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ABSTRACT

In a study of initial solidification during the continuous
casting of steel slabs, the formation of oscillation marks and
their effect on the surface quality of the slabs have been
examined by metallographical investigation of slab samples and

by performing a set of mathematical analyses.

The metallographic study of the oscillation marks has
revealed that the adjacent subsurface structure may exhibit
"hooks". The depth of oscillation marks exhibiting subsurface
hooks is affected by the carbon content of the steel, while
oscillation marks without adjacent hooks do not show the carbon
dependence. Another important factor which affects the depth of
oscillatioh marks 1is wvariation of the meniscus level. Quick
upward movement of the meniscus level increases the depth of

oscillation marks.

The theoretical analysis of heat flow at the meniscus
indicates that the meniscus may partially freeze within the
period of a typical mould oscillation cycle. Lubrication théory
has shown that a significant pressure can be generated in the
flux channel by the reciprocating motion of the mould relative
to the shell. The shape of the meniscus has been computed as a
function of the pressure developed in the mould flux. This has
demonstrated that the "contact" point of the meniécus‘with the
mould wall moves out of phase with the mould displacement by

n/2, and has a greater amplitude than the stroke of mould
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oscillation. Thus near the beginning of the positive strip
period molten steel can overflow at the meniscus when a rigid
hook-like shell exists, whilst the meniscus in the absence of a
rigid shell, caused by high superheat and/or steel convection at
the solidification front, is drawn toward the mould wall to form
the oscillation marks without a subsurface hook. Conseqguently
the effect of wvarious casting wvariables on the depth of

oscillation marks can be explained on theoretical grounds.

Positive segregation of phosphorus has been observed at the
bottom of the oscillation marks and has been classified mainly
into two types. One type is obsgrved at the end of the overflow
region on the subsurface hook. A heat-flow model which takes
into account the shape of the oscillation marks has reveéled
that this type of positive segregation is caused by local delay
of solidification at the bottom of the oscillation marks.
Another type of positive segregation has been found in a layer
on the bottom of oscillation marks without subsurface hooks.
This form of segregation cannot be explained by the heat-flow
model, but is likely due to a penetration mechanism in which the
negative pressure in the flux channel generated during the
upward motion of the mould draws out interdendritic liquid from

the semi-solidified shell.

Transverse cracks are found along the bottom of oscillation
marks. The surface of the transverse cracks exhibits an
interdendretic appearance in the vicinity of the slab surface,

which implies that the cracks are hot tears initiated in the
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mould region. A heat-flow analysis predicts that deep
oscillation marks cause nonuniformity of the shell in the mould, -
which was also observed in the metallographic investigation.

According to the heat-flow analysis not only the depth but also
the pitch of oscillation marks affects the shell profile.

Therefore 1increasing the frequency of mould oscillation
effectively reduces transverse cracks, by decreasing both the

depth and the pitch of oscillation marks.
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1. INTRODUCTION

Owing to advantages of high yield,' uniform quality, and
high productivity, the continuous-casting process has been
widely accepted by numerous steelmakers 1in the world. The
fraction of steel that is continuously cast has been steadily
increasing, while the growth of =steel production has ceased
after the o0il <crisis, see Fig. 1-1.,' Particularly in the past
decade, the continuous-casting process has undergone significant
developments in both equipment and operation,? *® wuntil now it

has become the dominant casting process in steelmaking.

Today continﬁous casting 1is entering a new era of
development in which it is linked directly with the hot rolling
process. Initially the hot-charging process* has been developed
prior to direct rolling, where the high temperature, as-cast
slabs are transported to the reheating furnace without surface.
conditioning. This direct charging of the continuously cast
slabs to the hot rolling mill not only minimizes the energy loss
but also simplifies the intermediate process between steelmaking
and hot rolling, viz cooling, inspection, and hand scarfing.
However hot charging can only be successfully implemented if the
cast slabs are free from surface defects. Thus considerable
effort has been expended to improve the surface quality of
slabs. 1In this regard initial solidification in the continuous-
casting mould has been recognized to be a significantly
important phenomenon to be understood and if possible

controlled.



The factors related to initial solidification in the mould
are expressed in Fig. 1-2. 1Initial solidification phenomena in
continuous casting are characterized not only by rapid heat
extraction but also by interaction between the initially
solidified shell and the inflowing mould flux, giving rise to
the formation of oscillation marks. Consumption of mould flux
which results from this interaction is essential to lubrication
and heat transfer in the mould. For example, nonuniform inflow
of mould flux 1is thought to be one of the major causes of
longitudinal surface cracks;® deep oscillation marks resulting
from inappropriate mould operation often lead to the formation
of transverse surface cracks;® also decreasing the consumption
rate of mould flux with increasing casting speed has been one of
the major problems with high speed casting from the standpoint
of lubrication.’ Recently many industrial efforts, for example
high frequency oscillation casting,® 2?2 have been initiated to
produce slabs free from surface conditioning. However the
results expected have not been achieved yet. This is because
the initial solidification at the meniscus has not been well

understood.

