbl.T? .+ b2.T% .
1.7 1°71,] l) i71+1,] 1 1-1,]
+ b3.TV . + by T |
] 1,341 J71,]-1

(A5.12.3)



The following stability criterion for the ener
equation can be deduced from a comparison of equation

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

0 < Xi < 3 for all i.

A5.13 TO SHOW THAT THE SUM OF THE COEFFICIENTS

bl., b2., b3. and bu. IS UNITY.
1 1 ] ]

As defined in section 3.23 by equations (3.23
to (3.23.9):

o1, - [k - L]

R

b3; = 3 _‘}122 - Cgﬁej:
and by, = x ;2 + C‘;}EGJ:
where a = 2 :%2 + %2]

Therefore, Dbl. + b2. + b3. + bu
i i ]
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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 1II 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 a,
KNOT Ky
AK(J) K
AVNU1 Overall or average

Nusselt Number

B1(I) bli
B2(I) b2i
B3 (J) b3j
B4 (J) b4j
C(D) Ci
CCU £
.w
CCG £
g
CCT eT
CDF CDP
CDhP CDP
CDT CDT
CPT The Central Processor Time
CR C

R
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FORTRAN SYMBOLS MEANING
CRP CRP
CT(J) Cotej
DFU

“Y
DEFG w
g
DFT W
DELTT St*
n
GO(I1,J ..
(1,J) gl’?L
n+
GN(I,J) . i,
H3(I,Jd h3. .
3(1,9) il
II Input magnetic tape

unit number.

IN1 IN1; total number of grid
lines in the z-direction.

INPRV Number of unconverged nodes
in the initial solution of
the Navier-Stokes equation.

ISKIPN Number of files to be
skipped on input magnetic
tape.

ISKIPO Number of files to be
skipped on output magnetic
tape.

ISKIPT Number of files in storage
magnetic tape; tape3.

ITHETA (J) 6 in degree



FORTRAN SYMBOLS

JJ

JN1

KK

KNU

KNV

KNT

KS
IM1, LT1

LSKIPT

MNPR, MPT
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MEANING

Output magnetic tape

unit number.

JN1; total number of grid
lines in 6-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 1is
taken, otherwise iterations
are performed on the
existing solution.

The first file to be read
from the storage tape; tapes.
The minimum number of
unconverged nodes acceptable
in a solution. Normally set

to zero.
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FORTRAN SYMBOLS MEAN ING

MXITER The maximum number of
iterations allowed at each
time-step for the surface
vorticity or for the
temperature along the
axis of symmetry.

MXUP Maximum number of iterations
for the streamfunction at
the n+l1 time-step.

NSKIPT Last file to be read from
the storage tape; tape3.

NPRU1 Total number of unconverged
points in the streamfunction
field.

NPRG1 Total number of unconverged
points in the vorticity
field.

NPRT Total number of unconverged
points in the temperature
field.

NPRINT / The number of time-steps
after which print out of
contours were produced, and
the drag coefficients and

Nusselt numbers are calculated.



FORTRAN SYMBOLS

NTIMES

OPT IME

PE

RE

RET
RADEN
RPLOTT

RPLOTU

RPLOTV

SH
SK
SN (J)

ST

395

MEAN ING

Total number of time-steps
by which the solution is
advanced in time before
the computer run is
terminated.
The approximate central
processor time required for
printing out the results.
Peclet number.
Terminal Reynolds number.
Instantaneous Reynolds number.
Density ratio; Eﬁ .

Ps
The radial distance up to
which the isotherms plot
is produced.
The radial distance up to
which the streamlines plot
is produced.
The radial distance up to
which the vorticity lines
plot is produced.
mesh size; h
mesh size; k
Siné,

J
time-step At



FORTRAN SYMBOLS

T IME
THETA (J)
TN(I,J)

TO(I,J)
TNU2 (J)
uo(I,J)
UN(I,J)
VCT (K)
VCU (K)

VCV (K)

W11
W21
W31
XRP (1)
7(1)

396

MEAN ING

t*

8 in radian
n+l
1,j
™ |
1,]
Local Nusselt number, Nu

v
n+1
Vi,j
Value of the isotherm contour.

T

n
1,)

Value of the streamlines
contour.
Value of the vorticity lines

contour.

X
RP;

zi(distance in z~direction)
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COMPUTER PROGRAMME FOR TIME-DEPENDENT NAVIER-STOKES

EQUATION. (PROGRAMME I)

1

CALL CNTROL

4

CALL INPUT

IS
ISKIP
EQUAL TO

TIME=TIME+ST

7ERO CALL OUTAP3
?
Y
ISKIPT=1
CALL POSITN
A
INITILIZE
COUNTERS
1 .
IM1=1
y

FLOW DIAGRAM FOR THE MAIN PROGRAMME
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FIG. A6.1 (Continued)

IS
LP1
EQUAL TO
ONE

YES

CALL OUTBC




FIG. A6.1 (Continued)

ISKIPT=ISKIPT+1

l

CALL OUTAP3

\

CALL SECOND

CALL OUTPUT

;

ROTATE STORAGE ’

\

CALL

OUTPUT
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NUMBER OF
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COMPLETED
?

CALL OUTPUT

400
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PROGRAM NSEZ (INPUTsOUTRPUT» TAPES= INPUT » TAPES=QUTRPUT - TAPE 1 »

1TAPE2+ TAPER)

C%*%%**%****%%***********%********%%***%***************%*********%***%

OO0 OO ONHODON

KERSFHHES

PROGRAM TO S IMULATE VISCOUS INCOMPRESSIBLE ACCELARATING FLOW
AROUND A SCLID SPHERE 8Y SOLVING THE TIME-DEPENDENT NAVIER-~
STOKE EQUATION USING PEACEMAN AND RACHFORD ALTERNATING
DIRECTION IMPLICIT FINITE-DIFFERENCE METHOD

TH1S PROGRAMME CAN BE RUN USING CDC6600 OR CDC7600 MACHINE
USING FTN COMPILER

e ok o o

b4

% %

RS I I3 3 33 ICHE 03 K 0 303 36 3630630 30 I I H I A AR KA FX

A{

THIS PROGRAMME 1S VERY SIMILAR TO THE ONE USED BY K«RAFIQUE
Ix HIS WORK EXCERPT FOR SOME SLIGHT MODIFICATION IN THE MAIN
PoOGRAM SUBROUT INF CNTROL « SUBROUTINE INTVAL AND SUBROUT INE
PHCOEF WITH ADDITIONAL SUBROUTINE VIZ®

1 3QUBRROUT INs OUTRC

2)SUBROUT InNE OUTAP3
AMD 3ISUBROUTINE POSITN
THIS CHANGES ARE NECESSARY IN ORDER TO SOLVE FOR TIME-—~
DEPERDENT OUTER BOUNDARY CONDITION AND TO.TRANSFER THE
STREAMFUNCTION VAL UES ORTAINED AT EVERY TIME-STEP TO THE
ENMERSY PROGRAMME YIA MAGNETIC TAPE -- TAPES
TiIS 1S DONE THROUGH SUBROUTINE OUTAPR3

FOR THE CASE OF cONSTANT OUTER BOUNDARY CONDITION ONLY
SUSROUTINE OUTAP3 AND SUBROUTINE POSITN HAS TO BE ADDED WITH
A SLIGHT MODIFICATION IN THE MAIN PROGRAM

COMMON /GRIDC/ Z{(61)1eF(G1) s ITHETA(SE1) +SNIE1)sCS(B61)¢CT(HLY 0
H3(61613«THETA(B1)

COMMON AINJINC/ INIsUNT 2 INy U N2SHeSK +STeKSIRE« TIME s NT IMES

COMMON /CONWT/ CCUSCCGsDFUSDFG! —

COMMON /NPRC/ NPQUI-NPRGIaNPQ]qNPRUoNPRGnNPQ-MNquMXITFRsINPQV.
NPRINT s MXU s MXUP

cowmaoN /TSTER/ RX(61)

COMEDN /L NDUT/ LNRL o NP2y NP3

COMMON /LMAIN/ LM] LMD LMBeLM4&ILMSILME

COMMON /LRSTAB/ LRS1

COMMON /CPTIME/ CPT+OPTIME

CoOMMON SICOEF/ B1(H1YeR2(61)YCI61) ¢ ASH

COMMON /JCCEF/ B83(61) Ba(61)+AVASK

COMMON/ T JCOEF/ SHa*CR+5K4

COMMON/UNGNC/ UN(SET1+31)4GN(61331)

COMMDN/UOGOC/ UDIE1+31)16GO{61431)

COMMON /SILVCF/ C1(61)+C2(61)+C3161)1+DIE11PI61)+L.5V]

COMMON /VFIELD/ LELsLF2sLF3+sJCUT INSs ISCAN ISLOPE

COMMON /OMEGA/ W11*W21 e W31+ W12 W22+W32 W1 3eW23+W33

coMMaoN SOUTRC/ DFUB «CCUOH » JNHH ¢ UNHH2

COMMON ZLNTAPS, 1SKIPT KK

COMMONAORCY DTLTTLP1+LP2+:( P3«RsRT+SR

CoveON/INICD/ FReRETWRADENRET]

COMMON /LOTPUT,/ LOP1:LOP2.L . 0P3

SET PROGRAM CONTROL PARAMETERS TO START COMPUTATION
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Call. CNTROL

READ OR EVALUATE INPUT DATA : .
caLl INPUT .

IF{ISKIPTeEG0) GO TO 9

POSITION TARPE3 READY TO STORE STREAMFUNCTION VALUES WHEN
ISKIPT 1S SET TO ZERO

Call. POSITN
GO TO 10

WRI1TE ALL THE COFFFICIERTS AND PARAMETERS COMMON TO BOTH -
THIS PROGRAMME ANP THE ENERGY PROGRAMME ONTO TAPE3 WHEN
1sKIPT=0 .

{

CaLL OUTAPR3

IsKIPT=1
CONTINUE

Nz=OsNPOL D=0sNPAGE =0SCPRSECTI=0
CONT INUE

Ni1TER=0

mi=1

TIME=TIME+ST

IF(NPAGE«FQa1) WRITE(64100)
FORMAT (1H1)

FOR TIMEjDEPENDENT QUTER BOUNDARY CONDITION LP2=0 AND LP1=]s+HENCE
UDDATE THE STREAMFUNCTION VALUES ALONG THE OQUTER BOUNDARY

IF(LP2:FQs1) GO TO 2 -
IFILPI«EQel) CaLL OUTRC. {

CONT INUE

UPDATE THE VORTICITY FIELD IN TIME
CaLL UPDATE

Lmi=0

SET THE SURFACE VORTICITY CONDITION
call VARBC

NITER=NITER+1

NPR =NPRU 4 NPRG

IF(NPRAE.MNPRY GO TO 3

IF (NITERL.GE.MXITeR) GO TO 7

Gn TO 2

CONT I NUE

ISKIRPT=ISKIPT+

STORE THE CONVERGED STREAMFUNCTION VALUES AT THIS TIME-STEPR
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N

INTO MAGNETIC TAPE-~TAPES
Call. OUTAP3

caALL SECOND (CRSER)
Wl TE(6+102) CPSFCINITER
102 FORMAT(1HO+ 1 X+eBHCPTIME =9+F842¢ 10X 7THNITER =¢14)
TLEFT = CPT - CPSEC
DLTY =TLEFT - OPTIME
DLT2 = CPSEC — CPSEC!
IFIBLT1ILEDLT2)Y GO TO 6
CPRSECT = CPSEC ,
Nebi4 1
IFINTIMES. EQaN) GO TO 6
NONEW = NANPRINT
18 { INPNEW-NPOLD) «FQe1? GO TO 8
NPAGE =0
5 CONTINUE
NEROLD =NPNEW
DO 4 1=1eINt
DO 4 J=1eJN1
Uo(tedr = UN(Ted)
GO (1ed) = GMN(lel)
4 CONTINUE
RET1=RET
GO TO 1
8 CONTINUE N
T NDAGE =1
WolTE(6+104) TIME
104 FORMAT(IX s/ /420X 5HTIME=sF10.6 )
LOP1=0$L. 0P 203 0Pa=t
CALL OUTPUT
GO TC 3
6 COMTINUE
WRITE(6.103) 1SKIRTWN
LOP1=1$L0P2=0%.0P3=0
CaLlL OUTPUT
sTOP
7 CONTINUFE
LOP1=0%_ OP2= & OP1=0
WRITE(6:103) 1SKIPT N
calLl OUTPRUT
STOP
103 FORMATI(IH +10Xe7HISKIPT=+ IB+2HN=+18)
END

i e
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SUBROUT INE CNTROL

THIS SUBROUTINE SUPPLIES alLL THE CONTROLLING PARAMETERS
IN ORDER TO START THE COMPUTATION

;

COMMON AGRINDCY ZIs11+F (H1 13 ITHETA(S1) «SNIB 1Y 1CS(B1)vCT(HL Y

1 H3I(E1+61Y¢THETAL(H1)

COMMON ZINJING/ TNTIURNT19INe INsSHeSKySTIKS+RE«TIME«NTIMES

CONMMON ACONWT/ CCUICCG«DFUDFG

COMMON ANPRC/ NPRUL sNPRGT sNPR1 s NPRU: NPRG s NPR e MNPR s MX I TER» INPRV »
1 NDOINT e MXU e MXUPR '

COMMON /TSTEPRP/ RX(61)

COMMON ZLNPUT/ LNPL NP2 NP3

COMMON ZLMAIN/ LM1:LM2sLM3sLMAvLMS ol ME

COMMON /CPTIME/ cPT+OPTIME

COMMON /VFIEL.D/ LFI»LFZ’LF3nJCUToINS»ISCANoISLOPE

COMMON ZOMEGAS W11sW21+WR1 sWI1Z+W22:W32Pe W13 W23e¢W33

COMMON ZPL_TPCNZ Vel 10) o VEVI10) cKNUsKNV o M

COMAON Z/OUTRC/ DFRFUBsCCUCHE « UNHH» UNHH2

COMMON ZALNTAPE/ 1SKIPNs 11

COMAEON ZLOTATEY 1SKIBO JJ

COMMONZLNTARPS3/, ISKIPT kKK

COMMON /LOTRPUTY/ LOP1+L.0OP2+.OP3

COMMDN Z/PLOTC/ XX1{50:10)4YY1(59:10)+¢XX2(30210)+YY2(30+10)+sRPLOT+
1 IYS e IXSTEP « UNH1 o INHo KNP s LPLOTsRPLLOTUIRRLOTY
COMMON/OBC/ DELTTLP1 P2+ P3sR«RTISR
COMMON/INICD/ FR«DET«RADENIRET]
COMMON/POLY/ AA(20) sMAX

SET THE REYMOLD NUMBER TO BE SOLVED
THIS IS THE TERMINAL REYNOLD NUMBER
RE=300,,0

IF LPI=1 TIME-DEPENDENT QUTER BOUNDARY CONDITION IS CONSIDERED
WITH ZERO VORTICITIES AND STREAMFUNCTION AS INIT!AL
CONDITION
IF LP1 NOT EQUAL TO ONE THEN CCNSTANT OUTER BOUNDARY
CONDITION 1S USED AND THE INIJTIAL CONDITION IS
THE Same AS RAFIQUE [.Fe. SUBSROUTINE INTVAL WILp BE
EXACTLY AS THE ONE USED BY HIM -

IF LP2=1 CONSTANT OUTER BOUNDARY CONDITION ONLY WHEN STEADY-
STATE IS APPROACHING

Lel=j
LP2=0

IF(LP1eNE.1) GO TO 200

THIS SECTION OF THE SUBROUTINE IS ONLY REQUIRED WHEN TIME-
DEPENDENT OQUTER BOUNDARY CONDITION 1S USED

DELTT=0,1E-04

RADEN=0.5

IF(RF.Fe02) GO TO 10
CNIFz(24,0/RE1%(1 040, 1SH(RE*%#0,687))
GO TO 11

10 CONTINUE
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CNIFz=24,0/RE

CONT INUE

Foz({(3.0/8.0)#CDIF¥RADEN) /(1 «0~RADEN)

WOITE(6e12) RE«FRJCDIF

FORMAT(IH +38Xs3HREZ+F 106 512X 3HFR=¢F 1050 2XsSHCDIFzsF1065)

SFET THE DEGREE OF POLYNOMIAL USED AND IT COEFFICIENTS FOR
DESCRIBING RET=F{T) '
THIS POLYNOMIAILL 1S CALCULATED BY PROGRAMME 3 OR 4

MAX=11

’31\(1) = OQO

Ap(2) = 0,26345E+02
AAL3) ==0.99126E+00
Anlay = 0518633E4+00
Ap(S) =-~0,43682E~01
AA(E) = 0.,54021E-02
AAL(T7Y =~0,39844FE=-03
Ap(8) = 0,18318E-04
AA(D) =2-0,51484E-006
AA(10)r= 0,80999F~08

AAC(11Y==0:584643E~10

Iem ULP3=1 LLIMEAR INTERPCLATION HAS TO BE USED

To ESTIMATE THT INCREAMENT OF STREAMFUNCTION AT THE OUTER BOUNDARY
TH1IS HAS TO DONE WHEN SOLUTION NEARING STEADY STATE WHERE

THE POLYNOMIAL OBRTAINED BREAK DOWN

Le3=0
502068
RT=283+9
R=0,995

CONT INUE

SH=0,0¢

Ko =

Sic=3e 1415C%¥FLOATINKS ) /18040
ST=0,01

‘ TIME:0.0

INI=S1SUNTI =31

IN=IN1~-1

IN=UNT =1

JNHH=JUN/2

INHHP2 = UNHH+2 ,

CENTRAL DIFFERENCE APPROXIMATION IN THE NON-LINEAR TERM
OF THE VORTICITY EQUATION '

W1 1520,56W21=20.58W31=20,0
Lm3=0
SET THE CONVERGENCE CRITERIA AND THE RELAXATION FACTORS

CrU=0,000001
CeG=06001
DEU=1,908
NneG=0 e 75
MNPR=0S I NPRV=0
Mx I TER=20
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MXUP=2008MX1 =200

SET THE INPUT PARAMETER

LNPI =18 NP2=0gL NP3=0

ISKIPT=0 "
1SKIPO=0%1SKIPN=0

SET THE TAPE NUMReER
Tt=280J=1
Kie=3

SFET THE QUTRPUT PARAMETERS

CPT=1200,080PTIME=1C,0
NT IMES=401
NORINT=40

SET THE PARAMETERS FOR THE STREAMFUNCTION AND VORTICLITY
CONTOUR PL.OTS

RELOTUZ4  08RPLOTV=4 . 0EM=8S I XSTEP=60

IYSz | o COHEEXFLOAT(IXSTEP~1 1415

KinU= 1 0sKNVY =9

VeU( 1) =008VCU(2)=200018VCUI3)=0:013VCU(41=0e1B3VCU(5)=0s5
VelU{6) =1 e 0BVEU( 71226 0SVCU(B) =060 18VCUI D) =~0058VCU(10) =-0al
VeV 11=20,08VCVI2)=0,018VCVI3)I=0,28VCVI4)1=055VCVIS)=1:0
VeVIBI=2,0SVCVIT7Y=~0,018VCVIB)==0,4 1 EVCVI(9)=-0e5

RETURN

END
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SUBROUT INE OUTRC

THIS SURROUTINE UPDATE THE STREAMFUNCTION AT THE OUTER BOUNDARY
Wi1TH TIME. THE OQUTER ROUNDARY CONDITION 1S CONSIDER TO BF
UNIFORM PARALLEL FLOW

(aNoNeNe N Na Ne!

COAMMONAORCY DELTT+LP1sLP2 L PRARRT SR

COMMON/POLLYZ AR{20) emAX

COMMON/ INICD/ FR«RET+RADENRET1

COMMON /GRIDC/ Z(61)sE (611 ITHETA(GE1) +SN(61)1CS(61)+CT(ELY s
1 H3(61461) s THETA(SBL)

COMMON ZININC/ INTSJINTsINIIMNeSHesSKISTsKSeRESsTIME+NTIMES
COMMON/ZUOGOC /Y U0(61¢31)¢G0(61431)

COMMONAUNGNC Y UN(61 31 )sGNI6T1 ¢31)

T=TIME
IF(LLP34FQe1) GO TO 400 !