Thus the main purpose of the present work is to shed light
on the initial solidification 1in the continuous-casting slab
mould, especially from thé process standpoint, 1in order to
suggest the optimum mould operation for the high surface quality
of slabs. The subjects treated are firstiy the formation
mechanism of oscillation marks and secondly the effect of

oscillation marks on the surface quality of slabs. The approach



taken has involved metallurgical investigations of many slab
samples continuously cast -under different conditions, and the

formulation of several mathematical models.
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2. PREVIOUS WORK

2.1 Mould Oscillation And Mould Flux

Mould oscillation in the presence of an adeguate 1lubricant
plays one of the most essential parts in the continuous casfing
of steel. It prevents the sticking of steel on the mould wall
and makes continuous casting possible. Fig. 2-1 shows a typical
mould movement as a function of time.® In general the mould
oscillation is sinusoidal and, hence the 'displacement "and the
speed of the mould are expressed by Egs. (2-1) and (2-2)

respectively.

sin(2mft) (2-1)

x ==
2

vy = nsfcos(2nft) (2-2)

There is a certain period in each cycle of the mould oscillation
in which the déwnward velocity of the mould exceeds .the
withdrawal rate of the strand. This is called the negative-
strip time, while the remaining period in each cycle is referred
to as positive-strip time, expressed by Egs. (2-3) and (2-4)

respectively.
v

_ 60 __ S -
ty = of &rc cos(ﬂsf) (2-3)
v
t_ = 80 arc cos(- —2) (2-4)

P i msf



Rapeseed oil was first wused as mould 1lubricant in
continuous slab casting, but later mould flux was applied for
the improvement of slab quality. The mould flux in continuous
casting performs the following functions;'° '!

i) lubrication (better than rapeseed oil)

ii) heat transfer between mould wall and steel

iii) dissolution of 1inclusions floating from the molten

steel pool |

iv) thermal insulation at the meniscus

v) prevention of reoxidation of steel at the meniscus
Mould flux 1is synthesized mainly from 1) Si0,-Ca0O-Al,0,; system
as the base material, Z)fgan, Na,0, K,0, etc. to <control the
fluidity, and 3) carbon and/or graphite particles as skeleton
material. Today mould flux 1is wused mostly in a prefused
granular form, which ensures the most uniform melting behavior
at the meniscus,'? see Fig. 2-2. An adeqguate thickness of
molten flux (6-15mm)'2? '3 is necessary for the uniform inflow of
the lubricant into the "gap" between the mould wall and newly

forming steel shell.

For the purpose of theoretical analysis of the melting
behavior of mould flux on the meniscus and the inflow of mould
flux into the gap between the mould wall and the shell, several
thermophysical properties are required. However few studies
have been reported on the measurement of the properties of mould
flux, except for the viscosity.'©? '¢
As for the other properties, e.g. density, interfacial tension,

specific heat, and thermal conductivity, the properties of blast



furnace slag which are better characterized, are generally
employed in place -of the missing data for mould flux. The

properties of blast furnace slag are summarized in Table 2-1.

2.2 Oscillation Mark Formation

2.2.1 The Shape Of Oscillation Marks

The use of mould flux has brought about numerous advantages
in the continuous casting process; however at the same time,
oscillation marks themselves have become a more serious
problem.?° Oscillation marks are formed periodically and
uniformly normal to the casting direction around the slab
surface. The pitch of oscillation marks can be expressed simply
by Eg. (2-5),°% which implies that the marks are formed in each

cycle of the mould oscillation.

<

1 = _fﬁ (2-5)

As one of the indices of surface quality, the depth of
oscillation marks has been discussed often in relation to the
mould oscillation. The depth of oscillation marks increases
with 1increasing oscillation stroke 1length,® Fig. 2-3, and
decreases with increasing oscillation frequency,® 2' 22 Fig. 2-
4. The longer the oscillation stroke, the larger is the effect
of oscillation freguency on the depth of oscillation marks.?' In
more general terms the mark depth has been related to the

negative-strip time as expressed by Eq. (2-3). The



relationship between the depth of oscillation marks and the
negative-strip time in different plants is summarized 1in Figq.

2-5,23-2% 1t is seen that the depth of oscillation marks
increases with increasing negative-strip time. The effect of
mould flux properties and casting speed on the depth of

oscillation marks has not been determined clearly.

2.2.2 " Subsurface Structure Of Oscillation Marks

Oscillation marks can be classified according to the
adjacent solidified structure. Emi et al.® have discerned two
types of oscillation marks based on the presence or absence of a
small "hook" in the subsurface structure adjacent to each
oscillation mark, Fig. 2-6. The hooks are believed to be a
manifestation of liquid metal overflowing the top of the shell
which is inclined toward the molten pool. The absence of hooks,
it has been suggested, is due to the top of the inclined shell
being pushed back toward the mould wall by the ferrostatic

pressure,

Details of the subsurface structure adjacent to oscillation
mark were examined by Saucedo et al.?® The secondary dendrite-
arm spacing was measured and was found to be smaller at the top
than at the bottom of the oscillation marks; this finding was
taken as evidence that the area at the bottom of oscillation
marks was solidified at a reduced rate away from the mould wall.

Thus they suggested the possibility of meniscus solidification.
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Recently positive segregation of solute elements in the
vicinity of the bottom of oscillation marks has been reported, ?’

2% and this will be described later.

2.2.3 Mechanism Of Oscillation Mark Formation

Several mechanisms have been proposed to explain the
formation of oscillatiom marks. Sato®° has suggested, as did
Savage ana Pritchard in 19543 for the formation of
reciprocation marks in steel billets, that the shell "sticks" to
the mould wall such that on the upstroke of the mould, the shell
ruptures allowing 1liquid  steel to partially £fill the gap
created. This event is followed by a "healing" period while the
mould moves downward, see Fig. 2-7. This mechanism is difficult
to justify, however, because the oscillation marks on a slab
surface are relatively straight and horizontal which would
hardly be possible if the rupture mechanism predominated. Emi
et al® have proposed a mechanism; in which the top edge of the
shell is pushed toward the molten steel by 1liquid £flux during
the negative-strip period of the mould oscillation, see Fig. 2-
8. The mould flux is "pumped" into the channel between the
steel and the mould by a frozen slag rim attached to the mould
wall. At the end of the negative-strip period, when the mould
and strand are moving downward with the same velocity, the flux
pressure is released and ferrostatic pressure either causes
molten steel to overflow the partially solidified meniscus to
form a hook or the meniscus is pushed back toward the mould wall

such that a hook is not created. Thus the hook adjacent to



1"

oscillation marks is a manifestation of molten steel overflowing
a partially solidified meniscus as suggested earlier. Similar
concepts have been 1invoked by others,2® 32-35 Based on
expermental results obtained with a "mould simulator", Kawakami
et al.?® have suggested that oscillation marks arise from the
interaction of a viscous layer of mould flux which moves with
the mould wall, and during the negative-strip time, physically
bends the top of the solidifying shell. Molten steel then
overflows the bent shell. The sequence of events leading to the
formation of oscillation marks according to this mechanism 1is
shown schematically in Fig. 2;9. Using the same type of "mould
simulator”, H. Takeuchi et al.3®’ have proposed a slightly
different mechanism. They theorized that a solidified slag rim
at the meniscus, which moves with the mould wall, pushes the top
of the shell directly toward the meniscus. Even though the
solid slag rim and/or viscous flux layer are affected by heat
flow at the meniscus, no thermal analysis was done in these

studies.

These reported mechanisms are essentially conceptual in
néture and have been applied only in a qualifative manner to
rationalize thé influence of oscillation characteristics on the
pitch and the depth of oscillation marks. Owing to the
complexity of the meniscus phenomena, only a few theoretical
approaches have been made on the mechanism of oscillation-mark
formation. Based on results of an investigation of the
subsurface structure adjacent to oscillation marks, as mentioned

before, Saucedo et al.?® formulated a two-dimensional, heat-
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transfer model of solidification in the meniscus region. This
heat flow analysis is to be discussed in a later section.

However the mould oscillation effect was not taken into account
in their model. Based on a modification of their conceptual
model, Fig. 2-8, Nakato et al. 3% proposed a simple
mathematical model to explain the effect of mould oscillation
conditions on the depth of oscillation marks. Their assumptidns
were as follows; 1) the top of the shell is deformed directly by
a solid slag rim which moves with the oscillating mould (similar
to Takeuchi's model37), 2) the extent of deformation of the
shell, viz the depth of oscillation mark, is proportional to the
maximum displacement of the mould relative to the shell, see

Fig.2-10. The maximum displacement is given by Eg. (2-6).