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

RET=AA(1)

DO 1 K=2+MAX

RET=RETHAA(K) ¥ TH% (K~1)
1 CONTINUE

IFIRETSLERT) GO TC 10

I LP3=1s LINEAR TNTERPOLATION IS USED TO CALCULATE THE
INSTANTENOUS REYNOLD NUMBER(RET)

LP3=1
400 CONTINUE
WRITE(G6+123) LP3 .
123 FORMAT (X e %L P3=%, [ 292X« ¥*HENCE LINFAR INTERPOLATION USED*)
RET=RETI+S5T#SR
RATIO=RET/RE
IF(RATIOGTeRY GO TO 200

UBDATE THE STREAMFUNCTION VALUES AT THE OQUTER BOUNDARY

Lo2=0
DO 2 J=2+JN
GN{INTeJ) =0,0
UNUINTI s J)m0eSHHBLINTI s J3*HI(INTI s ) HRATIO
2 CONTINUE -
GO TO 300
200 CONTINUE

IF(IRET/RFE ) oLEsRY CONSTANT OUTER BOUNDARY CONDITION 1S THEN USED

WRITE(6:201) RATIOST
WURITE(6:202)
Cal.l. CNSTAC
LP2=1

300 CoNTINUE
DO 3 I=14+1INI
UD(Teld)=UNI{Ts1)

-
</
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UO(T«UNTI=UNCT ¢ JUN1)
3 CONTINUE
DO 33 J =1+:IN1
Ut e J)Y=UNCL o)
UOTINT «J)y=UN(INT + U}
32 CONTINUE
RETURN

) 201 FORMAT(2X e/ 79 10X #CONSTANT OUTER BOUNDARY CONDITION 15 NOW USED SI

OO0 00

INCE RET*42XeF 10,54 1Xs#RE AND TIME=z%#+F1065)
202 FORMAT(EOX s 1S5 H- o= sassennx )
END

SUBROUT INE CNSTBC -

THIS SUBROUTINE CALCULATE THE STREAMFUNCTION AT THE OUTER BOUNDARY
WHEN STEADY STATE 1S APPROACHED

COMMON /GRIDC/ Z(a1)sFE(H61)+ ITHETA(G13+sSNIS1)1CS(611+CTI6] Y
1 H3(61+51)sTHETA(H])

COMMON ZINJUNC/ INT*UN1IINsINeSHeSKaST+KSIRE+TIMENT IMES
COMMON /CONWT/ CCUCCGsDFUDFG

COMMON/UNGNC/ UN(E121)YsGNI61+31)

DO 10 I=1sINI
UnN(Tlel =00
UNCTeUNT1)=0,.0
10 CONTINUE
DO 11 J=1sUNI1
Uni(1e0)Y=0,0 )
UNCINI s ) =0S#H3( INT s JHIFHI (INT ¢ J)
11 CONTINUE
DO 12 1=1+¢IN1
GN(T213=0,0 .
G + UN11=0,0
12 CONTINUE
DO 13 J=2+JN
GN{INTaJ)=0,0
13 CONTINUE
ReTURN
END
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SUBROUT INE INTVAL

THIS SUBROUTINE SFTS THE INITIAL CONDITON

THE INITIAL CONDITION IS CALCULATED AT SOME TIME INTERVAL DELTT
AFTER ZERO BECAUSE AT TIME EQUAL TO ZERO VELOCITY 1S ZERO

FOR THE CASE OF CONSTANT QUTER BOUNDARY CONDITION A SIMILAR
SUBROUT INE INTVAL AS USED BY RAFIQUE IS USED

COMMON ZGRIDCY Z(a1)1+E{(B61 3+ ITHETA(G1) +SNIGL1)IsCSI61)Y+CT(B61Y
1 HMA(61:61) s THRETALSL)

COMMON/UOGOC Y U0(A1+31)eGO(6H1e31)

COMMONMN/UNGNC /7 UN(&Ls31)YeGNIH1 531

COMMON ZINUNC/ IN1sUNTsINI JUNsSHISKsSTeKSsRE«TIMEYNT IMES
COMMON /CONWT/ CCUCCGsDFUDFG

COMMON ZNPRC/ NPRUL e NPRGE «NPR1T s NPRUINPRG s NPR«MNPRsMX ITER  INPRV »
1 NERINT « MXU s MXUP

COMMON ZLRSTAB/ LRS!

COMMON ZICOFF/ B1(61)B2(61)+C(61) +ASH

COMMCN Z/JUCOEF/ B3{61)s FRa{61)sA«ASK

CONMIUN Z1JCOEF/ BH4sCR15KYG

COMMON/OBC/ DELTT P 1¢LP2+LP3+R«RTsSR

COMMON/ INICDY/ FR«RETsRADENRET1

COMMOMN/POLLY/ AA(20) sMAX &

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

TIME=T

RET=AACY)

DO 1 K=2sMAX
RET=RET+AA(KY #TH#(K=1)
COANT INUE

RATIO=RET/RE

STOKES SOLUTION 1S USED TO EVALUATE THE STREAMFUNCTION AND
VORTICITY VALUES AT THIS INITIAL TIME

TO CALCULATE THE INITIAL VALUES OF VORTICIT?
AL OMG THE AXIS OF SYMMETRIES

DO 10 I=2¢IN

GO(1e31)Y=0,0

GO(T+IN1 =00

CONT I NUF

AL ONG THFE SPHERE SURFACE

DO 11 Jd=1eUNY

GO(1 ) =2(3.0/2,0y%5SN{I#SNINY¥RATIO
CONT INUE :

AT THE OUTER BOUNDARY

DO 12 J=1UNI
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Go(IN1+J)=0,0
CONT INUE

AT ALL OTHER MESH POINTS THROUGHTOUT THE FIELD

DN 13 1=2+¢1IN

‘DO 13 J=2e IN

COll o =(3,0/2,0Y%SNIJIANSNIIHRATIO/E(T Y
CONT INUE

To CALCULATE TEHE INITIAL VALUES OF STREAMFUNCTION
ALONG THE AXIS OF SYMMETRIES

DO 20 1=2+¢1N
UO(I’I):‘-'OQO
U1 e UN1Y=0,0
COMNT INUE

AL ONG THE SPHERE SURFACE

DO 21 J=1¢JUINI
Uo(1+0)=0,0
CONT INUE

AL ONG THE OUTER ROUNDARY

DO 22 J=1+IN1

UOUINTeJ)=0SHHIBUINT  II¥HI(INT«J) #RATIO
CONT INUE

AT ALL OTHER MESH POINTS THROUGHOUT THE FIELD

DO 23 I=2+1IN
nO 23 J=2¢JN

UO(I’J)ZO.S*HB(IQJ)*HB(I*J)*(IQO“BQO/(ZOO*E(I))+100/(200*(E(I)**3

10) )1 %¥RATIO
CONT INUE

Les1=1

Cal.l. RESTARB

DO 120 JU=1+JN1
DO 120 I=141IN1
UN{T e J)=U0D1T e )
GNI{1eJ)=GO(T«)
CONT INUE
RETURN

END
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S SUBROQUTINE  CNPLOT
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i
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100
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13

12

104
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THIS SUBROUTINE PLLOT STREAMFUNCTION AND VORTICITY CONTOURS

DIMENSION CHAR(]1209
COMMON/GRINCY/ ZIB1)+F(H1) s ITHETA(GTI ) s SNIHE1 )19 CE(E1YsCT(E1 Yy
H3(61¢61) s THETA(G1)

COMMON/INJNGY/ INTeJINTs INeUN+SHeSKeSTIKS+REsTIME«NTIMES

COMMON 7/PLOTCY XX1(509:10) e YY1 (5EGs10) e XX2(30+10)+sYY2(230+10)yRPLOT
IVS s IXSTEP s UNH1 s INHa KNP« LPLOT +RFLOTUIRPLOTV

DATA SLANKsPLOT/IH ¢ 1He/

DX=RPLOT/(FLOAT(IXSTER~1))

DXHLF=DX/ 2,40

Do 10 L=1+4120

CHAR (L)Y = PLOT

CONT INUE

WRITE(64100) CHAR

FORMAT(1H1:120A1)

DO 11 L=1+119

CHARIL)Y = BLANK

CONT INUE

PLOT CONTOURS IN THE UPSTREAM SECTION

XPLOT=RPLOT

CONT INUE

DO 12 JJ=1+4UNH

DO 12 K=1+KNP

17 (ARSIXPLOT-XX1{JJsK))LELDXHLF)Y GO TO 13

GO TO 12

LL=(FLOATIIYSI/RPLOT1#YY1(JJ'KI+0,5

IF(LLeEQeD +sO0Ra LLeGTL1YS) GO TO 12

CHAR(LL)Y = PLOT

CONT INUVE

IF(XPLOTSl.Tels0)y GO TO 2

WRITE(6:101) CHAR

FORMAT(1Xe1Hes1204a1)

CONT INUE

DO 14 L.=14+41YS

CHAR(L Y= BLANK

CONT INUF -

I (XPLOTLI.E(DX/1000,0)) GO TO 4

XOLOT = XPLOT - DX

GO TO 1

CONT INUE ‘

CL=10~{(XPLOTy* (XPLOT}}

Le=(FLOAT(IYS)Y/RPLOT)I%#SORT(CL) +0.5

IF(LCoEQeD oORes LCeGTIYS) GO TO 5

CHAR(LC)Y = PLOT

CONTINUE

WRITF(64102) CHAR

FORMAT{2X+120A1)

GO TO 3

CONT INUE

PLOT ¢cONTOURS IN THFE DOWN STREAM SECTION

X OT=0DX

NHJ = JNH =1

N,;de*’l

CONT INUE
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DO 15 JJz=JINHNJ

DO 18 K=1 e KNP
IF(ARSIXPLOTH+XX1(JJ K)o LEDXHLF) GO TO 16
CO TO 17
LL={FLOAT(IYS)/RPLOTYI®YYI(JUJK) 4+0.8
IF(LL eFQeQ «ORe LLeGTeIYSY GO TO 17
CHARILL)Y=0LOT
IF{ARS{XPLOTH+XX2({ JJ=NHJIsK) J LEDXHLFY GO TO 18
GO TO i35

LL=(FLOATOIYSH/RPLOTHI(NYY2 (JJ=NHUK)Y + 05
IFLLEQ.0 +ORs LLeGTelYS) GO TO 15
CHAR(LL) =FLOT

CONT INUE

IF(XPLOT . Te10Y 6O TO 7

WRITF(6:101) CHAR

CONT INUFE
IFIXDLOTCE s (RPLOTDX/1000.0)) RETURN
DO 19 L.=1+1Y8

CHAR(L.Y= BLANK

CONT INUE -

XBLOT = XPLOT +4DX

GO TO 6

CONTINUE

CL=1eQ={ (XPLOTY®(XPLOT))
Le=(FLOATULIYS) /RPLOTI#SART(CLI+065
IF(LCeEQ200CRs LC.CTe IYZ)Y GO TO 9
CHARL.CY=FLOT

CONT I NUE

WRITE(6:102) CHAR

GO TO 8

END

SUBROUTINE POSITN

412

THIS SUBROUTINE POSITION TAPE3 READY TO STORE DATA FOQ LATER

USED BY THE ENERGY PROGRAM

COMMON/LNTAPS3/ 1SKIPTe KK
REWIND KK

CALL SKPFILE{ISKIPT +KK)
RETURN

END
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SUBROUTINE 1NPUT

THIS SUBROUTINE cONTROLS ALL INPUT DATA TO START THE COMPUTATION

COMMON
1

GRIDCY 2(a1)sF(E1)sITHETAIHB1)Y +SNIHE11+CS{61)YesCTIHEL) 0
H3(61361 )+ THETA(AL)

COMMON/UOGOCY UO(E1 131 )1¢GO(H6131)
COMMONAUNGNCY/ UN(AL1+31)sGN(&E1s31)

COAMMON
COMMON
COMMON

COMMON
COMMON
COMMON
COMMON
COMMON

ZINUNCY IMI*INT s INeJINeSHISK«STsKSeREs TIME«NTIMES

JCONWT/ CCUSCCGsDFUSDFS

/NPRC/ NPRULsRNPRGT s NPR1 « NPRU s NPRG « NPR s MNPR s MX [ TER » INPRV »
NERINT « MXU s MXUP

STETFR/ RX(61)

ALNPUT/ NP1 s LNPZ2 s LNP3 )

ZICOEF/ B1(61)+8B2(61)sC(61) s ASH

/JCOEF/ B3(61)s BA(61)91AsASK

Z1JCOEF/ SH4:CR+SK4

NEPRUI=(IN=1¥®*(UN-1)

NPRGI={IN~1)

NEORT =NPRUL+NPRGE

IF(LNP1EQ.1Y GO TO 10

IF(LNP2,EQs1)Y GO TO 11

IFILNP3.FEQel1) GO TO 12

WRITE(6:100)

FORMAT(1H 10X #WRONG INPUT PARAMETERsEXCUTION TERMINATED¥® )

STOR

I3

CONT INVE
cal.l. GRID
Callll COEFF
Callll INTVAL

GO TO

13

CONT INUE

CalL INTAPE

DO 1T JU=16eUNT

DO 1 I=1+41IN1
UN{Te«J)y=UN(TsJ)
GO(I e Y=GN(TsJ)
CONT INUE

GO TO 13

CONT INUE

CAaLL INTAPE
CONT INUE

EVALUATE THE CONSTANT COEFF{C!ENTS FOR VORTICITY TRANSPORT
EAQUATION

Az2e 0% ({10/SHR%2,0)+(10/5K*%2,0))
SH4=4 6 O#SH

Sica=g . 0¥8K

ASH=2¢ 0/ (A%SH¥*SH)

ASK=2,0/ (A%SK*SK)
CR=RE/ (B8 O¥SH¥SK*A)

DO 14

I=1+1IN1

RX(I =(EX 1) *E(] ) %*RE)Y /(A¥ST)
CONTINUE

RETURN
END
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SUBROUTINE UPDATE

THIS SUBROUTINE UPDATE THE VORTICITY AND STREAMFUNCTION FIELDe
PEACEMAN AND RACHFORD (ADI) METHOD 1S USED TO UPDATE THE
VORTICITY WHIlLg SUCCESSIVE POINT [TERATION OVER-RELAXATION
METHOD 1S USED TO UPDATE THE STREAMFUNCTION

COMMON /GRIDC/ Z(61)3sF (6112 ITHETA(G1)sSNIBE1)sCS(H1)+CT(HT) 0
1 H3(H1:61)1sTHETA(GL)

COMMONZUNGNC/ UN({61+v31)1GN(G61+31)

COMMONAUDGOC/ UOIE1931)9GO(61+31)

COMMON ZINUNCY IMI'UNT*INsJINesSH+SK+STeikSsRESTIME+NTIMES

COMMON Z/CONWT/Z CCUICCG«DFUSDFG

COMMON /MNPRC/ NPRUL sNPRGT sNPR1 + NPRU s NPRG s NPR s MNPR s MX I TER y INPRV o
1 NPRINT « MXU e MXUP

COMMON /TSTEPR/ RX(61)

COMMON ZLMAIN/ LM{/LM2sLM3 M4 s LLMS s LLME

COMMON ZLRSTASR, LRS!

COMMON /ICOEF/ B1(613+422(6131:CL{61) +ASH

CONMMON ZJUCOEF/ R3(61)e B4(61)sAsASK

COMMON S1JCOEF/ SH4:CRSK4

COVMON /SIVCF/ C1(6119C2(81)sC3(81)sDIB1)Y*P(61) LLEV]

COMMON ZVFIELD/ LF IS F2eLF3¢JCUT INSs I1SCANS ISLOPE

COMMON FOMEGA/Z W1 {*WP1 «W31s W12 W22+ WR2e W13 W239W33

COMMON Z/70UTBC/ DFUBsCCUCR s UNHMH s JNHH2

Wi=W11sWa=w21sW3=w31
C1(11=0,0

C2(1)=1e0

Cz(1)1=0,0

IF(LM1,EQeQ) GO TO SO0

URPDATE VORTICITY VALUFS AT HALF TIMF-STEP —-— ALONG 1-DIRECTION

C1(UN1I=0,0
CPIUNLII=1.0

Ca(UN1I=0,0

LsVi=t

DO 200 1=2+IN

D(1Y=GN(1+1)

D(INTY=CN( s N .

DO 20 JU=2+JIN

SKG=CR/H3(1¢J)

DIFUJ=UO(T s J+1)-UN(TeUu=1)

DIFUMP=DIFUJ+ABRS(NIFUY)

DIFUUN=DIFUJ~ASS(NIFUY)
Cr1{Jy=R2(1)-SKGH{WIXDIFUINFW2XDIFUIP)
ColU)=RX{])~ASH~-SKGX (WIHD IFUIN~WIXDIFUIP + SHa¥DIFUJ)Y
Ca(J)=B1(1) +SKECR(WIHDIFUJIP+WIHD IFUJIN]

D(JN=CL () ¥GO( =1+ I)4+C2( I #GO( 1 v I)+CLIIXGO(T+19J)
DIFUI=UO(TI+1+)-U0(I—14J) .
DIFUIP=DIFUI+ABS(NIFUL)

DIFUIN=DIFUI-ABS(NIFUT)

CIlS) == (B J)+SKGH (W #DIFUTIP+W2HD IFUINY )

Cr () =PXUI ) +ASK=SGX (WAFD IFUIP~WIAADIFUTNASKA¥CT(JI¥DIFULY
Cal)=~R3{(J) +SKCGH{WI*DIFUIN +WIRDHIFUIP)

20 CONTINUE
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call. SOLVE

DO 21 J=1+JN1

GN (e dy)y=P(N

CONT INUE

CONT INUE

DO 22 J=1eUIN1

DO 22 1=1«IN1

CGOlT+ J)=GN{1sJ)

CONT I NUE .
IF(LMAFQe0) GO TO 500

SOLVE STREAMFUNCTION AT HALF TIME STEP. THIS 1S FOUND TO
BE NOT REALLY NECr3SARY \

N=0O

CONT INUE

NPRU=NPRU |

DO 310 U=2+JN

DO 310 I=24IN

UAN=S1 (I RUNC T4+ 1 JY+R2CTIRUN (I~ 1s D4BICH ¥UNI T+ J+1)+B4 (I ¥

TUNCT o U—1)—CLIIHGNCT o)

UGNzUNC T« J)Y+DFUS (UGN-~UN(T s J) )
FRROJU= (USN-UNI{T.+1) ) /UGN
IF(ARS{ERRORU) 4LECCUY NPRU=NPRU-1
UNICT ¢ J) =UGN

CONTINUE

M=N+1

IF(NPRULEQ.D) GO TO 61
IF(NEQ.MXU) STOP

GO TO 31

CONT INUE

Calll. VARABC

UDPDATE VORTICITY VALUES AT NEW TIME STEP «—- ALONG J-DIRECTION

CONTINUE

Ci1{IN1)=0,0

Cr{IN1I)=10

C2(IN1)=0,0

Levi=0

0o 100 U=24JN

D(1)=GN{1s.J)

DOINTIY=GN{INLsJ)

DO 10 I=2+¢1N

SkG=CRAH3I T J)

DIFUT=UN(T4+1+)-UNTTI-1eJ)

DIFUIP=DIFUI+ABS(NIFUL)

DIFUIN=DIFUI-ABS(DIFUL)
C1{1)1=Ba{I)+SKOH(WIH#DIFUIP+W2*¥DIFUIN)
Cg(l):RX(I)~ASK+SKG*(W3*DIFU!P~W3*DXFUIN+SK4*CT(J)*D!FUi)
Ca(1)=R3I(J)~SKGH{WIHXDIFUIN +W2IRDIFUIP)

D{MI=2CIL I *GO( T e d=1)14C2( 11 HGOLT « ) $CB{THI*GO( T o d+1)
DIFUJ=UNIT s J+1)~UN(TeJ~1)

DIFUUPR=DIFUJ+ABRS(NIFUY)

DIFUUN=DIFUJ~-ARS(NIFUY)

Cr 1) ==B2 (1 1+SKGX{WIHD IFUINFWIRDIFUIP)
Coll)=RX(T)I+ASH+SKEHIWIHDIFUIN-WIADIFUJIP+SHAX*DIFUL)
CAalI)=—~(B1{I)+SKEHIWIADIFUIPHWRRD IFUINDY )

CONTINUE
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CaLL SOLVE
DO 11 I=1+INI}
GN(TeJ)=P(1)
CONT INUE

CONT INUE

SOLVE THE STREAMFUNCTION AT NEW TIME-STER

N=0O

CONT INUE

NN+

NEeRU=sNPRU L

DO 300 JU=2+UN

DO 300 1=2¢IN

UGN=B1 (I)HUNIT+1s U482 (T 1#UNII=1 e N+B3 () FUNIT s J+1)+B4 LUy %
TUNCT s U~1)-ClIIAGN(T v )
UGN2UNCT o« JY+DFUS {UGN=-UNT{ T +J} )
EoRORUz {USN~UN( I+J) ) /UGN
IF(ABS(ERRORU) «LFCCU} NPRU=NPRU-1
UNTT 2 JY=UGN

CONT INUE

IFINPRUFQ,0) GO TO &2
IFINLEQ.MXUP)Y GO TO 2000

GO TO 30

CONTINUE

Lma=0

ReTURN

CONT INUE

LRS1=0 "

Calll. RESTAR

STOP

EnD

SURRQUTINE COEFF

THIS SUBROUTINE CALCULATE ALL THE COEFFICIENTS NECESSARY IN
THE FINITE DIFFERENCE EQUATION

COMMON /GRIDC/ Z(61)sE(H1)+ITHETA(E1) +SNIE1) +CS(E1)+CT(61 )y
1 H3(61:61)« THETA(S])

COMMON ZINJUNC/ INT*JIN1sINsIN+SHsSKySTeKS«REs TIME+NT IMES
COMMON /CONWT/ CCUCCGDFUSDFG

COMMON ZICOEF/ B1(61)+s82(61)¢C(61) sASH

COMMODN /ZJCOEF/ B2(61)s Ba(61)1+AASK

COMMON /1 JCOEF/ SH4+CR+5SK4

A=PeOX((10/5H#%2,0)4(1,0/5K*¥%2,0))
DO 10 I=2¢IN
B1(1)=({1.0/SH##2,0)-0.,5/SH)/A
52(1)z((I.O/SH**7.0)+O.5/SH)/A
C(li=(E(I)¥E{T1)1/A

CONT INUE

DO 11 J=2+JIN
Aa(d)={({]1.0/5K%%2,0)1-0,5%CTIY)/GK) /A
Bal(Jd)=({1a0/5KK%%2 ,01+0,S*#CT (N /3K) /A
CONT INUE

Re TURN

END

4106
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SUBROUT INE GRID

THIS SUBROUTINE CALCULATE ALL THE COEFFICIENTS NECESSARY
AT EACH MESH POINT

COMMON ZGRIDC/ Z(ALIE(S1)«ITHETA(S1)1SN(G11Y1CE(H61)+CTI6LY
1 H3{61461) s THETA(SEL)

COMMON ZTINJINC/ INTYUNT s INs UNeSHSK e STeRKS+RE« TIMENTIMES
COMMON /CONWT/ CCUtCCGeDFUSDFG

DO 10 U=2+UN
ITHETA(Y) =KS#* (J~1)
THETA(JY= SK¥FLOAT(J=-1)
CSNOJY= SIN(THETA(U))
Ce(JI=COS(THETA(JY?
CT(J) = CSEI)/SNCI)
CONT INUFE
ITHETACLY=0
ITHTTA(UNTI =180
THETA(1)=0.0
THETAUIND ) =SK*FLLOAT (UN)
SN{1)Y=0,0
SNIJN1I=060
CS(l)zl.O
CS{JINII=~160
DO 11 I=2+1IN
ZeIY=SH*FILLOAT(1~1}
FCIY=EXP(ZIT))
CONT INUES
Z¢1)Y=0,0
Z{INDY=SHEFLOAT (TN
E(1)=1,0
ECINTI=EXR(Z{INLY)
DO 12 J=1eUNI
0O 12 I=1+INI
Ha{I e N=E(TIXSNIY)
CONT INUE
RE TURN
END
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SURROUT INF OUTPUT