=5 45 - -
d « AlmaX =3 51n(2ﬂftmax) vstmax (2-6)
1 Vs
“max = 7nf 27¢ ©05(GE) (2-7)

According to the results predicted with this model shown in
Fig. 2-11, the depth of oscillation marks increase with
increasing oscillation stroke. This tendency is consistent with
the plant data 1in Fig. 2-3. However the calculated effect of
oscillation frequency on the depth of oscillation mark, viz the
mark depth increases with increasing oscillation frequency, is

opposite to observations made in plant, Fig. 2-4.
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2.3 Heat Transfer In The Mould Near The Mensiscus
2.3.1 Factors Affecting Mould Heat Flux
Mould heat transfer has been determined from the

temperature distribution 1in the mould measured with a large
number of thermocouples embedded in the copper plates of the
mould wall.'® %0-%3 1pn addition mould heat transfer has been
characterized by the temperature change of mould cooling water
and/or by the calculated thermal resistance between steel shell
and mould wall.‘.8 5 Prom these thermal investigations, the
following subjects have been clarified. The most important
factor influenciné the heat flux extracted from the mould wall
is thé carbon content of the steel,®® %% which has been
discussed frequently in relation to the formation of surface
cracks. Near 0.10-0.15%C the solidified shell experiences
volume shrinkage due to the 6-y transformation, which gives rise
toAair gaps between the mould and shell. Furthermore the
ferritic éolidificatioﬁ structure, with much less micro
segregation, has a high strength which may contribute to partial
contact with the mould wall.®' Therefore air gaps formed between
the shell and the mould wall reduce local heat flux, which may
prevent local shell growth and lead to the initiation of surface
cracks. Selection of a suitable mould flux partially relieves
the nonuniformity of heat extraction.®’ Casting speed also has a
large influence on the heat flux, *° because it changes not only

the shell thickness, viz air gap formation, but also the flow
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rate of molten steel at the solidification front®® and the
inflow of the mould flux into the "gap" between mould wall aﬁd
the shell.'® Fig. 2-12 shows the effect of casting speed on the
heat flux profile in the mould.®® Unfortunately, in obtaining
these axial distributions of heat flux, from thermocouple
readings, one-dimensional heat conduction through the thickness
of the mould wall has been assumed whereas, as Samarasekera and
Brimacombe®® have shown, the axial component of heat conduction
in the meniscus region is large. Implicit neglect of axial heat
conduction means that feported data for heat flux at the
meniscus are lower than the actual values. Another deficency,
from the standpoint of characterizing heat flux in the meniscus
region, 1is the absence of heat flux data over the length of the
mould wall above and adjacent to the meniscus. Thus the heat
flux profiles reported in the literature are inadequate for the
prediction of the temperature distribution in the mould flux and
the steel at the meniscus. Knowledge of mould fluk temperature
at the meniscus 1is very 1important because it affects the
viscosity, consequently the flow of mould flux 1into the gap

between the mould wall and the shell.

2.3.2 Meniscus Solidification

Solidification in the meniscus reéion has been investigated
theoretically by Tomono et al.*? and Saucedo et al.3®® The main
assumptions in the first authors' computation are as follows: .

i) no mould flux and mould oscillation

ii) one-dimensional unsteady-state heat flow in the steel
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iii) two-dimensional steady-state heat flow in the mould

wall
iv) temperature of mould wall-water interface at 100°C
v) specified thickness of air gap between mould and shell

One of their <calculated results 1is shown in Fig. 2-13.
Unfortunately, the temperature distribution in the mould wall is

completely different from actual measured values.®?

Saucedo et al.3® presented a two-dimensional heat transfer
model, which 1is more acceptable than the former case. Their
computation is based mainly on the following assumptions;

i) no mould flux and mould oscillation

ii) two-dimensional unsteady state heat flow in the steel

i1i) heat transfer coefficient assumed for the mould/steel
boundary condition

iv) solidified shell 1is rigid 1if fraction solid exceeds

0.2.

Fig. 2-14 shows one of their calculated results, the effect of
convective heat-transfer coefficient on the shell profile.

According to their results, partial solidification of the
meniscus may be possible. Moréover the amount of heat extracted
from the mould wall, carbon content, and superheat of the molten
steel have a strong effect on this phenomenon. Although they
suggested that the meniscus solidification is the major cause of
oscillation mark formation, their assumptions especially on the

rigidity of the solidified shell 1leave room for argument.
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Another point to be noted is that they overestimated the heat
flux from the meniscus by using square nodes in their finite-
difference analysis to approximate the curvature of the
meniscus. A more precise model should be developed to estimate
the temperature distribution not only in the steel but also in

the mould flux.