THIS SURPQUTINFE roNTROL THE OUTPUT OF THE RESULT

COMMON /GRINDCY/ Z(AT1Yar(HB1 )+ ITHETA(S1) +SNIB1) s CS(A1)YCTIE Y s

1
COAVIMON S ITNUONG /.
COMMON /CONWT/

HR{G 14611y THETAIB1)
INTYUNT o INe MeSHeSK 4 STaSeRF s TIMEFsNT IVIES
CCUIsCCGeDFUSDFG

CAMMON /L RSTARYZ LRSS
COMMON JLOTOUT, Ll 1L O0P2 L 0P3

L.mSY ="

IFILLMP 1 FMei Y GO TO IC
TR (L OPR a1y 00 TO 11
I (LB 7m0y 2 TO 12

Wl Telaea100)

418

FORMAT(IHT ¢ 49HINCNRRPEAT GENTRATION OF QUTRPUT CONTROL PARAMETERS)

R TURN

CONT INUF
catl ouTAPT
CALl RESTAR
Calll CHDRLTP
Calll, POCOFF
Callll GRAD
e T it

CANT INUE

W T (A e 2N0)
AL v aee
Call, PFSTAR
FARMAT(14HT + 20X,
ReTURN

CoONT MU
Call. CNPLTP
Cabl PDhCO=F
PeTLIDN

Frm

QUIPDAYT IME GPAD

#AX, [TERATION PEACHED® )

TwlS sUepRnUT INE cF e THE FIDST eI VvATIVE OF THir
STOEAMEUNCT IO ATAUNS THE QOprRE SUDE ACE

CAMMON L/ INUNG/ I v UM e [N M B e S e ST Se R s TIF e MT [ MRS
COMMANL/UNMGMC Y/ UIN(AT e ) anBNIAT s 21 '

nred Jstedndd

COPTEN = (O, BRUN( D

Jy 11D/ Oy NI e )y ) £ 5H

W T T (A 1 N0Y e 0D

CANT p )T
oy AT (R e 7D g 5
e TN

[ L]

T e
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SUBROUT INE VARABC

THIS SUBROUTINE FVALUATE THE SURFACE VORTICITY AT EVERY TIMESTEPR

COMMON
1

ZGRIDCY Z(61IE(E1Y+ ITHFTA(SH1) +SNIE1)1CSIH1ICT(H1 )
H3(E1+61)2 THETA(SG1)

COMMONAUGGOCY UO(61+431)¢G0(61431)
COMMON/UNGNC Y UNIG1931)2GNI&1+31)

COMMOM
COMMON
COMMON
1
COMMON
COMMON
COMMON
COMMON
COMMON

ZINUNCG/ INToUNT e INeUNISHeSK ST+ KS«RESTIMESNTIMES

SCONWT/Z CCUCCGsDFUSDFG

ANPRC/Z NPRUL «NPRG1T sNPR1 « NPRUSNPRG s NPR s MNPR«MXTTER« INPRV »
NPRINT «s MXU s MXUP

ATSTEP/ RX(61)

AUMATIN M1 oL M2sLMI3LMEWLMS|_ME

AICOEFY B1(61)1R2(61)sC(61) 2 ASH

/JCOEF/ B3(61)s BA(E1)sAASK

ZTJICOEF/ SHE4sCR«SK4

NORG=MNPRG ]
REH2=05/ (SH##2,0)
IFILMI «EGel) GO TO 11

EVALUTION OF SURFACE VORTICITY USING A CUBICAL POLYNCOMIAL FORMULA

DO 10 JU=2+UN
UnNz {86 OXUN(2 ¢ J)=UN(3 s J) } ¥RSH2

UGN=GN (1 +Jy + DFG#IUGN-GNI(1+0))
FRRORG=(UGN-GN(1+J) ) /H3 (1)

IF (ABS{ERRORG) «LE+CCG) NPRG=NPRG-1
GN (1 J)=UGN

CONT INUE

RETURN

CONT INUE

DO 12 J=2+UN

CNU1eJ)=(B, 0XUN(24J)=UN{3+J) ) XRSH2
CONT INLE

R=TURN
END
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SURRQUT INF SOLVE

THIS SUBROUTINE SOLVE THE TRI~DIAGONAL MATRIX FOR THE VORTICITY
FQUATION,

DIMENSION W(61)eG(61)

COMMON /GRIDC/ Z{61)1+F(61)s1THETA(GE1)sSN(B1)CS(61)+CT(HL) »
1 H3(61+61) s THETA(G1)

COMMON ZINUNC/ INTsINIsINI UNeSHISK +STeKSRESsTIMEINT IMES
COMMON /SLVCF/ Cl{61)e4C2(61)3C3(H61)1:D(81)P(H1)LSVY

Ik LSViI=t UPDATE COLUMN BY COLUMN OTHERWISE ROW BY ROW

IF(L.SV1.EQs1) GO TO 100
W(l)=Cz(1l)

G(1y=D(1)Y Wil

DO 10 1=2+IN1
W(ly=C2(1)~C1(I¥%e301~1)7W(1~1)
G =(D()=C1II#G{TI~-1)) /WD)

CONTINUE
PeIN1Y=G(IN1)
=IN
Py =GlI)Yy~C3I3¥P(I+13 /W (1)

I=i-1

IF{I«NEL0)Y GO TO 20
ReETURN

CONT INUE

W(l1)=C2(1)

TG(1Y=D1Y /WL

DO 30 J=Z2eJUNi

W =Ca2{U=C1{Nxc3 (I~ /W (J-1)
G =D ~CLINHGLI=-1 1) /WD)
CONT INUE

PeINTY=G(JINL)

J=UN

P =GII =CAIIIEP(J+1) /W (D)
J=J=1

Ir (JoNEL0Q) GO TO 40

RETURN

END
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SUBROUT INE CNPLTR -

TH1S SUBROUTINE EVALUATES PLOT POSITION OF BOTH VORTICITY
AND STREAMFUNCTION CONTOURS AND CALL THE LINE-PRINTER ROUTINE

DIMENSION VN(61+31)

DIMENSION ZVC1{10)sZVe2{10)y+LVC(10)

COMMON /GRIDCY Z(6113E(B1)9 ITHETA(G1) +SNIH1)I1CS(H1)+CT(H1) s
1 HM3(61:461) s THETA(SL)

COMMON /INJUNG/ IN1*JUNI ¢ INeJNISHISKISTKS e RE'TIMEsNT IMES
COMMON /CONWT/ CCUCCGsDFUIDFG

COMMON/UNGNC” UNIS1+31)eGN(H1231)

COMMON /PILTRPCN/ VeV 10) e VOV 10) s KNU KNV oM

COMMON /PLOTCY XX1{(59:10)eYY1(59s10})sXX2(306¢10)+¥Y2(30410):RPLOT»
TIYSs IXSTER s UNH1T « JNH KNP« LPLOTsRPLOTUSRPLOTV

EQUIVALENCE (UN(1+1)eGN{1s1})

WeITF(6+1000)

WoITE(641001)

WoITEF{(GE 1002 (VCUIKYeic=1 siNU)

DO 11 K=1 ekKNU
ZvC1 k=040
ZyC2(k)I=0eC
LVC(KI=1
CONT INUE
PNl =l IN#MA 10+ 1
TIN =TINI=-1
JNH=UN/2
SN = UNHA
DO 100 J=2¢ U
SEARCH AND INTERPOLATE BETWEEN TWO I-LINES

w——— STREAM FUNCTION CONTOURS —=-—

DO 110 1=2411INt

DO 110 K=1.KNU
IF(UNITI=-10U1elLEVCUIK) c ANDSUNI T ¢ J) e GESVCUIK) )Y GO TO 200
IF(UN(T~190)eCF VCULIR) d ANDJUNIT T s U) oLE e VCUI(K)Y)Y GO TO 200
GO TO 110

IF(LVCIKYEQ.0) GO TO 201

ZYCI(K) =SHE(FLOAT (I =2)+{(VCUIKI~UN(I=1e¢J))/(UNITsJ)=UN{I-14J3))
ZVC2{K)=040

LVC(iK)=0

Go TO 110
ZVC2(K)=SHR¥(FLOAT (1 =234+ ({VCU KK =UN(I~1 + J) I/ (UNTI=1eJ)))
CONT INUFE

DO 300 K=t e NU

ZVC1IRY=EXP{ZVC 1))

ZYC2({RY=EXPI{ZVC2(K))

IF(ZVCIIK)oLES1.0) ZVC1(K)=0.0

IF(ZVC2IKI e LE e 10y ZVC2{K)I=0.0

YY1 (J=1sK)=ZVC1 (K)HFSN(U)

XX1(J=~14K)=ZVCH(KYIFCS (D

IF(JelLTe UNH1)Y CO TQO 300

Yv2({ J~JNHsK )= ZVes{KyHSN(L)

X J-ONHe Y= ZVes (IKYy2CS(J)

CONT INUE

WoITF(6:1003) ITHETACI s (ZVC 1K) sK=] s KNU)

WITeles1004) (Zyvel2 (k) okK=1 o iKNUD

DO 15 K=l eKNU
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ZVC1(Ky=0,0

ZVC2(K)1=0,0

LVC Ky =1

CONT I NUE

CONT INUE

FLOT STREAM  FUNCTION CONTOURS

RELOT=RPLOTU

KNP = gNU

CALL CNPLOT

DO 16 J=2sJN

DO 16 1=1s11IN1

VNCT s I =GN{Te Y /HAUT )

CONT INUE

WoITE{(6. 1005}

WRITE(641001)

W ITE(G¢1002) (VCVIKYiK=1 okKNU)

DO 17 K=1:KNY

ZVC1(K)I=0,0

ZYC2(RY=0,0

LVCiK)y=1

CONT INUE

DO 120 J=2eJN

DO 130 1=2+11N1

DO 130 K=1skKNV

SEARCH AND INTFRPOLATE BETWEEN TWO I-LINES —=— VORTICITY CONTOURS
IF(VNITI=18J)elLEeVOVIK) s ANDoVNIT 0 J) e GEVCVIK)) GO TO 2000
I {VN(TI -1+ J)eCFEeVOVIK)  ANDe VNIl e J) 4LE.VCVIKY) GO TO 2000
Go TC 130

IFILVE(K) oEQe0) GO TO 2001

ZVC I {K) =SHEIFLOATI I =2) +{VCVIK)I=VN (I1=1¢ D I/(VN(ToJ)=VN{I~-1¢J)))
ZVCZ(K)“:O:O

LVC(K)=0

GO TO 130

ZVC2UR Y =SHE(FLOAT (I =214 (VCVIK)~VN{I-1 ¢ 1)/ (VN{T o ) =VNU T =193 )
CHONT INUE ’
DO 301 K=1 KNV

ZYCI{K)=EXP(ZVC1(K))

ZVC2 kI =EXP(ZVe2(Kr))

IF(ZVC1I(KILEG1C) ZVC1IK)I=0,0

IF(ZVE2IK ) ol E e 1e0) ZVC2(K)I=0,40

YY1(J=TeK)=ZVC1(KIFSN(J)

XX{(J=~1eK)=2ZVC 1Y HCS(I)

IF(Jel.Te JNHLY GO TO 301

YY2( J~JINHIK I =2V (KYy%#SN(J)

XX2( S=INHeK I =ZVCP (KYy#aS(J)

COMTINUE \

WRITE(H:1003) ITHETA(D) s (ZVCTIK) sKK=T s KNV

WRITE(6:1004) (ZVeZ2(K) oK=1 1 KNV)

DO 25 K=1KNV

ZyCi(K)=0,.0

ZVC2(K)I=060

LvC(Ky=1

CONT INUE

CONT INUE

P 0T VORTICITY CONTOURS

ROLOT=RPLOTV

KNP KON

Call CNPLOT

DO 26& J=2eJN
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DO 26 I=1«11IN1
GN{T e J)=VUNIT oY ER3( T+ J)
26 CONTINUE

1000 FORMAT(1H]I « 38X eS1HE%%%% COORDINATES OF STREAM FUNCTION CONTOURS##
1 ¥a¥)

1001 FORMAT(1HO¢1Xe5XSHANGLE s 10X s IXsIHCONTOUR 1+ 1XsGHCONTOUR 24+ 1Xe9HCO
INTOUR 3 s 1XeOHCONTOUR 44¢1Xs9HCONTOURS » 1 X s FHCONTOURGE=1X s QHCONTOUR?
21 X e OHCONTOUR 821X e OH~ONTOURSX s 1 X+ 1 OHCONTOURIO )

1002 FORMAT(20Xs10(3Xs1H=¢F6s3))

1003 FORMAT(1HO:4X e 1S5 10Xe10F10a4)

1004 FORMATI20Xs10F1C0aa)

1008 FORMAT(IHI 38X e451###%xCOORDINATES OF VORTICITY CONTOURSH#X® )
RETURN :
ErND

SUBROQUT INE INTAPE
TH1S SUBROUTINE RFEAD DATA ON MAGNETIC TAPE -~ TAPEL

COMMON /GRIDC/ Z(s1)sE(S1 ) ITHETA(EL) +SN(B1)sCS(61)+CT(BL)
1 H3(61+61)«THETA(E1)

COMMON ZINJNCY/ INT*INTsINsUNeSHeSKsSTiKSsREsTIMENTIMES
COMMON /ICOEF/ BL(61)Ys82(61):C(61) «ASH

COMMON /JCOEF/ BR(61)s Ba4(61)+AASK

COMBMONAUNGNEG Y UNIST e21)«GNIS1:31)

COMMON/UCCOCA UD(51+31)sG0(5131)

COMMOM/LLNTAPE/ ISKIPNs 11

REWIND 11

IF(ISKIPNeGT«0) CALL SKPFILE(ISKIPNGII)
READ(ILIY (Z(IYeE(I)+I=1sIN1) '
READ(TTY (ITHETA(UYsTHETA(J) sSNIJ) «£S(UYeCT(J) o J=1 v UNT)
READ(IT) ((H3(TedysI=1eIN1YsJI=1sJNL)
READ(II} (B1(I)sro{I)sClI)el=1sINT)
Rean {11y (B3(JyemalJysd=sl e dNTY

READ(IT) ((UO(TsU)sl=19INI)sJI=1eINI)
READ(TIT) ((GO(TeUysl=12INI)sJ=19INT)
READITIY ((UN(TeJ v Izl eINIYoJUx1 sINY)
READIIT) ((GN(IsJysI=1eIN1)eJ=10eINI)
RETURN

EnD
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SUBROUTINE OUTAPE
THIS SUBROUTINE RFCORNDED DATA ON MAGNETIC TAPE ~--TAPE2

COMMON ZGRINCY ZIa1 1w ({61)s ITHETA(GE1) sSNIA1)1CSI61)+CT (61 )
; H3(61461) e THETA(SB1)

COMMON ZINJNCYZ INT*INTsINsUNISHSKeSTKSRESTIMESNTIMES

COMMON /ICOEF/ B1(61)sB2(61)+C(61) 2ASH

COMMON /JCOEF/ B3(61)s B4(61)+AASK

COMMON ZUNGNCYZ UN{61+61)sGN{(B1+61)

COMMON/UOGOC/ UD(GL 61 )1GO(H61+61)

COMMON/LOTAPE/ ISKIPCY JJ

WRITE(6+100) \
FOPMAT 1 X:20Xs 221HDATA WRITTEN ON TAPE )
REWIND JJ ‘ .
IF{ISKIPOEQs0O)y GO TO 2

N=O

CONT INUE

READCJI) DUMMY

IF(EOF({JJY) 1011

N=N+1

IF(NEQ. ISKIPO)Y GO TC 2

Go TO 1

CONTINUE

WO ITE(JI)Y (Z{T1reE(I)el=191INL)

WesITelUd) (TTHRTA(UYSTHETACUISSNISIsCSEL) «CTI) ad=1 o UNT
WOITEC(JUJ)Y ((HB3(Tep)el=1eINTI)yo =19 UNL)

WEOITE(JSS) (S1(1)emZ(I1)+C(TI)sl=1eINT)

WRITE(JY) (B3(Ursma(g)esd=1e N1

WRITE(JS) ((UD(1e ) elsiesINTI)Ye =10 UNY)

WRITE(JJ)Y ((GO(IsUdeI=isINIYeJS=1eUNT)

WOTITTE(JUJ)Y) ((UN(T« ) elx=leoINTYed=19UNT)

WRITE(JI) ((GN{TeUdslI=1aINT)YeJd=1sUNL)

EnD FILE JJ

RETURN

EnD

424
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SUBROUT INE OUTAP3

THIS SUBROUTINE RpCORDED ALL THE PARAMETERS AND COEFFICIENTS WHICH

ARE COMMON TO ROTH THIS PROGRAMME AND THE ENERGY PROGRAMME
INTO THE FIRST FILE OF TAPE3

1T ALSO RECORDED THE TIME AND THE STREAMFUNCTION VALUES
THROUGHOUT THE Frrl.D AT THIS TIME FOR LATER USED AS DATA BY
THE FNERGY PROGRAMME s, THESE ARE RECORDED INTO THE SUBSEQUENT
OF TAPES.

COMMON /LNTAP3/ 1SKIPTsKK

COMMON /GRIDE/ Z(a1)1+8 (6131 THETA(GH1) *SNIG61)+CS(61)1CT (61
1 HA(E1+61) s THETA(H1 )

COFMON AININC/ INTISINTI*INesINsSHeSK 1 STsKS+RE+TIME«NTIMES
COMMON /ICOEF/ B1(61):82(61):1C(61)ASH

. COMMON /JUCOEF/ B3(61)s B4(61) ¢AASK

COMMONAUNGNC/ UN(S1131)sGN(S51+31)

WRITE(S6+100)

FORMATIIX 20X« 220DATA WRITTEN ON TAPRE y
IF(ISKIPTLGT.0) GO TO 1

ReWIND KiK

T RECORD ALL THE PARAMETERS AND COEFFICIENTS COMMON TO
BOTH PROGRAMMES

WRITE(KK) IN1+JNT+INsUN

WRITEF(KK) RE«STeSKkoKSeSHe A2 ASH ASK

WRITE(RK) (Z{D)+E(I)sI=1eIN1)

WRITE(KK) (THETA(UY s ITHETACJ) sSNIJ)1CSIU)+CTIU) v =12 UNL)
WRITE(KK) ({(H3(Tap)el=1eIN1)eJd=1eUNI)

WRITEIKK) (B1(I).m2(1)+C{1)el=19INI)

WRITE(KK) (B3(J)sB40U)sd=19sJINL)

END FILE KK

ReETURN
CONT INUE
TO RECORD THE TIME AND STREAMFUNCTICON VALUES AT THIS TIME

WRITE(KK) TIME

WERITE(KK) ((UN{TeJYol=1sIN1YsJ=10eUINT)
WRITE(KK) ((GN(TeJYel=le INT)sJ=leUNI)
EnND FILE KK .

RETURN

END

FILES

¢ sy
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SUBROUT INT PDCOEF

THIS SUBROUTINE EVALUATE DRAG COEFFICIENTS FOR THE TIME-DEPENDENTY
OUTER BOUNDARY CONDITION SOLUTION

FOR THE CASE OF CONSTANT OUTER BOUNDARY CONDITION THAN RET=RE
HENCE THIS SUBROUTINE RBECOME EXACTLY THE SAME AS THE ONE USED

BY RAF1QUE

DIMENSION VN{61e31)

DIMENSION VTH(61)sVTH2{61) +AK(61) +AK2(61)

COMMON /GRIDCY Z(a1)sF(61)s ITHETAIB1) +SNIB11CS(61)¢CTI(6EL )
1 H3(51461)sTHETALGL)

COMMONA/UDGOC/ UO(A1+311+G0O(6131)

COMMONZ/UNGNCY/ UN(61331)eGNI61931)

COMMON /INJNC/ INT*UNISINyJUNsSHeSKSTIKS+RESTIMESNTIMES
COMMON /CONWT/ CCUYCCGDFUSDFG

COMMON/OBC/ DELTT«LP1+LP2+L.P3+sRIRTsSR

COMMON/INICD/ FReRET«RADENIRETI

EalIVALENCE {UNCT1e1)sGN(1el))
IF (L P1eFRe0eDReLFPPeFQol) RET=RE
RERTT=(REFRFY/(RETHRET)
RE1I=10/RERET

Do 10 J=2e UN

DO 10 I=1+iN1

VMCT oY =GN(T e ) /H3(T 4 J)
CONTINUE

S1=160/(012e0%SH)

Bp=10/ (12 O%SK}
Er=2,0/(SK%5K#5T)

YLJZ=OQO

YVEZz2Q e BHS 2% (480 YN( 1421 -36e0%¥VN(133)+]6s0#VN(144)=-3,0%VN(1¢5))
DO 10090 [=2s1IN

V72528 (4R 0%VN(1e2) =366 0#VN{143)14+16s0%VNIT194)=3,0%VN(1+5))
YVYZ=YVZ4VZ

CONTINUE

Do 1001 =29 INt

UT = S33%{UN(T1+2)-UQC(1s2)5/78(1)
YUZ=YUZ+UT

CONT INUE

Al =SHRYYVZ

Az=2, 0O*SHYUZ
AlNOT=RE1+8 0% A1 /RE
RAHZ=6 0/ {SH®#34,0)
REHP4=3.0/SH+4

VTH{ 1) =0 08VTHIUNL)=00
VTHZ2(1)3=0,08VTH2(N13=0,0

DO 2000 J=2eJUN

YeS 1% (~=250%VN{1eJ)+480%VN(23J) =36 0% VNI{Zs )+ 16 0%VN(4s J) =~
13, 03VNISs U}

CVTHUJ) =8 0% IY+VN( 1 9U) ) /RE
Yoz RSHI3FUN2eJ) /SN )y ~RSHP4¥VNI(T 9 .4)

VTH2{U)=4,08#(Y2+vn{10U)) /RE

CONT INUE

Ak (1) =AKNOT

A2 (1) =AKNOT

DO 20585 J=2eJINi ,
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A (J)=AK(J=1 140 =% SKHE(VTHIU-1Y+VTH(UYY
A2{ N 2AK2IJ=1 ) +0 e BRSKFE(VTHR2 (J=~1 14+ VTH2(J))
2055 CONTINUE
Cr=C,0 '
CD-’:OeO
Co2=00 l
DO 2066 J=2¢JN
SNS = SN(UJ)Y#%2,0
SN2 = 2.0 2SN(HE-S()
CrR=CE+VNL ]+ J) #SNS
Co=CP+AK (J) #8N2
CO2=CPRP+AR2 (JY%SNp
2066 CONTINUE
AP =SK¥CF
CHF=R0%A2¥RES /(RETHRET)
CPP= SKHCPXRERET
COPR2=SK#CP2¥RERET
CHT=COF+CDP
CnT2=COF+CDR2
WRITE(642010) ) .
2010 FORMAT(IHI s 10X sSHANGLE ¢ 1 1 Xe3HVTHe 13X e 4HVTH2 s 13X 2HK s 15X e 2HK2 s
116X 3HAKC o 15X 4 IHYNS)
DO 2040 JU=1.«JNt
AC=AK(J)-AT3
WOITE(Ss203C) ITHETACIY s VTHIUL) s VTHR2(J)Y s AK{J) 2 AK2(J) s AKC s UN( 1 v J)
2040 CONTINUE .
2030 FORMAT(IOX 1446 (8BXsF12:5))
WRITE(&:2050)
2050 FORMAT{1Xs/ /7 914X 2ZHRE sB8X ¢ 3HRET 011X« 2HA1s 10X 2HA2 ¢+ 10X s 3HCDF ¢« 10X s 3H
1CDP e 10X BHCDT 48X aHCDRP 20 7X v 4HCDT2)
WRITE(692070) REWRETA19A2+CDFsCDPsCDT+COP2:COT2
2070 FORMAT(10X+F843¢2X3FBe3¢2Xe7{F12e4))
WRITE(6s2080)
2080 FORMAT(1X:05H*2xxNOTE*CDP2 AND CDPT2 ARE FORM DRAG AND TOTAL DRAG
1CALCULATED BY USING STREAM FUNCTION®## )
DO 11 J=2+UN ,
DO 11 I=1+1N1
GHRCT s JY=VNIT e Y #H3(T o)
11 CONTINUE
REeTURN
END
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SUBROUTINE RESTAR

THIS SUBROUTINE TABULATE THE STREAMFUNCTION AND VORTICITY
RESULT :

DIMENSION VO(61.3l)e VN(H131)

COMMON ZGRIDC/ Z(él)vE(ﬁl)'ITHETA(él)!SN(GI)’CS(él)'CT(él)’

1 H3(61+261)sTHETA(61)

COMMON/UOGOC/ UD(A1131)+4GO(61+31)

COMMON/UNGNC/ UN(B1931)+GN(61231)

COMMON /INJNC/ IN]’JNI9IN'JN»SHvSKoSTQKSoRE'TIMEoNTIMES

COMMON ZCONWT/ CCUrCCGeDFUWDFG

COMMON /NPRC/ NERUT s NPRGT s NPP1 o NPRU S NPRG « NPR e MNPR s MX T TER « INPRV »
1 NP2 INT « MXU « MXUR

_ COMMON /TSTEP/ RX(61)

O

CH¥IF

1 000

500

1010

10

1030

COMMON /LRSTABR/ LRS!

EQUIVALENGE (VO(14+1)+600101331s(VUNC121)eGN{191))
I (LRS1«EQel) GO TO 10
LRS1=1 WRITE  oLD VALUES OTHERWISE WRITE NEW VALUES ¥*
W ITE(S+100) RETIME s NPRNPRU I NPRG
WRITE(6s200)
INN=IN1 ~ 10
DO 1000 K=1eINNs10
Ki=K 4+ ©
WO ITE(G«201) ({UN(TsJ) e I=KeK1)ed=12UND)
W ITE(S.202)
CONTINUE
WRITE(6¢203) ((UN(TaJ)eI=INIsIN1)eJds12JUNL)
W ITE(6¢300)
DO 500 Jz=2eJN
Do 500 I=1.41IN1
VRNCT s ) =GN{T e D) ZH3(T e
CONT INUE
DO 1010 K=1INN210
K1 =K+9
WRITE(6:201) ((VNITe)sIzKeKT)eJdz=19eIN1)
WO ITE(6+202)
CONT INUE
WRITE(6+2032) ((VN(leJU)sI=INT+INI)eJ=12JN1)
DO 510 J=2+UN :
DO 510 1=1s¢INI
GNELsJI=VN(Te ) #H3( 1)
CONTINUE
RETURN
CONTINUE
WRITE(6:100) REe TIME«NPRINPRUsNPRG
WRITE(S5.200)
INN=INTI-10
DO 1030 K=1+2INNsIO .
K1 =iK4+9 ~
W ITE(G6:201) ((UD(Tedysl=kKeKl)eJs1eUNL)
WRITF(6+202)
CONTINUE
WP ITE(6+s203) ((UO(Te)sI=INTvIN1)eU=19UIN1)
WRITF(64+300)
Do 501 J=2+¢ N
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DO S01 1=14+1INY ) i
VO(led) = GO(IeJ)/H3(Ted) '
501 CONTINUE
DO 1040 K=1+INNs1O
K1 =K+9 ;
WRITE(6¢201) ((VO(TlsJ)el=iKekKI)oJ=1eJNL)
WO ITE(6+202) '
1040 CONTINUE
WRITE(6:203) ((VO(TeUd)eI=INTeINI) eJ=1oUINI)
DO 511 J= 2¢JN .
DO 811 I=141Ni ’
GO (1aJd3=VOL{IsJIHH3(1sJ)
511 CONTINUE
RETURN
100 FORMAT (1ML s //// /420X LAHREYNOLDS NOs TsF8:2+60Xs 12HTOTAL TIME =
1IF12:e54// /e 20X e SHNDPR =6 I8+ 20X «6HNPRU =+ 182 20X s6HNPRG =4 18)
200 FORMAT{IHO ¢34 X s AgH* % %%% STREAM FUNCTION FOR VISCOUS LAMINAR FLOW
1PAST A SPHERE  #3a¥%3)
201 FORMATISXs 106125
202 FORMAT( 1H+SOX s QOMB¥HREHLARRRHRH LR R AHH)
203 FORMAT(SXeG12.5)
300 FORMAT (1H1 34X+ S5aH¥%%% VORTICITY FOR VISCOUS LAMINAR FLOW PAST
1 A SPHERE )
END

SUBROUTINE SKPFILE (ISKIPsI)
THIS SUBROUTINE SKIPS FILES ON MAGNETIC TAPE

N=O
1 CONTINUE
ReEAD{(TI)Y DUMMY
IF(EOF{Y)) 10011
10 N=N+1
IF(NFQe ISKIP)Y RETURN
11 GO TO 1
END

B —

[Ep—

[ ——

I
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AG.4 COMPUTER PROGRAMME FOR TIME-DEPENDENT ENERGY

EQUATION. (PROGRAMME 2)

CALL CNTRTP

¥

INITILIZE
COUNTERS

1

CALL INPUT

l

CALL COEFT

4

SET THE VALUE
OF ISKIPT

l

CALL POSITN

LT1=1

FIG. A6.2 FLOW DIAGRAM FOR THE MAIN PROGRAMME



FIG. A6.2

(Continued)

ISKIPT=ISKIPT+1

4

CALL INTAP3

b
CALL UPTEM

LT1=0

CALL BOUNDC

HAS
THE
SOLUTION

NO

CONVERGED

CALL SECOND

NO

HAS
THE MAX.
NUMBER OF
ITERATION

CALL OUTPUT
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COMPUTER

TIME YES
EXHAUSTED

TOTAL NO. <
OF TIME-STEPN, ES g

COMPLETED

CALL OUTPUT

)

ROTATE STORAGE

1

CALL OUTPUT

432
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PROGRAM ENERGY{INRPUT«OUTRPUT s TARPES= INPUT s TAPEG=OUTPUT « TAPE 1 o
ITAPE 2. TAPEDR)

C X
SRt e PRSP ST LT R R R IR LR R S TR TS RS LR S R 3
C *
C THIS PROGRAM CALCULATF THE TIME-DEPENDENT ENERGY EQUATION BY *
C NUMERICAL TECHNIOUE USING PEACEMAN RACHFORD AL TERNATING ¥*
C DIRFCTION IMPLICIT METHOD. THE VALUES OF STREAMFUNCTIONS *
C REQUIRED AT EVERY TIME-STER ‘ARE DETERMINED BY FIRSTLY SOLVING #
C THE NAVIFR-STOKES EQUATIONSsUSING PROGRAMME 1 +*
C THIS FPROGRAYM CaN pE RUN ON EITHER CDCEEOCO OR CDCT7600 MACHINE *
C USING FTN COMPILER 3*
C #
C-3%1‘%-%-%*%-?éé:»-}’c%é(w}e-ii-—}(‘%i-')é%é%ié(—%'%%-}é-%%*%%—%:‘5—%%%-‘4—*%%-X-%***%%*%%*******%*%***%%%*%**%%%
C
C

COMMON/GRIDC/ Z{g11sE(61) e ITHETA(L1)+sSNIB61)eCS(B81)+CT(HTY

1 H2(61s61) « THETALGT)

COMMONZINJINGY INT o JINTs INe UNaSHeSKaSTiKSsRE«TIMESNTIMES

COMMON/ICDEF/ R1(AL)«R2(61)+C(61 ) e ASH

COMMONAJCOEF, RIAIE1IsB4{61) 82 ASK

COMMON/UNC Y UN{61 61

COMMONAANTARIS 1SKIPTiKK

COMMONATOTNGS TO(B11A811¢TNIAL+61)

COMMON/NPTC/ NPT sNPRT s MPTeMXITER«NPRINT

COMMON/CRTIME,/ CPT+ORTIME

COMIZON/TENDC Y LT

COMMON/CUTRC/ NO

COMMON/RCPC/ L

COMMON/NUSCY/ K2

COMMON/PRPECY PR PE

COMMON/NSKIPC/ NSKIPTLSKIPT
C
Cc SUBROUTINE CNTRTR ASSIGN ALL THE PARAMETERS REQUIRED
C TO START THF COMPUTATION
C

CALL CNTRTP
C

N=OsNPOLD=0SNPAGE =O0SCPSECT=0
C
C SHEBROUTINE INPUT READ ALL THE PARAMETERS AND COFFFICIENTS
C Wi ICH ARE COMMON T ®0TH THIS PROGRAMME AND THE NAVIER-
C STOKFS PROGRAMME. 1T aALSO EITHER CALCULATE THE INITIAL
C CONDITION OR READ THE VALUES OF TEMPERATURE DETERMINED
C FpOM PREVIOUS RUN ~ STORED IN MAGNETIC TAPEZ2Ss
C DFPENDING ON THE SITUATION
C

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

CalLlL. COEFT
C N

18K IPT=LSKIPT
C T8 SET THE NUMRER OF THE STARTING FILE OF TAPE3 FROM
C WHICH THE STREAMEUNCTION VALUES ARE TO BE READ
C
C SUBRCUTINE POSITNe POSITION TAPESZ TO THE FILE SET ABOVE
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CalL. POSITN

CONTINUE

N1TEFR=0

LT1=1

IF(NPAGE EQe1) WRITE(64100)
FORMAT (1H1)

ISKIPT=1SKIPT+1

SUBROUTINE INTARP3 READ THE TIME AND THE STREAMFUNCTION VALUES
WHICH WERE CALCULATED BY THE NAVIER~-STOKES PROGRAMME AT THE
SPECIFIED TIME-STFP

Calll INTAP3
CONT INUE

SUBROUT INE UPTEMs UPDATE THE TEMPERATURE FIELD IN TIME
Call UPTEM

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

catt. BOUNDC

NITER=NITER+1
IEAINPRTLLE.MPTY GO TO 3
IFINITER.GT«MXITFR) GO TO 8

IF SOLUTION IS STILL UNCONVERGED: GO TO 2 AND CONTINUE
ITERATION UNTIL EI1THER ALL THE PRPOINTS CONVERGED OR THE
MAXINUM NUMBER OF ITERATION (MXITER) ALLOWED ARE EXHAUSTED

Go TO 2

CONTINUE

CalLl SECOND (CPSEe)

CHECK COMPUTER TIME

WRITE(6:200) CPSECNITER
FORMAT({1HO s 1 X+B8HCPTIME =+F642¢ 10X 7THNITER= +14)

TLEFT = CPT ~CPRSF(C
DL T? =z TLEFT -CRTIMFE
DLT2 = CPRSEC —-CPsSECT

IF(DLTILELDLT2Y GO TO 7
CPSECI=CPSEC

PNt §

IF(NTIMESEQeNY GO TO 7
NPNEW=N/NPRINT

IF (INPNEW=-NPOLD)EQe1) GO TO &
NPAGF =0

CONT INUE

NEOL D=NPNEW

DO 4 I=191IN1

DO 4 J=1eINI
TOCToeM)=TN(T + )

CONT INUE
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IF({ISKIPTEQeNSKIPT)Y GO TO 7
IFr THERE 1S MORE cOMPUTER TIME AVAILABLE AND MORE DATA LEFT
IN TAPE3Z TO BE READs GO TO 1( AND CON TINUE UPDATING IN TIME

GO TO 1

CONT INUE

NDAGE=

NO=3

call OUTPUT

WRITE{Ge11) TINME

WRITE(E+12) TN{Se1) o TN(S5+16)+ TN(S5+31)
FORMAT (20X 4 #T IMF=#2F10,6)

FORMATISH exTNIO =2 9F 10,64 2X e %#TN(G0)z#1F 106+ s 2X e ¥ TN 1801z %4F 10.6)
G TO 5

CONT INUE

NO=1i

Cal.l OUTRPUT

call. GRAD

sTOR

COMT INUE

NO=2

call. OUTRUT

STOR

END

SURROUT INE POSITN

THIS SUBROUTINE RPOSITION TAPE3 TO FILE NUMBER EQUAL TO
ISKIPT TO SET IT READY FOR READING THE STREAMFUNCTION
VALUES AT EVERY TIME-STEP

COMMON/LNTARPS3/ (SKIPTs KK

RFWIND KK

Call. SKPFILE(ISKIPT ekK )
RETURN

END
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SUBROUT INE CNTRTR

TH1S SUBROUTINE ASSIGN ALL THE PARAMETERS REQUIRED

TO START TiHI cOMPUTION

COMMON/GRIDCY Z{(B11F (61 s ITHETA(H1 )Y e SNIS61)CSIE1 Y CTIBL)Y 0
1 H3(61s61) s THETA(61)

COMMON/INUINCZ INT e JdNT1s INe INISHSK+STsKSsRE«TIMESNTIMES
COMMONZOMEGA/ Wi W2

COMMON AANTARZ/ 1SKIPT KK

COMMONAANTAPT/ 1SKIPNe 11

COMMONALOTAPT/ 1SKIPDJJ

COMMON/NDTC/ NPT] oNPRT e MPT s MXTITERNPRINT

COMMON/CPTIME/ CPRPTORPTIME ~
COMMON/BCPRC/ L

COMMON/NUSCY K2

COMMON/PRPEC Y PRL.PE

COMMON/PLTPCNS VCT(11) sKNT M

COMMON/PLOTCY XX1(59e11)+2YY1{50e11)sXX2(3061132YY2(30e¢11)RPLOT»
1 IYSeIXSTER o UNHT s UNHes KNP« LPLOT «RPLOTT
COMMONABCTZ DET e T ERRe R

COMMON/INDC/ LIN

COMMON/NSK IPC/ NSKIPTS SkiPT

ASSIGN THE PRANDLT NUMBER YO BE SOLVED
Pp=2e4

ASSIGN THE FIRST AND THE LAST FILE 7O BE READ
FROM TAREZR

LeKIPT=1
NeKIPT=431

SET THE WEIGHTING FACTORS

Wi =0a55W2=0e5

SET THE PARAMETERS REQUIRED BRY SUBROUTINE sOUNDC
l.=1

SET THE PARAMETERS REQUIRED BY SURBROUTINE NUNUMe FOR
CALCULATION OF THF NUSSELT NUMBER ETCe

Ke=1

5T THE PARAMETER REQUIRED IN SUBROUTINE INPUT
LIN=1

TARPE NUMBER

11=2%Ju=1

Kr=3

S5FT THE NUMBER OF FILE TO RE SKIPPED FROM TAPEL AND TAPE2
BFEFORE DATA ARE WRITTEN OR READ FROM EITHER OF THEM

oo
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ISKIPO=0%15KIPN=0
SFT THE COWVERGENCE CRITERIA AND RELAXATION FACTORS

DET=1608CCT=0,0001
EpR=0,1F-10
CCR=FRR/100,0
MET=z0sMX ] TER=150

SeT OUTPUT PARAMETER

CoT=120,050RPTIME=5.0
NPRINMT =50
NT IMES=430

ST THE PARAMETERS REQUIRED IN SUBRQOUTINE CNRLTP
AND CNPLOT TO PLOT THE TEMPERATURE CONTOURS

ROLOTT=4.08M=83IXSTER=60
IYS=2 1 6666%FLOAT(IXSTEPRP=1)+1e5
KNT=10

SeT THE TEMPERATURE VALUES WHOSE CONTOURS ARE
TO BE PLOTTED -

VeT(1)=108VCTI21=20,03VCT(2)=20e83VCT4)=20:73VCT(S)=0,6BVET(6)=20e5

VeT(7320,43VCT(8)=20.38VET(G)=0,23VCT(10)=0,1

RETURN
END

SUBROUTINE COEFT

THIS SUBROUTINE CALCULATE THE REMAINING COEFFICIENTS
REQUIRED BY THE =NERGY PROGRAM

COMMON/GRINDCY Z{a1 1R (611 1THETA(S1)eSNIGFT )1CS{A1 Y CT(B1Y
i H2 (6161 Y THETA(B )

COMMONSINJINGZ INT e JINT o INe UNsSHeSKsSTiKSRESTIMESNTIMES
COMMON/ICOEF/ B1{a61)+82(61)+C{61)+ASH

COMMONZSJCOEF/ BA(S1)Y1234(61) A 1ASK

COMMON/TJUCOEF/ CRPSXRP(61)

COMMCN/PRPEC S PRPE

PezPRIRE

CRP=PE /(8 ¥SHESK®A)

DO 10 1=1s1IN!
XPP(1Yy=(ECI)¥E(TY*PE)/(AXST)
CONT INUFE

RETURN

END

R

D ]

p
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SUBROUTINE NUNUM

THIS SUBROUTINE CALCULATE THE LOCAL AND AVERAGE NUSSELT
NUMRER s JH-FACTORHEAT TRANSFER NUMBERs AND STANTON NUMBER

TRAPEZOIDAL RULE IS USED FOR INTERGRATION

COMMON/GRIDC/ Z(&61)sE(H1) s ITHETALS1) sSN(61)9CS(61)1sCTI61) 0
1 H3(61+61) s THETA(61)

COMMONZINJINGZ INT s JNT1e INs UNsSHsSKsSTekSsREsTIME+NTIMES
COMMON/TOTNG/ TO(A1161)sTN(G1+961)

COAMMON/NUSC, K2 ’

COMMON/PRPEC/ PR.PE

DIMENSTION TNUSN2(61) s TNU2(61)

PrEI3=PRA*¥(1s/3)
POEI=PE3*RE
PRES=PEI# (RE*X0,5)
H12=1e71120%#5H)
HOG6= 1/ (5 0%#SH)
HO2210/(2,0%8H)
A1=0,0

Ap=0.0

A3=0,.0

17 Ko=1 THEN 4¢3.AND S—-POINT FORMULAE ARE USED FOR CALCULATION
OTHERWISE S-POINT FORMULF IS ONLY USED.

IF(K2aNEL1} GO TO S
USING 4~POINT FORMUL A

WoITE(64400)

FORMAT (1H1 10Xs % 4~POINT FORMULA IS USED* )
WRITF(6+100)

DO 40 J=1sJN]
Yo=HOE*(=116+18e#TNI20 ) ~9e*¥TNI(3e W) +2. % TN(G+J) )
TNU2(J) ==-2e0xY2

TRNUSNZ (U) =TNU2 ( Uy #SN(U)

FUH2=TNU2 ( J) /PRE]

HT2=TNU2(J) /PRE2

STNUZ2=TNUZ2( J) /PE

RNUZ=TNUZ2 () /TNU2 (1)

WRITE(6+101) ITHETA( N ¢ TNUZ (U sFUMZ+HT2+STNUZ2sRNU2
CONT INUE

DO 41 Jz=1sJN

Ap=A2 +0.5% {TNUSN2 (J+1 1+THNUSNZ{.J) ) #SK

CONT INUE

AVNUP= CeS%A2

AVJIR2= AVNU2/PRE]

AVHT?2 = AVNU2/PRE2

AVST2= AVNUR/PE

W ITE(6+4102)

WRITE(6+103) AVNUPY*AVUH2 s AVHT29AVST?