2.4 Lubrication In The Mould

2.4.1 Consumption Of Mould Flux

Numerous industrial trials have been conducted to determine
the most suitable lubrication conditions for the production of
slabs with high surface quality?® '°© %7 49-65 egpecially in the
case of high speed casting.'? 35 56 In general a large
consumption of mould flux is expected to provide good
lubrication in the mould. However it has been found that
increasing the casting speed decreases the mould flux
consumption, 3° 55 as shown in Fig. 2-15, Furthermore
increasing the oscillation frequency, even though it reduces the
depth of oscillation marks,?’ also decreases the flux
consumption,® ° Fig. 2-16. Low flux consumption causes a high -
friction force®® between the steel shell and mould wall, which
gives rise to surface cracks,®' and in the worst case the
sticking of the shell to the mould wall.®’ 1In order to

compansate for the reduced flux consumption, improvements to the

flux properties, such as viscosity and solidifying temperature,
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have been made récently in many casting plants.®’ 52 55 60 61 68
The effect of the viscosity and softening temperature of mould
flux on the flux consumption are shown in Figs. 2-17 and 2-
18,52 respectively. Quantities of Li,0,%% BaO and/or B,0,%% 6!
are added to conventional mould fluxes to decrease their
viscosity and softening temperature without at the same time

increasing erosion of immersion nozzles.

Several theoretical approaches have been attempted to
understand the process of flux consumption,'® 69-71 and
lubrication in the mould. Kor,®? for example, calculated the
velocity distribution in the flux film between the mould wall
and the shell to estimate the shear stress acting on the shell
surface, viz friction force, using the following eguation.
ou _ ap azu
Bt T T T2 ¥ (2-8)

ay
The major assumption on which his model is based 1is that the
mould wall and the solidified shell are parallel, and the
distance between them, viz the thickness of mould flux layer, 1is

constant. As a result, for example, the time independent terms

of the average velocity of mould flux were expressed by Eg. (2-

9).
| v (p_-p )8d2
v -8, £~ §f -
Ve =3 + 70 (2-9)
£
According to Eg. (2-9), flux consumption 1increases with

increasing casting speed whereas the opposite effect has been
observed in plant, Fig. 2-15. The problem could be due to the

simple assumptions as described above; also the effect of
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oscillation conditions and casting speed on the inflow of mould
flux into the gap between mould wall and shell at the meniscus,
which will determine the thickness of flux layer, is not taken

into account.

2.4.2 Mould Friction

In the upper part of the mould, the friction force acting
on the steel shell depends on the viscosity of the mould flux
and velocity distribution in the liquid flux film.'* 6%

du
= - 2 2-10)
T uf‘ay (2-

However over most of the mould 1length, solid-solid friction*“®
additionally complicates the shell behavior and makes the
theoretical analysis of mould friction much more difficult.

Recently measurements of the mould friction force using strain
gauges, etc. have been carried out in many
plants.3' 54 60 687 72-74  Although the analysis of this sort of
measurement has not been well established,?’3-75 it offers a
method of determining optimum conditions of mould operation.

Many experimental results reveal that a.large friction force may
cause breakouts and/or surface cracks, such as longitudinal
cracks and transverse cracks. The mould friction decreases with
decreasing casting speed, oscillation frequency and the
softening temperature of mould flux, which 1is consistent with

the consumption of mould flux.
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2.5 Surface Quality Of Slabs Related To Oscillation Marks.

2.5.1 Transverse Cracks

Transverse cracks are one of the most common surface
defects on continuously cast slabs, and therefore have attracted
numerous studies. Transverse cracks are observed both on the
wide and the narrow side and/or even at the corner of slabs, 2?
see Fig. 2-19. They are perpendicular to the casting direction,
and appear usually along the bottom of oscillation marks. Fine
transverse cracks along oscillation marks are difficult to
detect on the as-cast slab surface. Hence in the case of steels
sensistive to transverse cracks such as micro-alloy grades,’%-78
a careful visuél inspection is necessary to find these fine
cracks, and this seriously reduces the productivity of

continuous casting.

In general transverse cracks form on the 1inside radius
(loose) side of the strand in a curved continuous casting
machine which has a single bending point between the curved
region and straightening rolls. In a vertical bending
continuous casting machine having an additional wupper bending
point, the cracks may form on either the loose or the fixed side
of the strand.’® These results suggest that transverse cracks
are formed by tensile strain applied on the strand at the
straightening point.’® 79 Ductility measurements have been
performed in the temperature range from 1000°C to 600°C and low

strain rate € = 5 x 10-%s-' which is close to 10-%s- ' at the
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bending point,®° and it has been determined that transverse
cracks are closely related to intergranular embrittlement
associated with the Ar; transformation in the temperature range
from 700°C to 900°C.%° In the case of plain carbon steel, the
embrittlement 1s caused by film-like proeutectoid ferrite
precipitating along the austenite grain boundaries. Imposed
strain then concentrates in the ferrite layer to cause
intergranular cracks. In addition, precipitation of AlN®' and
Nb, V carbonitride®? 83 further decreases the ductility of steel
in the same temperature range. Nitrogen reduces the ductility
of steel and increases the frequency of transverse cracks as

shown in Fig 2-20 (a) and(b) respectively.

In actual casting operations, decreasing .these harmful
alloying elements (Al,N,Nb,V) and controlling the slab surface
temperature above 900°C to avoid the brittle temperature range
at the straightening point have been reported to be effective in
the prevention of transverse crack formation, Fig. 2-21.% Prior
to the development of the "hot charging"” practice, the slab
surface was cooled down below the brittle temperature range, viz

about 600°C at the unbending point.’®

Sugitani®*® has proposed the following mechanism for
transverse crack formation based on their experimental results.
The surface region of slab is subjected to a repeated rise and
fall of temperature in the spray cooling zone owing to changing
heat extraction rates associatied with rolls and sprays. 1If

this temperature fluctuation is very large, it causes many fine
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transverse cracks to form on the surface of slabs containing
high Al, Nb, and/or V. These fine cracks propagate to generate
large transverse cracks during unbending. This mechanism is
supported by the investigation results of Yamaki et al.®® They
have examined slabs obtained from an interrupted cast and found
that fine cracks appeared over the whole surface of the slabs

before the unbending point.

With respect to the effect of oscillation marks on the
formation of trénsverse cracks, it has been suggested that the
bottom of oscillation marks acts as a notch to enhance cracking
at the unbending point, because reducing the depth of
oscillation marks decreases the formation of transverse cracks,
and the cracks are usually found on the loose side of the slab
where tensile strain 1is generated at the bending point.’?
However it seems unreasonable that the oscillation marks simply
create a notch effect, because usually the bottom of oscillation
marks is rounded and furthermore the depth of marks is reduced
by support rolls, On the other hand Tanaka et al 29
metallographically investigated the bottom of oscillation marks,
and found fine <cracks initiated 1in regions of ©positive
segregation along the subsurface hooks; these may offer sites

for transverse cracks.
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2.5.2 Positive Segregation

Recently positive segregation of solute elements at the
bottom of oscillation marks has been examined 1in relation to

surface defects on slabs.

In the case of a plain-carbon steel, positive segregation
of P and Mn has been detected along the hook in the subsurface
structure of oscillation marks.?® 2° This type of segregation is
more severe at the corner than at the center of slabs. The
maximum content of phosphorus determined by EPMA in the
segregation region increases with increasing depth of
oscillation marks, as shown in Fig. 2-22. Below the Vpositive
segregation along the hook, negative segregation was found.
From these results the mechanism for positive segregation has
‘been proposed as follows. Interdendritic liquid having a high
solute content in the top of the shell is squeezed out as the
shell is bent during the downward motion of the mould,'see
Fig. 2-23. Fine cracks have been observed in the zone of
positive segregation of P, and Atherefore this region was

considered to offer a good site for transverse crack formation.

In addition, the same type of positive segregation has been
found at the bottom of oscillation marks in austenitic
stainless-steel slabs.?’ Intensive segregation often gives rise
to surface defects on products rolled from the slab without

6 hence it has become one of the

surface conditioning,?®
troublesome defects affecting the "hot charging” of stainless-

steel slabs. Surface segregation on stainless steel slabs 1is
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classified 1into the following two types: A) segregation at the
overflow part on the hook, B) segregation layer at the surface

of oscillation marks without hooks, see Fig. 2-24.

The segregation of Ni and Si was determined in both types
of segregation zone, and the segregation ratio of these elements
was found to be close to the 1inverse of the partition
coefficient of each. Thus 1t has been proposed that the
concentrated ligquid at the solidificaiton front 1is transported
to the surface of the slab by overflow (type A) or by bleeding
(type B), see Fig.2-25, The frequency of the positive
segregation increases with increasing negative-strip time, as

shown Fig. 2-26.