USING 3-~POINT FORMULA

[prR—

e o o ST
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WRITE(H+300)

FORMAT (116 10X #3-POINT FORMULLA 15 USED* )
DO 30 J=1eJiNi

¥ 2uHOR ¥ (~34044, 0% TN(2e J)=TN(34J))
TRUZ(J)==-2,0%Y3
TRUSN2 (U =TNU2 { ) ¥SN(UJ)

FJUH2=TNUZ(J) /PREY

HT2=TNU2(J) /PREZ

STNUZ2=TNU2( J) /PE
RNUZ=TNUZIJY/TNU2 (1)

WoITE(S55101) ITTHETAC ) s TRNUZ2I N «FUH2 s HT2+:STNUZsRNU2
CONTINUE

DO 31 Uzl eJdN
A2=zA340BX {TNUSN2 (J+1 1+ THNUSN2(J)Y ) #5K
CONT INUE

AYNUSB=0,5#A3

AVUIHR=AVNUI/PRE |

AVHT 3= AVNUZ/PRE2

AVSTIA=AVNUI/PE

WOITE(Ss102)

W iTEriss103) AVNUZ s AVUH3 s AVHT3AVSTS

USRS ING S—-POINT FORMULA

CONTINUE
WoITE(6:500)

FORMAT(1HI+10Xe% 5—POINT FORMULA 1S USED % )
WeITE(6+100)

DO S50 J=1eJNY
Y12HI2¥(=25,04+48 0¥ TN(29 J} =36 0% TN (30 ) +16,0¥TN{41J) =3 0%TN(Se J))
TNUR(J)==2,0%Y §

THNUSNZ2 () =TNUZ2 () %SN U)Y

FUH2=TNU2(J) /PRE1

HT2=TNU2 (U /PRE2

STNU2=TNU2( J) /PE

RNU2=TNU2 () /TNUZ2 (1)

WRITE(E+101) ITHETA(JY sTNUD (U e FIHZ + HT2s STNUZ « RNUZ
CONT INUE -

DO 51 J=t1aJN

At =81+0:8% (TNUSN2 (J+1)4+TNUSN2(J)Y ) %SK

CONT INUE

AVNUI =0 5%A1

AVJIHI=AVNUL /PRE

AVHT 1 =AVNU1 /PRE?

AVST1=AVNUL/PE

WDITE(G:102)

WRITE(S+103) AVNUIYAVUIHT«AVHT! ¢ AVST]

RETURN

FORMAT(1HO s SX o+ SHANGLE 2 15X ¢ 1 |HNUSSEL TeNOe ¢ 8X+GHIH-FACTOR ¢ 1 | X+ 8HHT «C

10FF o ¢ 12X e6HST e NOg 2 12X GHRATIO NU, )
FORMAT (1HO +SX e 11N42X ¢S {BXe4G10e5))
FORMAT (11X e/ /77 15X s THAVE s NUe 4 1 2X 0 1 2HAVE e JH=FACT 2 ¢ 8X s I 2ZHAVE e HT=COEF
1e0Xe 11HAVE 5T eNO, )
FORMATOIX 4/ e5XeG12e593(8XeG12:65))
END
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SUBROUTINE GRAD

THIS SUBROUTINE DETERMINE THE ACCURACY OF 3+« 4 AND S5-POINT
FORMULAE ALONG THE AXIS OF SYMMETRIES
FORMULAE

COMMON/INJNC/ INTsJN1e INs UNsSHeSKsSTIKS sREsTIME«NTIMES
COMMAN/GRIDCZ ZI61)+C (&1 ITHETAIG1) 1SN(E1)1CS{61)+CT(6L) 0
1 H3(E1+61) s THETA(S1) )
COMMON/TOTNC Y TO(H1 4619 TN(G61+61)

SHZ2=2 6 0%SH
SHE=6 ¢ O#SH
SH12=1720%SH
WRITF(6+100)
WRITF(6+200)
DO 3 I=2«IN
COIFc{ -2, 08TN{Te1 ) Pa0%#TN(I+2)-TN{13))/785H2
GRAF=(«11 e O¥TN{141)+1860%TN{[+2)1=G0%¥TN(]¢2)4+2:0%TN(1e¢4)) /SHE
GOSE (=25 0¥ TN T4 1) +4Rs0%XTN(T¢2) =36, 0%TN(T43)4+160%TNI 1 24)~3.0%TN(
11e85)YY/5H12
WRITE (6¢300) [+GR3F+GR4AF GREF
3 CONTINUE
WRITE(6+400)
WRITE(6+500)
DO 4 1=2+1IN :
GRAAZ(BLO0¥TN(T s INT I~ OFTNCT « JNI+TN(T s UJN=1 ) ) /SH2
CRAB=( 11« 0¥ TNIToUNI ) =1840XTNIT o UNYIFO 0¥ TN{T e UN=1) =2 OFTNIT s UN=~2))/
15H6
COERz2 (25, 0% TN {1 e INT 1 =48 OXTN(T s NI +2B . 0¥ TNIT ¢+ IN=1 ) =16 0%TN( [ « IN=2)
1+360% TN e UN-3) ) /SHI1P :
WRITE(6:300) 1.GR3B+GRABGRSE
4 CONTINUE

100 FORMAT (1M1 s IXe%CALCULATING THE GRADe OF TEMPs AT AXIS OF SYMM,.
1AT ZERO DEGe USING 3+4+sS5—~-POINT FORMULAE %# )

200 FORMAT(1IM «/7///+410XSHGR3F =3 15X SHERA4F =9 15X 2+ SHGRSF = )

300 FORMATIZX+IS5+¢2X 2 (G12:F¢8X) )

400 FORMAT(1IH s//7//7/4%CALCULATING THE GRADe OF TEMPe AT AXIS OF SYMMe
1AT 180DEGesUSING 344 +5-PQINT FORMULAE® )

S00 FORMATI(IH ¢/77/7+410XeSHGR3T =+ 15X+ SHGRARB= ¢ 15X +SHGRSB = b
ReTURN
END
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SUBROUTINE BOUNDC

THIS SUBROUTINE CALCULATE THE TEMPERATURE ALONG
THE AXIS OF SYMMETRIES

COMMON/TOTNC/ TO(61+61)+TN(61+61)
COMMON/GRINC/ Z(G61)1¢E{A1) +ITHETA(S1 ) +SNIG1)+CSIBIICTI(ET ) »
1 H3(61+61) sTHETALET) '
COMMON/INJNC/ INfeJNt o INsUNeSHISKsSTeKSsRE«TIMESNTIMES
COMMON/BCT/ DFT+CeTERRCOR

COMMON/NPTC/ NPT1 +NPRT «MPTIMXITERINPRINT

COMMON/RCPC/ L

NET1=2%( IN=1)

NPRT=NPT1

FoL=1 3-POINT FORMULA IS USED
Ik L=2 4~POINT FORMULA 1S USED
F L=3 S5-POINT FORMULA IS USED

TE(Lel.ToeleOReLeGTo3) GC TO 4
GO TO (12e¢3) oL

USING 3-POINT FORMUL A
CONTINUE
USING FORWARD FINITE DIFFERENCE TeECHNIQUE ALONG THETA=0

Do 10 1 = 24IN

TT = (4e0%¥TN(I142)=TNIT+3))/3.0

TT = TNC(Iel)4+DFTH(TT=TN(Is1))
IF(TTLEFRRY GO TO 11
ERRORT=(TT-TN(I+1))/TT

17 (ABS(ERRORT) e LELCCT) NPRT=NPRT-}
GO TO 13

ERROR=TT=TN(Is1)
IF(ABRS(ERRORT e LECCR) NPRT=NPRT~-}
TNC(Ie1) =TT '

CONT INUE

USING BACKWARD FINITE DIFFERENCE TECHNIQUE ALONG THETA=180

DO 12 1=2+IN .
TT=(40%TNLT e UN)-TN{ 1 UN=1)3/3:0
TTe=TN(T s UNTYHDFTR{TT —~THN(T+JUN1))
IF(TT.LEFR2Y GO TO 14
EPRORT={TT=TN(IsUN1)II/TT

IF (ARS(ERRORT ) LELCCT)Y NPRT=NPRT-]
GO TO 15

ERROR=TT-TN(1+JN1)
IF(ARS(ERRORT e LFCCR) NPRT=NPRT-1
TN(T e UNT ) =TT ,

CONT INUE

ReTURN

USING 4-~POINT .FORMULA



442

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

Do 20 I=2¢IN
TT=(18e0%#TNILI P )~Qe0%TNII93)4+2e0%TN(I943)/11e0
TT=TN(I o1 )+DFTH(TT=TN(Ts1))
IF(TTLEEPR)Y GO TO 21
EPRORT={(TT-TN(T1:1)y)/TT
IF (ARS(ERRORT) s LELCCT)Y NPRT = NPRT-1
GO TO 23

21 FoROR=TT-TN(Is1)
IF(ARS(ERRORT ) e LELCCR) NPRT=NPRT-}

23 TN{T«1)=TT

20 CONTINUE

USING BACKWARD FINITE DIFFERENCE TECHNIQUE ALONG THETA=180

e e Ne!

DO 22 1=2+1IN
TT=0180%TNIT e UN) =OO%TN(I s UN~1)+240%TN(IsIN=21)1/11.0
TT= TN(ItJNl)+DFTw(TT~TN(19JN1))
IF{TTLE.FRR) GO 7O 24
EeRORT= (TT-TN(T e 1)y /TT
c IFLABS(ERRORT ) e LECCT)Y NPRT = NPRT-}
GO TO 25 )
24 ERROR=TT-TN(] sJN1}
IF(ABSIERRORT ) o lLECCRY NPRT=NPRT—1
25 TN(TeUN1)=TT
22 CONTINUE
RETURN

USTING S5—-POINT FOoRMULA

OO0 0

3 COANTINUE

USING FORWARD FINITE DIFFERENCE TECHNIQUE ALONG THETA=0

s NeNe]

DO 30 1=241IN
TT=(48e0%¥TN(]s2) =36 0%TN{I1+3)+16#TN(134)=3.0%TN(I1+5))/25.0
TT=TN(I 1 ) 4+DFTH(TT-TN(Te1))
IF(TTeLEERR)Y GO TO 31
FoRORT=(TT~TN(1s1)}/TT
IF(ABSIERRORT ) aLF ,CCT) NPRT=NPRT-1
GO TO 33

31 FRROR=TT-TN(I+1)
IFLARSIEFRRORT ) o LELCCR)Y MNPRT=NPRT~1

33 TMN(Is1)=TT

A0 CONTINUE

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

DO 32 1=2+1IN

TT=(48e0#TN(T e IN) =360 0%TN(T e UN=1)4+16 0% TN{ T s UN=2)~340%¥TN(T e UN=3 )]
1/25-0

TT=TN{T s JNIY+DFTH(TT-TN( I s JNTY)

IF(TTLEFRR) GO TO 134

EPRORT=(TT-TN{I»UN1I/TT

IF(Am%(FQQORT).LF.CCT) NPRT=NPRT-1

GO TO 35
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ERROR=TT~TN({1 s JIN1)
IF(ABS{ERRORT ) oLiZ e CCR) MNPRT=NPRT-1
TN UNL) =TT

CONTINUE

RETURN

CHAMTINUF
WRITE(S+1000)

FORMAT(1H 220X +40H¥¥#WRONG VALUE OF L ~-BeC+PARAMETER®¥#%

STOP
END

SUBROQUTINE QUTAPT

1
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THIS SUBROUTINE WRITE CUT DATA ON TO MAGNETIC TAPE~--TAPEL

COMMON/GRINCY/ Z{(&1)1F(B1) s ITHETA(ST1) +SNIBE1)I+CS(ELICT(BLY »

H3(619613 « THETA(HY1)

COMMON/ZINJINCY/ INteJNT o INs UNsSHsSKeSToKSsRE« TIMEANTIMES

COMMON/TOTNC/ TO(A1461)¢TN(H1+61)
COMMON/LOTART/ ISKIPOsJJ

REWIND JJ

IF(ISKIPCeEGeO) GO TO 2

N=0O

CONT INUE

READ(JJ) DUMMY

IF(EOF(JJ))Y 10611

MaN+ 1

IF(NFQL,ISKIPO) GO TO 2

GO TO 1

CONT INUE

WRITE(JUJ) ((TOCRed)el=1921INT)sd=]1e INT)
WRITE(JJU)Y ((TNCTeUd)el=1eINT)YsI=19sINT)
END FILE JJ

WRITE(64+100)

FORMAT (1 Xe20Xs 22HDATA WRITTEN ON TAPE
RFEFTURN ‘

EnD

)
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SUBROUTINE OUTPUT
THIS SUBROUTINE cONTROL THE OUTPUT

COMMON/GRIDC/ Z(81)YsEl61) s ITHETA(ALI ) sSNIG61)Y9CS(61)+CT(EL ) s
1 HA(E1+61 )+ THETAL(AY)

COMMONZINUNC/ INT o JNTa INs UNaSHeSKeSTIKSsRETIME«NTIMES
COMMON/LNTART/ 1SKIPNeT1

COMMON/QUTPRC/ NO !
COMMON/NPTC/ NPT NPRTaMPTsMXITER«NPRINT

COMMON/LNTARR/ ISKIPT«kKK

IF NO=1 SOLUTION CONVERGED BUT INSUFFICIENT COMPUTING
TIMF AVAILABLE OR MAXIMUN NUMBER OF
TIME-STEP ALLOWED PER RUN IS REACHED

1= NO=2 SOLUTION REMAIN UNCONVERGED

IF NO=3 SOLUTION CONVERGED AND NPRINT NUMBER OF
TIME-STFP REACHED

IF(NQeGTe3) GO TO 100

GO TO (10e11¢12)4NO
CONT I NUE

WRITE(6+101)

Cal.l. OUTAPT

Call RESTAR

CaLl CNPLTP

CAaLL NUNUM

WRITE(6+102) ISKIPTINPRT
RETURN

CONTINUE

WRITE(&e103)

cCall. QUTAPT

Call. RESTAB

WRITE(6+102) 1SKIRT«NPRT

RETURN

CAMNT INUE

WRITE(6:104)

Call NUNUM

Cal.l. CNPLTP

WRITE(G6¢102) 1SKIPTaNPRT

RETURN
FORMAT(1Xe/// 910X THISKIPT=9110510XsSHNPRT=2110 )
FORMAT 1Y/ /7 s 20X« 3BHSCLNCONVERGED BUT LACK COMPe TIME
FORMAT(1X s/ // 820X e 22HSOLNDUESNT CONVERGED )
FORMAT(1Xs///920Xe 1SHSOLNCONVERGED )

CONT{NUE

WRITE(S6+105) :
FOARMAT(I1X e // /426X « RWRPONG PARAMEFTER (NO) USED * )
STOR

FND
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SURROUT INF  ITNPUT

THIS SUBROUTINE READ ALL THE PARAMETERS AND COEFFICIENTS
COMMON TO BOTH TH®= NAVIER-STOKES PROGRAMME AND THIS
FNERGY PROGRAM BY CALLING SUBROUTINE INTAR3. THIS

DATA ARFE READ FROM TAPF3 8Y SETTING ISKIPT=0

THIS SUBROUTINE 41 .50 SET UP THE TEMPERATURE THROUGHTOUT
THE POMAIN E1THER BY CALCULATING THE INITIAL CONDITION OR
READING THF LATEST VALUE AVAILABLE FROM PREVIOUS RUN BY
READING TAPEZ FROM SURRCUTINE INTAPT

COMMON/GRIDEY Z(61)1+E(H1)+ITHETA(H11+SN(61)1+CS(61)eCT(S1)
HRA(E1:61) s THETA(HY)

COMMON/ZINUING Y IN1T oNie INs UN2sSHISKeST+KSRESTIMESNTIMES

COMMON/ICOFF/ Bl(A1)1sm2{61)1+C(61)Y0ASH

COMMON/JCOEF/ B3(61)4R4(51)+A9ASK

COMMON/UNC/ UN(&ET <61

COMMON/LNTARI/ 1KKIPTeKK

COMMON/LNTAPT/ 18KIPNs 11

COMMON/ZTOTNCY TO(AL1¢61)eTNIBEL1461)

COMMON/ INPC/ LIN

COMUMON/PRPEC/ PR,pE

COMMON/NPTC/ NPT1 sNPRT yMPT sMXITERsNPRINT

IF LIN=1 SOLUTION START FROM INITIAL CONDITION

IF LIN=2 SOLUTION START FROM THE LAST VALUE OBTAINED
;. FROM PREVIOUS RUN BY READING FROM TAPEZ2
IF LIN=3 SOLUTION START FROM THE LAST BUT ONE TIME-~

STER OBTAINED FROM PREVIOUS RUN FOR THE LAST RESULT

OF THAT RUN REMAINED UNCONVERGED«THIS IS
READ FROM TAPEZ

IF(LINGLT 1 0RsLINGTe3) GO TO 4
GO TO (105204306 IN

CONT INUE

1sKIPT=0

CALL INTAPRP3

FOR THIS CASE THE INITIAL CONDITION IS TAKEN TO BE ZERO

EVERYWHERE EXCERT ON THE SPHERE SURFACE

NeBe IF STEADY STATE PURE CONDUCTICN 1S5 USED AS INITIAL .-
CONDITION THAN THE LOGICAL STATEMENT TO(IeJ)=0,0
1S CHANGE TO TO(l+J) = 1/7E(I)

DO 1 I=2+1IN
DO 1 Jd=1UN1
TO( i OJ)ﬂooo
CONT INUE

SET THE TEMPERATURE ON THE SPHERE SURFACE EQUAL TO ONE
AND THE TEMPERATURE ALONG THE OUTER BOUNDARY EQUAL ZERQC

DO 2 J=1+JNI1
TO(leJdi=1e0O
TO(IMN1IsJ)=0,0
CONT I NUE

DO S J=1eJIN]
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DO S5 I=1sINt
TNC(Te)=TO(T e W)

CONT INUE

RETURN

CONTINUE

I1eKIPT=0

CALL INTAPS

Calll. INTAPT

DO 3 Us=leJNt

OO 3 I=1.1INI

TOC(T e D¥=TN{ T+ )

CONT INUE

RETURN

CONT INUE -
1GKIPT=0

CaL.L. INTAPR

Call INTAPT

ReTURN

WRITE(6+:100)

FORMAT(IH «¢10Xe#yWnONG VALUE OF LIN = INPUT PARAJUSEDH)
REETURN .
EnD

SUBROUT INE INTAPT

THIS SUBROUTINE RFEAD THE TEMPERATURE OBTAINED FROM PREVIOUS
RUN-~-READING TAPE2

COMMON/ZGRIDCY Z(61)+F (61 )+ ITHETA(H1)I 2SNI(61)4CS{B1)sCT(6T) s
1 H3 (6161 s THETA(S1)

COMMON/ INUNC/ IN1 s JINT o INeUNsSHsSKeSTIKSRE«TIMEWNTIMES
COMMCN/TOTNG/ TO(A1961)1+TN(H1461)

COMMON/LNTART/ ISKIPNseI1

REWIND I

IF(ISKIPN.GT0) CaLL SKPFILE (ISKIPN2I11)
READIIT)Y ((TO(TeJ)sI=TeINTYesJ=l e JdNTY
READ(ITY) ((TN(TeJyeI=1eINIYsd=1 s JINT)

RE TURN

END
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SUBROUTINE INTAPZ3

THIS SUBROUTINE READ ALL THE PARAMETERS AND COEFFICIENTS
COMMON TO BOTH NAVIER-STOKES AND ENERGY EQUATIONS

WHEN [SKIPT=0

IT 1S ALSO USED To READ THE VALUES OF STREAMFUNCTION

AL READY DETEFRMINFD FROM THE NAVIER-STOKE EQUATION

THIS SAME TAPE WaS USED BY SUBROUTINE OUTAP3 IN THE
NAVIER-STOKES PROGRAMME

COMMON/GRIDCY Z{(B11+E(H1)Y+ITHETA(S1)sSNIB1)ICS{B1)1sCT(6L Yy s
1 H3 (6161 )Y THETA(61)

COMMOM/ZINUMC/ INTsuUNTeINs NeSHISK«ST+KS+RE«TIMEWNTIMES
COMMON/ICOFF/ B1(61)eBR{(611+C(61)+1ASH

COMMON/JCOEF/ B3(611+3834(61) +AASK

COMMON/UNC/ UN(H1 61

COMMON/ILNTARZ/ 1S IPTIKK

IF(ISKIPTGTL0) GO TO 1
REWIND KK

RFAD THE VALUES OF PARAMETERS AND COEFFICIENTS COMMON
TOo A0TH PROGRAMES

READ(KK) INTsUNI s INeUN

READIKK) RE«STeSK+KSeSHe A +ASHI ASK

READIKK)Y) (ZII)eE(T1)sI=1+1IN1)

READ(KKY (THETA(UI+ITHETA(J)Y sSNIJ3«CSIU) e CT(UY e U=1sUNT)
READ(KK) ((H3(IeJyel=1eINL)YsJ=1eJNL)

READIKK) (B1(1)em2{1)sC({13eI=111IN1)

READIKK)Y (83(JysmalJdysd=l s UNT1Y”

RETURN

READ THE STREAMFUNCTION VALUES CALCULATED FRON NAVIER-STOKE
POOGRAMME ‘

CONTINUE

READIKK) TIME

READIKK) ((UNCTI«sJ)rI=1eINIY o I=1leJNT}
READ (KK)Y OUMMY

CONT I NUE

READ (KK DUMMIY

IF{(EOF{KKY) 344

RETURN

END
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SUBROUTINE INTAP3

THIS SUSROUTINE PoAD ALLL THE PARAMETERS AND COEFFICIENTS
COMMON TO BOTH NAVIER-STOKES AND ENERGY EQUATIONS

WHEN 1SKIPT=0

IT IS ALSO USED T READ THE VALUES OF STREAMFUNCTION
ALREALADY DETFRMINFND FROM THE NAVIER-STOKE EQUATION

THIS SAMF TARPE WaAS USED BY SUBROUTINE OQUTAP3 IN THE
NAVIFR-STOKES PROGRAMME

COMMON/GRIDCY Z(6113FE(6E1)¢ITHETA(E1 ) +SNIE1)YCS5(H13CT(EL )
1 H3{(61¢61) s THETA(61)

COMMONZTINJINCY/ INTsJNTo INe UNIaSHeSKeSTeKSsRE« TIMESNTIMES
COMMON/ICOEFY/ 81(81)+82(6114C(61) 9+ ASH

COMMON/JCOEF/ B3161)Ye184(61)+AASK

COMMON/UNC/ UN(H61461

COMMON/LNTARZ/ 1SKIPTkK

IF(ISKIPTLGT0) GO TO 1
REWIMD KK

READ THE VALUES OF PARAMETERS AND COEFFICIENTS COMMON
To BOTH PROGRAMES

READ (KK) IN1TeUNT e INs UN

READIKK) RE+STISKKSeSHe Ao ASHIASK

READIKIKY (Z(T3eE(1)sl=1eIND)

RFEAD (KK) (THFTA(J)‘ITHFTA(J}9SN(J)uCS(J)@CT(J)qJ-leNI)
REFAD(KIK)Y ((HI3(TsJyoIzlelMNl)ed=1+JINI)

READ(KIKY (8101 emr2(I)eC{IYeTi=101IN1)

READIKK) (RP3(Jyerma(UJyed=1eINT1)"

RETURN

READ THE STREAMFUNCT ION VALUES CALCULATED FRON NAVIER-STOKE
POOGRAMME '

CONTINUE

READ(KK)Y TIME

READIKIK) ((UNCTed)sI=1eIN1) s+J=1sJiN1)
READ (KK)Y DUMMY

CONT INUE

READ (KK) DUMMI1

IF(FOF{KKY)Y 34

RETURN

END
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SUBROUTINE UPRPTEM

THIS SUBROUTINE UPDATE THE TEMPERATURE

THROUGHOUT THE

DOMAINSUSING ALTERNATING DIRECTION IMPLICIT METHOD

COMMON/TOTRNC/ TO(61+61)eTNIAET61)
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COMMON/GRIDC/ ZIS1)+E(HI) 2 ITHETA(E1 Y« SN{E1)1CSIHE1Y9CT (B Y

HA(61+61) s THETA(GY )

COMMONAZINUINGY INT oJNL e INe NI SHISK e STiKSIsRESTIME'NTIMES

COMMON/ICOEFY/ B1(611eB2(61)+C(61) +ASH
COMMON/JCOEF/ B3(61)1¢B84(61)+A+ASK
COMMON/UNCY/ UN(S61+4561)

COMMON/SLLTNYS C1(61)+4C2(6119C3(61)9D(ELY P61

COMMON/OMEGA/ W1 e¥W2 !

COMMON/TJCOEF/ CRPsXRP(61)
COMMON/TEMPC/ LT

IF LT1=0 ITERATE 1N I-DIRECTION ONLY FOR TIME-STEP

N + 1/2 TO N+ 1
IF(LT1.FQ.0) GO TO s00
ITERATION IN U-DIRECTION FOR TIME~STEP

DO 100 U=2sUN

DO 10 1=2+1IN

Sk T=CRP/H3(1+ )

DFUI= UN(TI+1eJ)~UN(T=1+J}
DFUIP=2DFUI+ABS(DFUL)Y
DEUIN=DFUI-ARS(DFUL)
Cr{1)=B84(J)~SKT#{(WIXDFUIN+W2XDFUIP)
Co2{1)=B3 (I +SKTH*{WIANFUIPH+WRADFUIN}
CalIYeXPP(1)=ASK

N TO N + 172

DI =C1(I)*TO(!qJ+1)+C2(I}*TO(I!J“I)+C3(I)*TO(I'J)

DFEUY sUNCT e J+13-UNCT e d=1)
DFUJR=DFUJH+ARS(DFUD)

DFUJINzDFUJ-ABS (DFUJ)

C1{l)= =(B2(1)+SKTH W HDFUINFW2RDFUIP) )
Cr(l)z =B1{1) +SKT*¥(W1H*DFUJIP+W2HDEUIN)
Ca3 (1) =XRP{I1)+ASH

CONTINUE

De2)r=D(2y~C2(2)

Cal.L BOLVE(IN)

DO 11 I=2. 1IN

TN(Te ) =P (1)

CONT INUE

CONTINUE

DO 12 1=2+1IN

DO 12 JU=2+ N

TO(1asJ)=TN{1+J)

CONT INUE

ITERATION IN I-DIRECTION FOR TIME~STEP
CONT INUE

DO 200 1=241IN
DO 20 J=2+JN

N +1/72 TO N + 1
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ST=CRP/HM3(1e)
DFUJd=UNT T o J+1)=-UNC(T s J~1)
DEUJP=DFUJ+ABS {DFFUY)
DEUUN=DFUJ=-ABS (DFUY)
C1(J)Y=B2 (1 Y+SEKTHR (W2 X¥DFUIP+W1 #DFUJIN)
C2 =B (1 Y=SKTH(W2XDFUJIN+WI XDFUIR)
CalJ)=XRP({])-ASH
DY) =CI{d#T0{I41+1+CRPLUIRTO(I=1 s ) +CBIIFTO( e )
DEUL =UNCT+1sJ)~UNIT~1 e¢J)
DFULIR=DFUTI+ABS(DFUITL)
DEUIN=DRFUTL-ABSI0FUL)
Cr{er=—Bal{J)+SrgTH(WIHNFUIPH+WIRDFUIN)
ColMNz~B3(J1=-SKTH(WI¥DFUIN+WIRDFUIP)
Cal{LI=XRP(1)I+ASK

20 CONTINUE
DI2)=D(2)~CR2(23%TN(Ts1)
DEINY=DIUNY=CIIJNYFTN(TeUNT )Y | -
calil.  SOLVE (JN)
DO 21 J=2eJN
TNCT oY =PLY)

21 CONTINUE

200 CONTINUE
ReETURN
EnD

SUBROUTINE SOLVE(KKKT)

THIS SUBROUTINE SOLVE THE TRI-DIAGONAL MATRIX
FOR THF ENERGY EQUATION

TOOOO0O

C R
DIMENSTION ALPHA(AT1)sS(61)

COMMON/GRINDC/ Z(A1)sFI61) s ITHETALAL )Y +SNIB1)CSIB1YCT(ET Y s
1 H2({61¢61)«THETA (S )

COMMON/IMINGZ INTAaJINTe INeUNeSHeSKeSToKSIRE«TIMESNTIMES
COMMON/SLTN/ C1i6113C2(6131:C3{H6139DI6L) P61
COMMON/ZNPTC/ NPT sNPRT s MPT sMX I TER«NPRINT

ALPHA(2)=C3(2)
S(2)y=D(2)
DO 1 KTz=3+KKT
ALPHA(KT)Y=C3(KT ) = (COUKTHI#C 1 (KT-1) } FALPHA(KT~1)
S(KTyz2zDIKTY=~(CPIKT)XS(KT~1) ) /ALPHA(KT—1)

1 CONTINUE
PIKKT) =S (KKT) Z/ALPHA (KKT)

KT =KKT -1

2 P(KT)=(SIKT)=C1(KT)*P(KT+1)) Z/ALPHA (KT)
KT=KT=1
IF(KT«GTel) GO TO 2
RETURN

EnD
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SUBROUT INE CNPLTP

THIS SUBROUTINE SFARCH THE POSITION FOR CONTOUR-PLOTTING

DIMENSION ZVC1(11122ZVC2(11)sLVC(11)

COMMOM/GRIDC/ ZUEe1) +E(H611sITHETA(RTI)1SNI61)CS(B1)+CT(EL )

1 FH2{GE1+ 61 s THETA(SL)

COMMONAPLTRPEN/ VeTO11) oKNT M

COMMON/TOTNGZ TO(AL 61+ TN(ATL161)

COMMON/PLOTC/ XX1(59s11)1+4YY1 (5941114 XX2(30411)9YY2(30411)+RPLOT>
1 IYSeIXSTER s JNH1 « JNHe KNP LPLOT+RPLOTT
COMMONA/INJINGY/ IN1 s JINLs INoUNsSHISKsSTKS+RE s TIME «NTIMES

WRITE(Gs 1000)
WRITE(641001)
WRITE(G6+:1002) (VCTIK)sK=1KNT)
DO 11 K=1eKNT
ZVC1(K)=0.0
ZvCeiky=040
LVClK)y=1

CONT INUE

TRt = IN¥M/10) 41
TIN =1IN1-1

UNH= N2
UNHIT = UNHF

DO 100 JU=24 IN

~

SEARCH AND INTERPOLATE BETWEEN TWO I-LINES

DO 110 1=22.11IN1 g

DO 110 K=1 KNT

IE(TNII=1 s ) o LE o VT dANDSTN( T 9J)eGF s VCT(K) Y GO TO 200
TE(TN(TI~1 5 J) oG e Ve TUK)  ANDS TN T sJ) sLE. VCTIKY)Y GO TO 200
GO TO 110

IF(LVC(K) e FQ0) GO TO 201

ZVC1 (K ,SH*tFLOAT(1-9)+(ch(K)«TN(1—1~J))/(TN<1-J)—TN(1»1-J)>)
ZVC2(K)1=0,0

LVC({K) =0

Go To 110

ZVCPIK) 2SHE(FLOAT(I~2) 4+ ({VCTIKI=TN(I=1+ )/ (TNII~1+J)))
CONTINUE

DO 300 K=1+&KNT

ZVC1(K) =FXPIZVC1(K))

ZVC2(R)Yz=EXP(ZVC2({K))

IF(ZVC1I(K)el,Fo1e0) ZVC1(K)I=0LO0

1IE(ZVE2(K) ol.FE 6 10y ZVC2(K)=0,0

YY1(J=1eK)=ZVC1{KIESN(D)

KXICJ=12K)=ZVC 1 IRIRCSLY)

IF(JelLToUNHE) GO TO 300

Yy2{ J=JNH«Ky= ZVCea (K %SNIJ)

KN2( J=INHe K Y= ZVC2(KK)y®CS (D)

CONT INUE

WRITEF(A«1003) [THETA(JYIS (ZVCIIK) o i<=1 o KNT)

WRITE (61004 (ZVC2IK) sK=1 oKNT)

PO 16 K=1KNT

ZYC1(K)=0,40

ZvC2(KY1=0,0
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LvC(KY=]
15 CONTINUE
100 CONTINUE

PLOT TEMPFRATURE CcONTOURS RY CALLING THE LINE PRINTER
PLOTTING ROUNTINE == CNPLOT

ROLOT=RPLOTT
KNP = KNT
CALL CNPLOT

1000 FORMATIIHL + 35X e SaM*#x%xs COORDINATES OF TEMPERATURE CONTOURS ¥
1 ¥ )

1001 FORMAT{1HO /s 1 X SHANGLE ¢ 1 Xs 1 X+sOHCONTOUR 14+ 1 XeGHCONTOUR 29 | Xy 9HCONT
10UR el XsBHCONTOUR 45 1 X+ GHCONTOUR S 1 X+OHCONTOUR £+ 1XsGHCONTOUR 7
21X sGHCONTOUR B9 1Xs IHCONTOUR 99 1Xs1 OHCONTOUR 109 1Xs 10HCONTOUR 11 )

1002 FARMATI7Xe11(3Xe1HE3FH3)) ’

1003 FORMATIIHOs 1 Xe18:1Xs11F10.4)

1004 FORMAT (7Xs11F104,4) .

RETURN
EnD

SURRCUT INE RESTAR

THIS SUBRCOUTINE TABULATE THE RESULT OF TEMPERATURE
DISTRUBUTION AT ANY GIVEN TIME-STEPR

COMMON/GRIDCY Z(B1)F{61)«ITHETA(A1 1 sSNIB1)1+CS(613¢CTIHL) .
1 H3(61+61) «THETALSGL)

COMMORNZINING/ INT s JIN1e INa N SHeSKeSTeKSsRESTIME«NTIMES
CONMON/TOTNGZ TO(A1s61)sTNIE1:161)

COMMON/NPTE/ NPT «NPRT eMPTMXTTERINPRINT

COMMON/PRPEC , PR.PE

WRITE(6:100) RE:PRIPE« TIME «NPRT
WRITE(H:200)
INN=TINI-10
O 1000 K=1:1NNe10
Kt = 4
WRITE(S:201) ({(TN(TeJ)s I=kKsKl)oJ=1eUINL)
WRITE(6:202)
1000 CONTINUE
WRITE(S4203) ((TN(TeJ)s I=INTIsINIYsJ=1s UNTD

WoITE(6:202)

100 FORMAT(1IMY1+/////+10%Xs 14HREYNOLDS NQOs =+FBe2s 20X 1 2HPRANDTL. NOe=sF 1
10.,5¢ 22X | I1HPECLET NOosz=sF 1065/ //¢20X+ 1 1HTOTAL TIME=9G105+50X+6HNRP
2RT= 18 ) ' ’

200 FORMAT(1HO s/ // /7 ¢ 34X« 7TOHEXXXTEMPERATURE DISTRIBUTION FOR VISCOUS

1FLOW AROUND A SPHERE®®¥*#% )
201 FORMAT(8X:10G125)
202 FORMAT(1H « 56X o 2ORHHER LA HRHH R % % )
2072 FORMATISXsG12e5)

RETURN

D
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SUBROUTINE CNPLOT

THiS SUEQOUTINE PLOTS THE TEMPERATURE CONTOURS

DIMFNSION CHAR(120)

COMMON /GRIDC/ Z(gl1)sFE (611 ITHETA(E1)1SNIE1) 1CSIE1)«CT(HL Y

H3(61461) e THETA(E1)

COMMON ZINUNCY INTYINToINeUNeSHiSKeSTKSIsRESTIMEsNTIMES

452

COMMON/PLOTCY XX1(59+11)e¥Y1 (5911 1eXX2(302113sYY2(30141139RPLOT e

IYSe IXSTERP s INH1 s UNHs KNP LPLOT+RPLOTT

DATA BLANKPLOTAIH +1He/
DX =RPLOT/{FLOATUIXSTER~1))
DXHLF=DX/2e0

DO 10 L=1.+120

CHARIILY = PLOT

CONTINUE

WRITF(6:100) CHAR

FORMAT (1H1+12CA1)

DO 11 L=1.119
CHARIL)Y = BLANK
CONT INUE

PLLOT CCNTOURS IN  THE UPSTREAM SECTION
XDLOT=RPLOT

CONT I NUE

DO 12 JJ=1¢JNH

DO 12 K=1+KNP

IF(ARS (XPLOT=XX1(JJ+K) Ve LEOXHLF) GO TO 13
Go TO 12 )
LL={(FLOAT(IYS)/RPLOTI*YYI(JJK)I4+0 .5
IF(LLeFQe0 o0ORs LI «GTL1YS) GO TO 12
CHAR(LL)Y = PLOT

CONT I NUE

IFIXPLOT . Te1e0) 6O TO 2
WoITE{62101) CHAR
FORMAT(1Xe1He+120A1)

CONT INUE

DO 14 L=1+1YS8

CHARCL. Y= B_AN<

CONT INUFE

IF(XPLOT .o (DX/1000,0yy GO TO 4
XpllOT = XPLOT ~ DX

GO TO 1

CONT INUF

CL=1a0~-({XPLOTy%%p)
Le=(FLOATIYSy /R OTHI*SARTI(CL)Y 40,5
IF(LCeFQeC o¢ORe LCaGTLIYS)Y GO TO 5
CHAR(LC) = PLOT

CONTINUE

WRITF(6+4102) CHAR

FORMAT(2Xs 120A1)

GO TO 3

CONTINUE

PLOT CONTOURS IN THE DOWN STREAM SECTION

XPLOT=DX
NHJ = JUNH -1
NJU=JIN=-1
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CONTINUE

DO 18 JJIsJINHNJY

Do 15 K= 1o KNP
IF(ABRSIXPLOTHXX] (UJ ek I LELDXHLFY GO TO 16
GO TO 17
LL=(FLOATIYS)/RPLOTHIXYYI(JJeK) +0e5
1€ (LLeFQe0 oCRe LL eGTelIYS) GO TO 17
CHAR(LL Y =PLOT

I (ABSIXPLOT+XX2( JJ=NHJI1K) I LELDXHLF) GO TO 18
GO TO 15

L =z {FLOATIIYSI/RPLOT ) RYYR(JJ~NHII1K)Y + 05
IF({LL eEQs0 s0ORe LLeGTLIYS)Y GO TO 15
CHAR{LL)Y =PLOT ‘
CONTINUE ‘

IF(XPLOTel.Tal1s0y O TO 7

WRITE(S:101) CHAR

CONTINUE
IF(XPLOT . GE s (ROLOT-DX/1000.,0)) RETURN
DO 19 L=1-1YS

CHAR (L )= mLANK

CONT I NUE

XPLOT = XPILLOT +DX

GO TO 6

CONTINUE .

CLel e O~ (XPLOTIX®(XPLOTY)
Le=(FLOAT(IYS) /RPLOTHIASERTICLYI+0.5
IF(LCaEQaOeORs LLCGTs 1YS)Y GO TO 9
CHAR(LC)Y =RLOT

CONT INUE

WRITE(S4102)  CHAR

GO TO 8

END

SUBROUT INE SKPFILF (I1SKIP.1)
TuIS SUBROUTINE SKIPS FILES ON MAGNETIC TAPE

N=0O

CONT INUE

RFEFAD (T DuUMWMY
IF(EOF(I)Y) 1011
MaiN4 1

IF(N-EQs ISKIP) RETURN
GO TO 1

END

453



A6.51 PROGRAMME IIT ’ .

PROGRAM RCLIFF(INPUT.OUTRUT « TAPES= INPUT + TAPES=0UTPUT)

C
ok £ b S R b S b R g R e LS ST TR R R R e e L T R R R RS

THIS PROGRAMME COMPUTE THE POLYNOMIAL OF INSTANTQ@%US REYNOLD
NUMBER AS A FUNCTION OF TIME USING THE EQUATION SUGGESTED BY
ODAR-HAMILLTON AND IT 1S INTE GRATED USING NUMERICAL METHOD
SUGGESTED BY ROLAND~-CLIFT,

THIS PROGRAMME ALSO CALCULATE THE TOTAL DRAG COEFFICIENT OF
PARTICLE UNDER GRAVITITIONAL ACCELARATICN

A % ok ok ok k k ok

**%***%*%%*%*%********%**%**%******************%*********************

O0O000000O0OO0D

CoOMMON ARE(S0) s RADEN¢TETASPDREO+FR DRE(S0)sERRIRET (20005 »
1 DRET(2000) e REN(S0) «DREN(S0) sNaReB+sDREH] ¢+ DREH2 s DREH3 s DREH4
1 ¢ RE

¢

catl. PARAM

O

INITIAL POINTS CALCULATIONeesscsao
THE FIRST TWO STERS HAVE TO B8FE CALCULATED IN A
172 TIME=STERP INCREMENT

OO 0O0

I=1
ARE(I)= (TETA/2.0)%¥DPREOC
XRE= ARFEA{(1)
DORE=DREO
CALL INTERI (XRE «DXRE «DDRE)
DREC(I)Y= DXRE
1=1+1 ‘
ARE (1)Y= (TETA/2.0)%*DRE(1=1)
XRE= ARE (1)
DPRE=DRE(I1-1)
Call. INTERI(XRE +DXRE«DDREY
DHE( 1)Y= DXRE

CREHI=E OeS*(ARE(I34+ARE(I~1))
XpE= RERML
DDORE= DRE(1)
Cal.l. INTERI(XRE «DXRFE «NDREY
DREHI= DXRE
=1
AREL 1 y=TETAXDREH1
XpE= ARE(])
DDRE= DREHM1
CAlLL, INTERZ2(XRE+DXRE«DDRE)
DREL 1Y =DXHRE

1 CONTINUE
ARE(141) =(TETA/6.0)# (DRED+4 cOXDREHI+DRE( 1))
XRE=ARE(I+1)
OrRE=DRE( 1)
Calll. INTER2(XRE +DXRE DDREY
DRE(I141) =DXRE
IF(ABS(ARE(IY~ARF(141)V1LELERR)Y GO TO »
1=1+1
GO TO i

2 CONTINUF
DREM2=DRE{(1+1)
REH2= ARE(TI+1)
1=1
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ARE(I)= OC.8%¥TETA¥PDREMH2 + REHZ
XoFE= ARE(1)
DDRE= DREMZ
CALL INTERZI(XRE«OXRE +DDRE)
DRE( 11Y=DXRE
ADRE(I+1)= O.S*TETA¥DRF (1) + REH2
XpE= ARE(141)
DmRE=s DRFEF(T)Y
CALL INTERI(XRE +nXRE +DDRE)
DoE{T+1 )= NXRE
REH3= QSR (ARE(TIYy + ARE(I+11))
XRE= REH3
DORE= DRE(T+1)
CALL INTERIZI(XRE +DXRE sDDRE)
DREM3= DXRE
I=1
ARE(1)= TETA¥DREHR + REH2
XoE= ARE(1)
DARE =DREM3
CAabll INTFRA(XRE NXRE«DOHRE Y
DRE( )= DXRE

3 CONTINUE
ARF{1+1)1={TETA/ G, 0)YH(DREHL 4+ 4 0%DREH3 + DRE(IYY + REHZ
DDRE=. DRE( 1)
XpE= ARE(I+1)
CALL INTERA4(XRE +DXRE «DORE)
DRECI+1 )= DXRE
IF{ARS{ARE(I)-ARE (1411 ) LEERR)Y GO TO 4
J=i4i
GO TC 3

4 CONTINUE
DEFH4A=DRE(I4+1)
REHa= ARE(I41)
RFET(1)=REH2
RET(2)y= REH4
DRET(1)= DRER2
DRET(2)Y= DRFH4

THE THIRD TIME~-STEP CALCULATION

N=3
I1=1
RENCII=( (4, 0%TETA} /3,01 % {2, 0%XDRET(2) ~ DRET(1) 4+2+0%DREO)
XDE=REN(T)
DORE=DRET(2)
CaALL INTERS (XRE«DXRE «DDRE)
DREN(] J=DXRE
5 . CONTINUE
REN{I+1)=(100/8e0 )1 ¥ (QeO¥RET(2)+3 0¥ TETAX(DREN( 1 )+2. 0¥DRET(2)~DRET !
11y 1)
XRE=REN{I+1)
DHRE=DREN( 1)
CALL INTERS(XRE«DXRE «DDRE )Y
DOEN( 141 =DXRE
IF(ARSIPEN(II=RFN(I+1))eLEERR)Y GO TG 6
T=l+1
GO TO &
6 CONTINUE
RETI(N)=REN(I14+1)1=(9e0/121 0¥ (REN(I+1)Y~REN{(1))

J—
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XRE=RET{N)

DDRE=DREN(I+1)

catl. INTERS{(XRE +DXRE +DDRE)
DRET(N)= DXRE

CONT INUE

CALCULATION FOR THE FOURTH TIME-STEP AND ABOVE

Na=N+ 1

PRENL=REN([+1)