2.6 Summary - Industrial Necessity For The Present Work

The oscillation marks formed on the surface of slabs are
not only the site of transverse cracks® but themselves are
unfavorable for the establishment of hot-charging.®® High-
frequency and short-stroke mould oscillation, giving short
negative-strip time, has been found to reduce the depth of
oscillation marks.® 22 However mould oscillation of short
negative-strip decreases the consumption of mould flux, which
increases the mould friction.®® High friction force generates
tensile strain in the shell 'solidifying in the mould, which
leads to 1longitudinal and/or transverse cracks®' and, in the
worst case, breakouts.®’ As the countermeasure to this problem,

ultra-low viscosity mould flux has been developed



24

recently.52? 55 61

Further industrial development can be achieved more
efficiently if the 1initial-solidification phenomena at the
mensiscus are better understood. Since the meniscus phenomena
are characterized by‘the formation of oscillation marks, a study
of the oscillation-mark formation ought to provide the necessary
information. However all models of oscillation-mark formation
that have beeh reported up to now are too conceptual to
contribute to the improvement of mould operation.,® 3° 36
Therefore the present study has been undertaken as the first
theoretical study of the meniscus phenomena by metallographic
investigation of subsurface structure of slabs followed by

several mathematical analyses.



Table 1 - Properties of Molten Oxide Mixture
Property Measured Value Ref
2.8 g/cm? :
Density Ca0-$i0,-A1,0,, Ca0/SiO,=1 15
at 1500°C
1120 a), 1250 b) dyn/cm
Inter_ a) Cao=47%, Si02=37%l A1203=16% 15
facial b) Ca0=45%, Si0,=34%, Al,0,=21%
tension . C=0.04%, Mn=0.04%, S1=0.03%, P=0.01%, S=0.02%
at 1500-1580°C :
: , log uf=0.578x10%/T-2.979
viscosity uf: viscosity of mould flux (P) 16
T: temperature of mould flux (K)
1.13 a), 1.30 b) J3/g°C
Specific Ca0=52%, Si0,=43%, Al,0,=5% 17
Heat a) at 1000°C, b) at 1500°C
1.26 W/mK
Thermal Ca0=40%, Si0,=40%, Al,0,=20% 18
Conductivity|at 1360°C
2.34 W/mK
mould flux (Kawasaki Steel) 19

at 1000 - 1500°C
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3. SCOPE AND OBJECTIVES OF THE PRESENT WORK

3.1 Scope Of The Present Work

The present work has been undertaken to shed light on the
initial solidification phenomena in the continuous casting
mould, through the study of the formation of oscillation marks.
An attempt 1s made to overcome some of the deficencies of
earlier investigations and to establish a stronger theoretical
foundation for the formation of oscillation marks than hitherto
has been reported. The approach taken has been to examine
oscillation marks metallographically from a large number of slab
samples and thereby to observe, at first hand, the geometry of
the marks, the adjacent surface structure and the 1influence of
casting variables on the metallographic aspects of oscillation
marks. Next a series of theoretical analyses have been
undertaken to examine three of the phenomena that are important

in the meniscus region.

i) heat flow involving steel, mould flux, and the mould
wall
ii) flow of molten mould flux into the gap between the

steel and the mould wall, and the generation of
pressure gradients in the flux due to mould oscillation
ii1i) deformation of the meniscus as a result of the pressure

gradient in the adjacent mould flux.



52

This approach reveals the 1importance of previously
unreported factors like the geometry of the flux channel near
the meniscus, and the deformation of the meniscus shape by the
oscillation-generated flux pressure. Finally the analysis of
heat transfer and fluid flow are combined in an overall model of
the meniscus that predicts trends that are in agreement with
industrial findings. The results of each sub-study are first
presented followed by a discussion of mechanism of oscillation
mark formation and a presentation of the overall model

predictions.

In the next stage of the work, additional studies have been
made on the mechanism of transverse-crack formation and positive
segregation,“ especially in relation to oscillation marks.
Firstly both defects have been studied metallographically which
included an investigation of the etched subsurface structure and
of the surface of the transverse cracks by SEM. Also the types
of segregation have been classified with the aid of several
etching methods; and the extent of positive segregation has been
determined by CMA (Computer aided Micro Analyzer). Secondly a
two-dimensional heat transfer model which accounts for the shape
of the oscillation marks has been developed to explain the
metallurgical relationships o©of both defects to the oscillaton
marks. Particularly regarding positive segregation, a mechanism
has been proposed based on the mechanism of oscillation mark
formation in this study. Finally a theoretical discussion is
presented which explains how decreasing the depth of oscillation