PoENT=RENCL)

I=1

IF(N.FQses) GO TO B8

RENCT ) =RETIN-4)4+4 OXTETAR (2. 0¥DRET(N=-1) ~-DRETI(N=2)+2 e 0%¥DRET(N=-3) ) #
3.0

Go TO 9

CONTINUE

REN(II= ({4 0%TETA) /301 ¥ (2, 0%DRET (N=1 ) ~DRETI(N=2)4+2 0%DRFT(N-3})

CONTINUF

REN(II=REN(I}Y + (112.0/121 0¥ (PRENL-PRENI)

DORE=NRET(M-1)

XRE=REN{ 1)

IF(NEQea) GO TO 10

Call INTERT7(XRE:DXREsDDRE)

IF(DXRELEERRY GO TO 19

Go TO 11

CONTINUE

CALL INTERS(XRE «DXRE DDRE)

CONTINUE

DREN( 1) =DXRE

CONTINUE

REN(I4+1)=(1s0/8e0 )% {QeO¥RETIN=1 1=RET{I(N=3)+3 0¥ TETAX (DRENIU] ) +2, 0%

DRET (N=1)=-DRET{N=-2131))

DPRE=DREN(I) -

XRE=REN{I+1)

IF({NEQ:s4) GO TO 13

Cat.l, INTER7(XRZ «+DXREDDORE)

IF(DXRELFERRY GO TO 19

GO TO 14

CONTINUE

Catl, INTERG(XRE «nNXREDDRE)

CONTINUFE

DOEN{T+1) =DXRE

IF(ARSIREN(I)N=REN(I+1))eLEERR)Y GO TO 15

I=1+1

GO TQ 12

CONTINUE

RET(NI=RENII+1)~(0e0/121 6 0) ¥ (RENS{ I+1)~REN(1))

DORE=DREN(I+1)

XOF=RET(N)

IF(N.EQe4) GO TO 16

CALL INTER7{XRE «DXRE «DDRE)

GO TO 17

CONT INUE

Call, INTERG(XRE sDXRE «DDRE)

CONT INUE -

DERET(NY =DXRE

IFURETINI/REY«GER)Y GO TO 18

GO TO 7
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19 CONTINUE
NeaN-1

18 CONTINUE
CALL CDRAG
Cal.l. POLY
STOR
END

SURROUTINE PARAM

THIS SUBROUTINE ASSIGN ALL THE PARAMETERS REQUIRED
FOR THIS COMPUTATION TO START

COMMON ARE(S0) sRADENCTEFTA «DREOFR DRE(S0)+ERRWRET(2000)

i DRET(2000) s REN(S0 Y +DRENIS0)Y s N R+ B¢eDREHL s DREH2 ¢+ DREHI3 1 DREH4
1 ¢ RET

RE=50,0
RADEN=0,61
TETA=0s 1
R=0,998
IF(RELEDe2) GO TO 1
CNO= (P4, 0/REIH{] 040, 1 S*RE##0.687)
GO TO 2
1 CONTINUE
CNO=24,0/RE
2 CONTINUE
Fo=(3.0/R:,01¥#CDOOXRADEN/{ 1 .0~-RADEN)
B (REERFE#FRIN (1 0-RANEN) / (RADEN%#3,0)
DREOC= B#3.0¥RADEN/RFE
IRITE(S+100) RERADENCDOSFRDREO
100 FORMATI(SX+3MRE=3F 105+ 2X s 6HRADEN=¢F 105 42X s 4HCDO=sF 1065+ 2Xe 3HFR =
1F10:5+2XsSHDREC=:F10.5)
RETURN
END
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SUBROUT INE CALCUL (DDRE»RRE+RADFENsREsAMe A+ C)

THIS SUBROUTINE CALCULATE THE COEFFICIENT OF
MOMENTUM EQUATION ~

PHI=3.14159

IF(RRE|.Fa0o2) GO TO 1

Cozml{ 24, O/RRF)I¥{ 1 ,0+0, | SARRE*¥*¥0.687)
Gn TO 7

CONT INUE

CH=24 6 O/RRE

CONTINUE

A=CD¥RREXRRES B0

CALL COEFCA(CA«DDRE »RRE + RE)
AM={ (1 0O/RADEN) +CA ) #RE /360

Call., COFFCHIICH:DDRE RRF «RE)
AX={ (B O¥PHI#*REI®*%20,5)
C=CH¥RF /AKX

RETURN

END

SUBROUTINE COEFCA(CASDDRE sRRT +RE)

458

THE

THIS SUBROUTINE CALCUILLATE THE ADDED MASS COEFFICIENTS USING

EQUATION SUGGESTFEN BY ODAR-HAMILTON

A= (RRT*¥40) /(4 o O%REXRE)
B= DODREXDDRFE
CA=1058-0,066#R/(Ce12%¥B+A)
RETURN

END

SUBROUTINE COEFCH(CHsDDRE+RRT «RE)

THIS SUBROUTINE CALCULATE THE INTERGRAL TERM COEFFICIENT

USING THE EQUATION SUGGESTED BY ODAR-HAMILTON

Az (RRTEROTI /2 0%RE

CHmPe8B8 + (e 12%NNREXAEFTLO0)N/(IDDRE+AIR¥3,0)
ReTURN

END

g

B e oL R
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SUBROUTINE INTER] (XRE«DXRE «DDRE)

THIS SURROUTINF INTE GRATE THFE INTERGRAL TERM
FOR THE FIRST HALF-STEP

¢

COMMON ARE(5O)QQADENOTETA'DQEO'FRQ DRE(SOY+ERRIRET(2000)
DPET(EOQO}gRFN(SO)%DREH(ﬁO)eNoRgBoDREHl9DQEH29DREH310REH4
«RE ‘

Cal.ll., CALCUL (DDREXRE«RANDENIREs AM: A9 C)
X1z ((2.0X¥TETA)#20eS)#DREO/3,0
XKozm(CHP 0¥ (2, 0%TETAYR*05) /3.0
DXRE=2(B=A~C¥X1) /7 (aAM+X2)

ReETURN

END

SUBROUTINE INTER2{XRE s DXRE «DDRE)

THIS SUBROUTINE . INTE GRATE THE INTERGRAL TERM FOR THE FIRST
TIME~-STER

COMMON ARE(S0) «RANEN«TETASDREODFR DRE(S0)ERR«RET(2000)
DRET(2000) +RENIS0) sDREN(S0) s NIRsBeDREH] 1 NREH2 s DREH3 « DREHG
¢ RE

Call. CALCUL (DDRE«XREIRADENIREs AMsA«C)
QTETA:TETA%%OGS

X1 =2 0¥RTETA* { (B, 0¥DREHI+DRED) /15, 0)
Kop=CH4 2 OHRTETA/ S0

DXRE =(R—-A~C#X1)/ (aM+X2)

RETURN

END

SUBROUTINE INTERA(XRE « DXRE « DDRE)
THIS SUBROUTINE INTE 'GRATE THE THIRD HALF-STEP

COMMON ARE{(SO) sRANENS TETADRECO«FRY DRE(S0) +ERRWRET(2000) «
DRET(2C00) s RENI{SO) +DREN(S0) s NeReB+DREH] e DREHZ2 ¢ DREH3 s DREHG
s RE

Cabl, CALCUL (DNREXRF RADENsRE s AMs A+ L)
RTETA=TETA#%0 .5

X122 0XRTETA% ( (B, 0/150) ¥NREH24+DREHT1/15.0)
Koz C#4, QURTETAS S ,O
DXRE=(B-A-CH#X1 )/ {AM+XP)

R TURN

END
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SUBROUTINE INTER4 ( XRE s DXRE s DDRE )

. COMMON ARFE(50) sRAMENSTETADREOYFR s DRE (S0 ) +ERR+RET ( 2000} +

; QgRET‘aoOO)’QFN(SO)’DQEN(5O"N‘R’B’DQEHI'DQEszDREngDmEHq
s RE

Call, CALCUL (DDRE s XRE ¢ RADENSRE Y AM A s C)
RTETA=TETA*%#0,5

X122 O¥RTETA%( (8, O¥DREHI+DREHZ) /15.0)
Xo=CHa ,0¥RTETA/S5,0

DXRE= (R~A=-C%#X1 )/ (AM+XD2)

RETURN

END

SURBAUTINE INTERS(XRE « DXRE +DDRE)
THIS SUBRRDUTINE INTE GRATE THE THIRD TIME-STER

COMMON ARE (S0) e RANDENITETA«DREOFR DRE(S0)+ERR«RET(2000) «
i DRET(2000) +RENI(S0 Y sDRENIS0) sNeReBeDREH] +DREH2+DREH3 « DREH4
1 e RE

Calll, CALCUL (DDREARE+RADENREsAMeAC)

RTETA=TETA¥¥05 :

Xiz= RTETA#{ (166071501 % (2, 0%%0F)FDRET(2) + (2e0/15.0)¥ (2, 0%¥0.5)%
i DRET(1)Y 4+ DRET(1)1/(2,0%(2,0%%05)) + DREO/{2.0¥{3.,0¥%0e5)))
XozRTETA¥C¥1,1313708a9

DXRE= (B-A~C#X1 )/ aAM+X2)

RETURN

EnND

SUBROUT INE INTERG ( XRE « DXRE +s DDRE)

THE FOURTH TIME-STEP

COMMON ARE (S0 sRANMENSTETADREOFR DRE(SDY+ERRRET (20005 »
DRFT(EOOO)oQEN(SO}vDQEN(SO)quQanDREHIvDREHZqDREH39DREH4

1
1 'RE

CALL CALCUL (DDRE »XRE ¢RADEN+REAMsA«C)

RTETA=TETA%%0 .5
X}=QTFTA¥C1e509ﬁ0a466%DQET(3)+Oe4P4264069*DRET(2)+DREO/6-O +{4e0C/3

1 e O EDRFTL1)/(2,C#2065))
Ko=CHRTETA®1131370849
DXRFE = {(B~A=-CH¥#X1)/(AM+X2)

R TURN
END
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SUBROUTINE INTER7({XRE s DXRE«DDRE)

THIS SUBROUTINF INTEF 'GRATE THE EQUATION FOR TIME~STEP
GREATER THAN FOUR

COMMON ARE(S0)+RANENSTETADREOIFR DRE(SO)YERRsRET (2000 »
1 DRET(2000) + REN(S0) sDREN(FT0) e NeRs 39 DREHL + DREHZ ¢ DREH3 +DREH4
1 s RE \
CaLl. CALCUL (DDRE+AREsRADENIREsAMsAC)
RTETA=zTETA%%0 .5
NN=N
NN=NN/2
NNz=NN#2
IF(NNsFQaNY GO TO 1
X1A=1650B4C44E6#NIRET(N=-114+04424264069%¥DRET(N-2 )+
1 ReOHPDRETU I/ {6 0¥ {{FLLOATIN~1)I*¥%#0.5)) +
1 DREGC/(Z20% ((FLLOATI{N)I Y% %053 )
X1B=0,0
X1C=0.0
Ni_=N~4
IFI(NLLTe3y GO TO 4
DO 2 [=3«NL 2
XIB2X1B4+DRET (1) /((FLOATIN-1) )% %05
2 CONTINUFE
4 CONTINUE
NL.=N-~3
DO 3 1=2«NLs2
KI{Ca=XICHDRET(IV/((FLOATIN=-1) 1 ¥%0,.5)
3 CONTINUE
X1C=4,0%X1C/3.0
X1B22,0%X1B/3+0
X1 =X1A+X18+X1C
K1 =RTETA¥X
Xo=CARTETA#] 12312370849
DXRE=(B-A-C¥X1)/( aMeX2)
ReTURN
1 CONTINUE )
X1A=1e508494466%NRETIN=1 1 4+0:424284060#DRF TIN~2 )+
1 DREO/ (3 0% {({FLOATINY ) ¥¥0:5) )
X18=0.0 -
X1C=040
N_=N-3
DO 5 I=]«NL_e2
K1B=X1B+DRET(I I/ ((FLOATIN=-1))1¥%¥065)
5 CONTINUE
N_=N~4
DO 6 1=2«NL 2
X1 C=X1CH+DRET (I /((FLOATIN=1) ) ¥#0,5)
6 CONTINUE
X1B=d,0%8X1R/3.0
X1C=Pe0%#X1C /30 »
X1 =2X1A+X1B+X1C
X1 =X1#RTETA
Xo=CHRTETA%1.131370845
OXRE = {R~A~C%¥X1 )/ ( AM4+X2)
ReTURN :

END
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SUBROUTINE POLY

THIS SUBROUTINE CALCULATE THE COEFFICIENT OF THE POLYNOMIAL
REQUIRED TO DESCRIBE RET=F(T)+USING CERN LIBRARY ROUTINE
KNOWN AS LSO

DINMENSION T(2000)y AA(20) e MMAXI(5)

COMMON ARF (S0 ) sRANENTETADREQFR DRE(SO) +FRR«RET( 2000y

1 DRET(2000) +RENI(SO I +DRENIS0) s NeRsBaDREH] « DREH2 « DREHIZ+DREHS
1 ' RE

MMAX (1) =1 2BMMAX(2)= 1 1 SMMAX(3) =1 0SMMAX (4 ) =9SMMAX (8)=8
NN:Q

T(1)=0,0

CONTINUE

NN+ 1

SN NN

NT=NN+1

TINT ) =XNN®TETA

IFINNEQeN)Y GO TO 2

GO TO 1

CONTINUE

N2=N

CONTINUE

RETINR+1)=RET{NR)
DRETINR+1 ) =DRET(NR)

NR=NR-1 !
IF(NR«FQa0} GO TO 4

Go TO 3

CONT INUE

RET(1)=060

DDET (1 )=DRED

NN=N+1

DO & 1=1¢MN

WERITE(H:101) ToeT{I)RET(I)DRET(])
CONT INUE

DO 6 K=1¢5

MAX=MMAX (<)

CaL.l. CERN LIBRARY SURROUTINE LSQ (PRCGRAM NO., E208 IN THE
CERN LIBRARY) WHICH FIT A POLYNOMIAL FOR THE RESULT CALCULATED

Cal.ll. LSQINN«T«+RET+MAX s AAS

DO 7 J=1eMAX

W ITE(S64100) UsaAa (Y

CONTINUE

WRITE(6+102) MAX

Call, TEST(RETsTsAA*NNsMAX)

CONTINUE

R&TURN

FORMAT(25X s I3 ¢ TH—-—=—w—-— s BHAA=1E1265)

FORMAT(SXe 3NNz [ 492X s OMT 2 4F 106 S5¢ 2X 0 4HRET=sF 1065+ 2X s SHDRET=+F 105}
FORMAT(SSX+#THESE ARE THE CCEFSe FOR THE POLYe OF %9 [3¢¥DEGREEH®)
END



OO0 0n

OO0

100

10
100
99

1
1

et

463

SUBROUTINE TESTIRET e Ty AASNNIMAX)
THIS SUBROUTINE TEST THE ACCURACY OF THE FITTING OBTAINED

DIMENSION RETINN) s TINN)Y ¢ AA(MAX)
SEER=0.0

DO 1 K=2 «NN

TT=T(K}

TEE=0.0

DO 2 1=2s+MaX

TRE=TRE + AA(IY®TT®A(1-1)
CONTINUE

EFR=RETI{K)Y-TRE
RER=FER¥IEER/TREXTRE
SEEReSEERELRER

CONT INUE

SeER=SEFR/-FLOATINN-T)
WRITEF{6+100) SEER
FORMATI(G2X ¢ #AND THE LEAST SQ«FERROR=%*+E1245)
RETURN

D

SUBROUT INE CODRAG

THIS SURROUTINE CaAl.CULATE THE TOTAL DRAG COEFFICIENT
FOR SOLID SPHERE UNDER ACCELARATION DUE TO GRAVITY

COMMON ARPE(S0)¢RADENITETASDREOFRy DRE(SOY«ERRRET(2000) «
ORETI2000) RENISD)Y 4+ DREN(S0) s NiR«B+ DREH1 +DREH2 yDREH3 s DREHS
¢

Pri=3,14159

W ITE(&.99)

DO 10 K=10sNe10

TIME=TETARK ]
TRE=RETIK)

TORSET=DRETIK)

IF(TREL.E0s2) GO TO 1
CrO={2a,0/TRE)¥(1,0 4+ O, 1S*TRE¥%0.687)

GO TO 2

CONT I NUE

CHO=24 0/ TRE

CONT I NUE

CALL COEFCA(CASTDRET « TRF «RE)
CHRI={Be0/30)HCAXTDRETHRE/(TREX*TRE )

CALL INTEGL(KsY)

CALL COSFCH(CHsTORET « TRE ¢« RE)

X (2 0¥RE Y /A (PHIX¥TREXTRE)

X=B0RT (X}

K (P OFCHEX)/TRE

CD2=X*Y

CHT=CDO+CR1+CDp2

REOE= TRE /RS

ROD=CHTACDD

WRITE(6+100) TIME s TRE«TDRETACDOICD1 +CD2+CDT+RREWRED
CONT INLES

FORMATESX 0 {2XeF10e5) )

FORMATIAX e ¥ TIME# « 10X 4 #RET# e BX e ¥DRET* ¢ 1OX e #CD0O% 0 1OX 9 ¥CD ] #0 1OX ¥ CD2H*
1 OX s HCDTH e JOX e R RE ¥+ 10X e XRCD*)

RE TURN

FND
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SUBROUTINE INTEGL(KsY)

THIS SURROUTINE CALCULATE THE VALUE OF THE INTE GRAL TERM

CAMMON ANT(E0) s DPANENSTETADREGCFR DRE(SOIIERRRET (2000 9
1 DRET(20003 +REN(SO) +DREN(S0) ¢« NeRsBeDREH1 ¢« DREH2 s DREH3 + DREHY4
1 «RE

RTETA=SQORT(TETA)

Kie =K

Kie =KK /2

IKre = KKk 3% 2

IF(KKFQaK)Y GO TO 10
A=(DREO/SGRT((FLOATIK)Y I*TETA)Y + DRET(1)/SQRT(FLOAT(K=1)y*¥TETA))
A1=(TETA#¥A) /2.0 ’
Am=0.,0

Mazil=233

DO 1 L=2+Me2 .

Ar=A2 + DRETIL)I/SQRT(FLOATI(K~L))
CONT INUE

A=0,0

Moo I

DO 2 (.=3:Me2

A=A+ DRETL)Y/SOPT(FLOAT (K~L))
CONTINUE

Aa=DRET(1)/SART(m OAT(K=1))

A= DRET(K=2)/75GRT(2,0)
X1=({RTETA/3.0)% (A8 +A5 + 44,0%A2 + 2,0%A3) + Al
GO TO 11

CONT I NUE

Aaz= DREC/SOGRT(FLLOAT () )

AG= DRET(K-2)/S5QRT(2,0)

Ap=0,0

Mz 3

DO 5 L=1eMs2

Ao=AZ2+ DRETIL)I/SORTIFLOATI(K=-L))
CONT INUE

A3=0,0

Mz K4

DO 6 LL=2+sMs2 :

A=A+ DRET(LI/SQPTIFLOAT (K~L.}))
CAONT INUE

X1 ={RTETA/3.0)% (a4 +A5 + 4:0%A2 + 2.0%A3)
CONT INUE ’
B1 =(2.0/5.0)%¥DRETI(K)

B = (BeO/15.0)#DRET(K~-1)
B2z(10/150)#DRETIK-2)

B4z 2.0%SQRT(2.0)¥RTETA

Xo=m RAeH(B]1+R24+R3)

Ye X14+XP2

RETURN

END
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PROGRAMME IV
PROGRAM POLYN (INPUT0U

TOUT « TAPES= INPUT s TARPEG=CUTPUT)

465

THIS PROGRAMME CALCULATE THE COEFFICIENT OF THE POLYNOMIAL
ReET=F(T) WHICH IS DETERMINED FROM THE FORCE BALANCE EQUATION

BUT NEGLECTING THF ADDE

D MASS AND INTE GRAL TERMS

RN W TR R R R M AR TR KK R RN R R R RN AR BN R RN R

X % %k Kk %

I 33 g AL N IR WM NN NI R NN R H K H S AW RN R I AW WA R HE NN KN

100

101

2

4

3

COMMON NAXsMAX s A(20) s NAXT + INRET + XaNRET«NRET1 +RET(200)sA1sA2s¥Y( 1500

1) «TUPOC) e TRZIRFE«PADENSC

cAll CTRPR
NRET=INRET

NRET1=NRET+1
DETRET=RE/NAX1

T(1)=040

RET{1)=060

Y(I)IOQO

XzDETRET/NRET

DO 1 I=2sNAX
RET(I)=RET(1~1)4+DETRET
XOET(1))=RFTIT1-1)

DO 2 J=2sNRET!
XRET( S =XRET(J~1y + X
IFIXRETIU) oLE«De2y GO T
Cr={24 0/XRET(U)y*( 1,04+
GO TC 101

CONTINUE
Cr=24e O/ XRET ()

CONT INUE

Y(d) =10/ (AL RCORXRET ()
CONTINUE .

call, TRAPREZ

T =T{1~-1)14+TRZ

Y1) =Y{NRETL)

CANT INUE

DO 3 K=1eKK

MAX=MMAX (K)

SUBROUTINE 1.SQ 15 A CER
(SURROUT INF NO. £208)

CALL LSQINAXsT«RET MAX s

W ITF(6:1002)
WRITE(&41000) MAX

W ITE(6+1003)

DO 4 M=z=1.MAX
WoOITE(H5«1001 ) MepA (M)
CONT INUE

call. TRIAL

CONTINUE

DIFFRyKKe MMAX{20) o+ XRET (1500

0 100
Qe ISHXRET (V) ##0,.687)

*¥XRET(J)+42)

N LIBRARY ROUTINE

A)

1002 FORMAT(1H1 +5X+%#POLYNOMIAL OF DEGREE(MAX~1) WITH COEF.

1000
1001
10Cn

FARMATOIY s/ oSXs 4aHMAX =
FORMAT{ 7N s I3010Xsm12,.5)
FORMATIIOX s #THE COEFFe
STOR

b

s 18)

OF THE POLYNOMIAL ARE-~=3# )

Al

MAX) %

)
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SUBRNUT INE CTRPR

THIS SUBROUTINE ASSIGN ALL THE PARAMETERS REQUIRED TO START
THE COMPUTATION

COMMON NAX+MAX:A(2O) s NAXTI o INRET + X s NRET«NRETIsRET(2003+A1+A2+sY({ 1500
1) s TLPCO)Y s TRZ+RESRADENICDIF s FR KKy MMAX (201 « XRET{ [S00})

RE=200,0
RADEN=D.5
INRET=1000
NAX1=200
NaX=200
IF(RE.Es0a2) GO TO 100
CHIFs(24,0/REI* (1,040, 1S¥REX%*0.687)
Go TOo 101t

100 CONTINUE
CDIF=({24.0/RE)

1C1 COMTINUE
FR=((3s0/8,0)%CDIF¥RADEN)I/ (1 0=RADEN)
Alz={1sC/REI¥(3,0/8.0)*RADEN
Ap=REXFR* (1 0~RADFN)
WEeITE(&e1000) REcDIF«RADENFR
WRITE(S+1001)
YY=A1#CDIF#RE¥RE+A2
WRITE(&.1002) YY

K =5
MMAX(1 ) =12SMMAX{ 2 1=1 I EMMAX{(2)=10SMMAX (4)=0OSMMAX (S ) =8
RETURN
1000 FORMATI(3Xs///311HSeSRE«NOem sF1065:5XsSHCDIFS +F 1065+ 5X 1 6HRADEN= »
1IF10.F¢8SXy12HRECT+FReNO= sF10¢5)
1001 FORMAT(2X e/ // 420X s 2OMEAFH AR X FHEHH X XRL XK K )
1002 FORMAT(SH s #NOTEsYY SHOULD BE O AND YY 1S¥e3XeF1065)
END
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SUBROUTINE TRAPEZ

THIS SUBROUTINE INTERGRATE EQUATION A3.2.10
USING TRAPFZOIDAL RULF ‘

COMMON NAXsMAXsAL20) sNAX] ¢ INRET ¢ X+ NRETeNRET1 +RET(200) 2 A1+ A2 Y ( 1500
1),T(gOO)nTQZnQEvQADFNoCDIFoFRoKKoMMAX(20)¢XRET(1500)

TRZ=0eS% (Y1 )+Y(NRET1))
DO 10 U=2.NRET
TRZ=TRZ+Y (J)

10 CONTINUE
TRZ=TRZ%X
RETURN
END

SUBROUT INE TRIAL

THIS SUBROUTINE TEST THE ACCURACY OF THE POLYNOMIAL
FITTING

DIMENSION AEER(201)
COMMON NAXsMAXs AT20 ) aNAXL s INRET s X+aNRET s NRETI sRET(200)+A11A2¢Y( 1500
1)eTEPO00) ¢ TRZIRE+yRADENCDIF s FRKK e MMAX(20) s XRET{ 1500

WRITF (61023 MAX
W ITE(6+100)
SEER=0,0
DO 1 KT=2sNAX
TT=T(KT)
TOE=ACL)
DO 2 N=2.MAX
TRE=TREFAINIXT TR (N=1)
2 CONTINUE
EFR=RETIKT) =TRE
AFER(KT) =EER¥EER
RERz ABER(KT)I/TRE
SEERzSEFR+RER
WRITEF(S8:101) TTereTIKT) s TRESEFR
1 CONTINUE
SFER=SEER/FLOAT(NAX)
WRITE(6H+103) SFEFR
102 FORMAT(SXe%xTHE POLYNOMIAL 1S OF %+3Xs 182X+ #DEGREE %)
103 FORMATIZX s/ //«TXsSHSEER=z 3sE12.5) .
100 FORMATIIH +//+ 16XeSHTIME= +16Xvy4HRET= + 16X 4HTRE= 116X 4HEER= )
101 FORMATI(2X«4(10XsE12a5) )
RETURN
END
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—

(-0.075,168%)
0.09
156°

(-0.29,159%)
0.3y
140°

TABLE 1: MAIN RESULTS AS THE SOLUTIONS OF THE TIME-DEPENDENT
NAVIER-STOKES EQUATION APPROACH LATE-TIME STEADY STATE

NOMBoRSS 1.0 10 30 50 100
Pe/og 0.1 0.1 0.1 0.5 0.5
h 0.07824 0.07824 0.0u 0.0y 0.0u
k 69 6° 6° 69 6O

o 50 50 11.023 11.023 11.023
ey 10‘2 10 z 10 Z 10"2 10'Z
e 10 10 10 10 10

Wy 1.855 1.855 1.905 1.905 1.905
wg 0.5 0.5 0.5 0.65 0.65
CDF 18.9 2.82 1.37 0.956 0.61
CDP 9.24 1.53 0.90 0.68 0.51
CDT 28. 14 . 34 2.27 1.64 1.11
Ko 8.1 1.89 1.24 1.21 1.11
K -5.99 -0.55 -0.4 -0.205 -0.14
(¢, max.,8) (1.79,78%) (3.16,63°%) (5.08,57%) (6.75,54°) (9.58,54°%)

(-0.72,156%)
0.71
127.7°
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TABLE 1 : (CONTINUED)

ﬁggggﬁgs 200 300 400
pe/bg 0.5 0.5 0.5
h 0.0u 0.0y 0.0u
k 6° 6° 69
r_ 11.023 11.023 11.023
ey 107° 107° 1078

-3 -3 -3
€g 10 10 10
wy, 1.905 1.905 1.905
wg 0.65 0.75 0.75
CDF 0.38 0.29 0.24
CDP 0.3u 0.22 0.117%
CDT 0.72 0.50 0.3us’
Ko 1.06 1.055 1.069
Ko -0.03 0.09 0.169
(¢, max.,8) (13.6,517) (16.9,51%) (19.69,48°%)
(¢, min.,®) (-1.5,1629) (-2.4,162%) (-2.92,162%)
Ly 1.37 1.61 1.80
6 116° 111° 108°

+When the pressure drag coefficient
was calculated in terms of the
streamfunction, the values of the
pressure drag coefficient was found
to be 0.4%613, and the total drag
coefficient was 0.696u4
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KEY: -
(1)

(11)

(iii)

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)

Late-time steady state solution for a solid sphere of density ratio of 0.1,

accelerating towards its terminal velocity

Late-time steady state solution for a solid sphere of density ratio of 0.5,

accelerating towards its terminal velocity.

Late-time steady state solution for an impulsively accelerated

>

REYNOLDS NUMBER = 1

PRESENT WORK (1)

11

EXPER IMENTAL
RAFIQUE
AL-TAHA

h, k

0.07824,6°

(iii) 0.07824,6°
0.07824,6°
0.1,12°

r

o

50
50

50
54.598

t*(ss)
9.46
8.6758

8.1552

CDF
18.90
18.88

18.94
18.92

CDP
9.24
9.25

9.46
9.19

flow past a solid sphere.

CDT

28.
28.
26.
28.
28.

14
13

13
12
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TABLE 2: (CONTINUED)

REYNOLDS NUMBER = 10

h, k Ta t*(ss) CDF CDP CDT 0 Ly
PRESENT WORK (i) 0.07824,6° 50 51.24 2.82 1.53 4.34 - -

" (iii) 0.07824,6° 50 43.858 2.82 1.52 4.34 - -
EXPERIMENTAL - « - - - 4.10 - -
RAF IQUE 0.07824,6% 50 46.86  2.82 1.53 4.35 - -
AL-TAHA 0.2,12° 20.86 - 3.18 1.60 4.78 - -
REYNOLDS NUMBER = 30

h,k T t*(ss) CDF CDP CDT g Ly
PRESENT WORK (i) 0.04,6° 11.023 44.11 1.37 0.90 2.27 156° 0.09

" (iii) 0.04,6° 11.023 33.13 1.35 0.87 2.21 155.5° 0.11
EXPER IMENTAL - - - - 2.00 - -
AL-TAHA 0.05,6° 6.686 - 1.37 0.90 2.27 156° 0.14
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TABLE 2: (CONTINUED)

REYNOLDS NUMBER = 50 .
h,k T t*(ss) CDF CDP CDT 6g Ly
PRESENT WORK (i) 0.04,6% 11.023 75.80 0.95 0.68 1.63 140° 0.34
" (ii) ©0.04,6° 11.023 16.00 0.96 0.68 1.64 140° 0.34
1 (iii) 0.04,6° 11.023 43.86 0.95 0.68 1.63 140° 0.34
EXPERIMENTAL - « - - - 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 T, t*(ss) CDF CDP CDT 6 Ly
PRESENT WORK (ii) 0.04,6° 11.023 25.80 0.61 O0.51 1.11 127.7° 0.71
" (iii) 0©0.04,6° 11.023 55.90 0.60 0.50 1.10 128° 0.80
EXPER IMENTAL - « - - - 1.07 - -
AL-TAHA 0.05,6° 6.686 - 0.62 0.53 1.14 131° 0.80
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TABLE 2: (CONTINUED)

REYNOLDS NUMBER = 200
h,k T t*(ss) CDF CDP CDT 0g Ly
.72 1167 1.37

PRESENT WORK (ii) 0.04,6° 11.023 73.10 0.38 0.34 O

" - (iii) 0.04,6° 11.023 43.60 0.38 0.34 0.72 116° 145
EXPER IMENTAL - « - - - 0.77 115° 1.15
RAFIQUE 0.04,6° 11.023 77.55 0.34 0.29 0.63 113.7° 4.48
AL-TAHA 0.05,6° 6.686 - 0.39 0.32 0.72 123° 1.26

REYNOLDS NUMBER = 300

h,k T, t*(ss) CDF CDP CDT 6g4 Ly
PRESENT WORK (ii) ©0.04,6° 11.023 68.98 0.29 0.22 0.50 111° 1.61
EXPERIMENTAL - o - - - 0.65 - -

AL-TAHA 0.05,6° 6.686 - 0.30 0.17 0.48 118.5° 1.59

REYNOLDS NUMBER = 400

h,k T, t*(ss) CDF CDP CDT g L
PRESENT WORK (ii) 0.04,6° 11.023 72.0 0.24 0.11° 0.3457 108° 1.80
AL-TAHA 0.05,6° 6.686 - 0.26 0.07 0.33 115%° 1.85

TThese values were calculated in terms of the vorticity
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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

Pr = 0.7 Pr = 2.4 Pe = Pe = 100
t*(ss) Nugy t*(ss) Nugy t*(ss) Nug+ t*(ss) Nu,.,
PRESENT WORK (1) 9.46 2.2856 - - 9.46 4,8126 9.46 5.5102
" (i1) 8.5158 2.2926 8.6758 2.6226 8.6758 4.9171 8.0858 5.9394
AL-TAHA - 2.40751 - 2.63902 - 5.0662 - 6.04306
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
" (i1) 43.858 3.3202 43.858 4.4418 43.858 5.3714 43.858 6.4973
" (1ii) 51.18 3.2698 51.18 4.3556 51.18 5.2622 51.18 6.3601
AL-TAHA - 3.34284 - 4.55437 - 5.46844 - 6.608438
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
" (i1) 31.73 4.5925 29.43 6.4353 28.93 5.8124 28.73 7.0630
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TABLE 3: (CONTINUED)

REYNOLDS NUMBER = 50, DENSITY RATIO = 0.1
Pr = 0.7 Pr = 2.4 Pe = 50 Pe = 100
t*(ss) Nu, . t¥*(ss) Nu,,, t*(ss) Nugy t*(ss) Nu 4y
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 - -
REYNOLDS NUMBER = 100, DENSITY RATIO = 0.5
PRESENT WORK (i) 25.80 6.9643 25.80 10.103 25.80 6.3034 25.50 7.7441
" (i)+ 21.50 6.9613 21.50 10.118 21.50 6.3006 21.50 7.7433
" (1i) 41.50 6.9504 41.60 10.120 35.90 6.2907 35.90 7.7328
" (iii) 21.50 6.9488 - - - - - -
AL-TAHA - 6.92677 - - - - -
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TABLE 3: (CONTINUED)

REYNOLDS NUMBER = 200, DENSITY RATIO = 0.5
Pr = 0.7 Pr = 2.4 Pe = 50 Pe = 100
t*(ss) Nug,, t*(ss) Nugy t*(ss) Nug,y t*(ss) Nu,

PRESENT WORK (i) 73.10 9.1235 73.10 13.855 73.10 6.5581 73.10 8.1826

" (11) 43.70 9.1331 43.70 14.007 43.70 6.5581 43,70 8.1858
DRAKE™ - 9.5 - - - - - -
REYNOLDS NUMBER = 300, DENSITY RATIO = 0.5
PRESENT WORK (i) 68.98 10.852 68.98 17.249 68.98 6.7083 68.98 8.4532
DRAKE" " - 11.0 - - - - - -
REYNOLDS NUMBER = 400, DENSITY RATIO = 0.5
PRESENT WORK (i) 72.00 12.334 72.00 20.865 72.00 6.8038 72.00 8.6337
DRAKET™ - 12.0 - - - - - -
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)T 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 equationmn.

(ii) Impulsively accelerated flow past a solid sphere.
(iii) Steady state conduction is used as an initial condition.
i Drake's result as quoted in the paper by Vliiet and Leppert (1961)
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TABLE 4: EFFECT OF TiE ORDER OF POLYNOMIAL USED ON
THE EVALUATION OF THE OVERALL NUSSELT NUMBER

PRANDTL NUMBERS 3rd ORDER 4th ORDER Sth 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



TABLE 4: (CONTINUED)

PRANDTL NUMBERS  3rd ORDER  4th ORDER
REYNOLDS NUMBER = 300, DENSITY RATIO = 0.5
0.7 11.205 10.853
2.4 18.089 17.249
0.167 6.7621 6.7078
0.33 §.5960 8.4532
REYNOLDS NUMBER = 400, DENSITY RATIO = 0.5
0.7 12.838 12.334
2.4 21.444 20.865
0.125 6.8643 6.8038
0.25 §.7916 8.6337

5th ORDER

10.671
15.841
6.7095
8.4290

11.932
19.102
6.8022
8.5964

479



10.

11.

12.

13.

480

BIBLIOGRAPHY

Acrivds, A. and Taylor, T.D., Physics of Fluids, 5,
387, (1962)
Al-Taha, T.R., Ph.D Thesis, University of London, (1969)
Ames, F.W., "Numerical Methods for Partial Differential
Equations" , Nelson (1969)
Ames, W.F., "Non-linear Partial Differential Equation &~
in Engineering'" , Academic Press, (1962)
Aris, R., "Vector, Tensors and Basic Equation of Fluids
Mechanics" , Prentice-Hall (London), (1962)
Baggio, T., "Integrazione dell'eqﬁazione funzionale
' che regge la caduta di una sfera in un
liquido viscoso'" , Rendicontidella R. Accade
dei Lincei XVI1, ser 5, (1907)
Basset, A.B., Phil. Trans. Roy. So&., 179, 43, (1888)
Batchelor, G.K., "An Introduction to Fluids Mechanics" ,
Camb. Univ. Press, (1967)
Bentwich,M., Szwarabaum, G., d4nd Sidemans, ASME,
paper 65-HT-38, (1965)

Bird, R.B., Stewart, W.E., and Lightfoot, E.N.,

"Transport Phenomena” , Wiley Int. (N.Y), (1960)

Birkhoff, G., Varga, R.S., and Young, D., Advances
in Computers, 3, 190, (1962)

Brush, L.M., Ho, H.W., and Yen, B.C., Proc. ASCE Journal,
Hydraulics Div., 90, (HY1l), 149, (1964)

Cheng, S.I., Physics of Fluids, Supplement II, 12, 11, (1969)



14.

15.

16.

17.
18.

19.

20.

21.

22.

23,

24.

25.

26.

481

Clift, R., "A Numerical Procedure for Calculating Unsteady
Motion of Particle Entrained in Fluid",
Departmental paper, Dept. of Chem. Eng.

McGill University, (1973)

Clift, R., Adamji, F.A., Richard, W.D., "Unsteady
Rectilinear Motion of Particle Entrained in
Fluids', International Conference in Particle
Technology™, IITRI (1973)

Coulson, J.M. and Richardson, J.F., "Chemical Engineering",
Volume 2, Pergamon Press, 5th Ed. , (1962)

Demetriou, A., Ph.D, University of London (not published)

Eckert, BE.R.G., and Drake, R.M,(Jr.), '"Heat and Mass Transfer",

| McGraw Hill (N.Y.) , (1959)

Fox, L.,(EDITOR), "Numerical Solution of Ordinary and
Partial Differential Equation", Pergamon Press,
(1962)

Fox, L., Proc. Roy. Soc. (LONDON), Al90, 31, (1947)

Friedlander, S.X., A.I.Ch. E. Journal, 3, 43, (1957)

Friedlander, S.K., A.I.Ch. E. Journal, 7, 347, (1961)

Fromm, J.E., "Method for Computing Non-steady Incompressible
Fluids Flow", Los Alamos Scientific Lab., (1963)

Fromm, J.E., and Harlow, F.H., Physics of Fluids, 6,

675, (1963)

Fromm, J.E., and Harlow, F.H., Physics of Fluids, 7,

1147, (1964)

Goodwin, E.T.(Supervisor), "Modern Computing Methods™,

HMSO, (1961)



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

482

Gosman, Runchal, Spalding and Wolfshtein, "Heat and
Mass Transfer in Recirculating Flows",
Academic Press (LONDON), (1969)
Hamielec, A.E., Hoffman, A.E. and Ross, L.L.,
A.I.Ch.E. Journal, 13, 212, (1967)
ﬁamielec, A.E. and Johson, A.I., The Canadian Journal
of Chemical Engineering, 40, 41, (1962)
Hamming, R.W., "Numerical Methods for Scientists and
Engineers', McGraw Hill, (1962)
Hjelmfelt, A.T. and Mackros, L.F., Proc. ASCE Journal,
Eng. Mech. Div., 93, (EM6), 87, (1967)
Holland-Batt, A.B.,, Trans. Instn. Chem. Eng., 50, 12, (1972)
Holland-Batt, A.B., Trans. Instn. Chem. Eng., 50, 156, .(1972)
Hughes, R.R. and Gilliland, Chem. Eng. Prog., 48, 492, (1952)
James, E., O'Brien, F. and Whitehead, P., "A Fortran
Programming Course', Prentice-Hall Inter. (1970)
Jenson, V.G. Proc. Roy. Soc. (LONDON), A249, 346, (1959)
Kawaguti, M., Rep. Int. Sci. Tech. (TOKYO), 4, 154, (1950)
Konopliv and Sparrow, Trans. ASME; Journal of Heat Transfer,
94, (Series E), 266, (1972)
Krall, K.M. and Eckert, E.R.G., Heat Transfer Vol., I1I,
FC7.5, (1970)
Kreyszig, E., "Advanced Engineering Mathematics", 2nd. Ed.,
Wiley International, (1967)
Kronig and Bruijsten, Applied Sci. Res., 12, 439, (1951)
Lapple, C.E. and Shepherd. C.B., Ind. Eng. Chem. 37, 605,
(1940)



43.

44.

45.

46.

47.
48.

49.
50.

51.

52.

53.

54,

55.

56.
57.
58.

483

Levich, V.G., "Physiochemical Hydrodynamics",
Prentice-Hall, (N.J), (1962)

Milne-Thomson, L.M., "Theoretical Hydrodynamics'', 5th Ed.
Macmillan (LONDON), (1968)

Morgan, G.W. and Warner, W.H., Journal of the Aero. Sci.,
23, 937, (1956)

Navier, '"Mémoire sur les Lois du Movement des Fluides" ,

Mém. de 1'Acad. des Sciences, VI, 389, (1822)

Noble,B., "Applied Linear Algebra', Prentice-Hall, (N.J), (1969)

O'Dar,F. and Hamilton, W.S., Journal of Fluid Mechanics,

18, 302, (1964)

Payne, R.B., Journal of Fluid Mechanics, 12, 611, (1965)

Peaceman, D.W. and Rachford, H.H. (Jr.), Journal of Soc.
Indust. Applied Maths., 3, 1, 28, (19%5)
Pearson, C.E., Journal of Fluid Mechanics, 21, 611, (1965)
Picciate, '"Sull'equazione della propagazione del calare
in un filo", Rendiconti della. R. Accad. dei
Lincci, XVI, 5, (1907)
Prandtl, L., "Veber Flﬁssigkeitsbewegung", mit kleiner
Reibung (1904)
Rafique, K., Ph.D Thesis, University of London (1971)
Richtmyer, R.D., "Differences Methods for Initial Value
Problemg, Interscience Publisher, (N.Y.), (1957)
Rimon, Y., Ph.D Thesis, Princeton University, N.J., (1968)
Rimon, Y. and Cheng, S.I., Physics of Fluids, 12, 949, (1969)
Schiller and Naumann, A., Z. Verdent. Ing. 77, 318, (1933)



LT e

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

484

Schlichting; I., "Boundary Layer Theory", 6th. Ed.,
' McGraw Hill (1968)
Shaw, F.S., "An Introduction to Relaxation Method",
Dover Publication Inc., (1953)
Son,J.S. and Hanratty, J.T., Journal of Fluids Mechanics,
35, 369, (1969)
Speigal, M.R., "Vector Analysis", Shaum Pub.,(N.Y.), (1959)
Stokes, C.G., Camb. Trans. VII, (Paper i, 75), 287, (1845)
Stokes, C.G., Trans Phil. Sco., 9, 2, 8, (1851)
Thom, A., Aero. Res.Council, Rep. and Memo. No. 1194, (1928)
Thoman, D.C. and Szewezk, A.A., Tech. Rep. 66-14, Heat |
Transfer and Fluid Mech. Lab., University of
Notre Dame, (1966)
Tomotika, S. and Aoi, T., Quart. Journal of Mech. Applied
Maths., 3, 140, (1950)
Vliet, C.G. and Leppert, G., Trans. ASME, Journal of
Heat Transfer, 83, (Series C), 163, (1961)
Walsh, J., (Editor), "Numerical Analysis - An Introduction',

Academic Press, (1966)