marks contributes to reducing the surface defects.
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The Objectives Of The Present Work

objectives of the present work can be summarized as

To determine the important factors which affect the
shape of oscillation marks by metallographic
investigation of slab samples.
To develop a theoretical model of the oscillation mark
formation, which predicts the shape of the mark as a
function of process variables. This involves,
Calculation of the heat-flux profile using a two-
dimensional heat-transfer model and inplant
meaéurement of mould wall temperature.
Development of a two-dimensional, wunsteady-state
heat-transfer model to estimate the temperature
distribution in the steel and in the mould flux
close to the meniscus.
Development of a fluid-flow model to calculate the
fluid pressure generated in the flux channel at the
meniscus. |
Calculation of the change of the meniscus shape with
mould oscillation to obtain insight 1into steel
overflow at the meniscus and the formation of
subsurface hooks adjacent to oscillation marks.
Theoretical explanation of the effect of process

factors which have been already reported and also
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found in metallographic investigation in the present
work.,
To determine the effect of oscillation marks on the
morphology of transverse cracks and positive
segregation, by metalloéraphic investigations of slab
samples.
To explain theoretically the formation of positive
segregation based on the mechanism of oscillation mark
formation proposed in this investigation.
To develop a two-dimensional heat transfer model, which
incorporates the shape of oscillation marks, to explain
the temperature history in. each part of oscillation

marks, and consequently nonuniformity of shell ' growth

in the mould.
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4, FORMATION OF OSCILLATION MARKS
4.1 Metallurgical Investigation
4.1.1 Casting Conditions Of Slab Samples

The metallographic study of oscillation marks has been maae
mainly on the slab samples from Company A. The casting
conditions and composition of slab samples of Company A are
presented in Table 1II. Note that the carbon content of the
steel ranges from 0.08 to 0.26% and that the steel has either
been Si-killed or Al-killed. The same type of mould flux was

used for all the heats, and metal-level control was implemented.

In addition slab samples from Company B to E were examined
to determine the effect of different casting conditions on the
subsurface structure of oscillation marks. The casting
conditions of slab samples frbm these companies are presented in
Table 1III to VI. The characteristics of the casting conditions
of these companies are as follows:

Company B: high nitrogen content in the steel,

Company C: large extent of meniscus level variation,

Company D: multi-port practice and ordinary bifurcated
immersion nozzle, see Fig. 4-1,

Company E: electromagnetic stirring in the mould, see

Fig. 4-2.
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4,1.2 Investigation Procedure

Samples for the present study were cut out from the narrow
face of the slabs because, wunlike the broad face, it is not
deformed by the support rolls 1in the casting machine.  The
surface of the slab samples was sand-blasted to remove the oxide
film before examination. Firstly the pitch of the oscillation
marks was measured at the center and the corner of the as-cut
samples. Then the steel samples were cut longitudinally
perpendicular to the oscillation marks to reveal the profile of
the slab surface and the subsurface structure. The longitudinal
sections so obtained were machined flat, polished and etched
with either picric acid or nifal. The subsurface structure was
examined and photographed using a standard optical microséope.
The depth of oscillation marks was measured from the base of the

mark to the level of a rule resting on the slab surface.

4.1.3 Appearance And Pitch Of Oscillation Marks

The narrow face of a typical slab, exhibiting oscillation
marks, is shown in Fig. 4-3 (Company A). The marks are seen to

be evenly spaced and closely parallel across the face.

Fig. 4-4 shows the pitch of oscillation marks measured over
20 cm in the casting direction, plotted against casting speed.
There is not much difference in the pitch between center and
corner. The average value of the pitch of the oscillation marks
is about 16mm which corresponds closely to that calculated from

Eq. (2-5), as expected. The value was not observed to increase
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with the casting speed because mould frequency was linked to the
casting speed. However, the variation in the measured pitch,
expressed as a standard deviation, was found to increase from
0.7 to 5.2 mm with increasing casting speed from 0.89 to 1.25
m/min. The results were the same for the center and corner of
the slab face. Presumably the increased variablity of pitch is
caused by sudden small changes in meniscus level due to flow
variation and turbulence, that are more difficult to control at
the higher <casting speeds, even though the meniscﬁs level

controller was in use,

On the surface of slab samples from Company B, numerous
severe transverse cracks were observed along the oscillation
marks. The cracks are related to the high content of nitrogen
in the steel slabs. The results of the investigation will be

presented in the following chapter.

Slabs from Company C exhibit irregular oscillation marks as
shown in Fig. 4-5. This 1is caused by large variation in
meniscus level due to steel floQing turbulently from the upward
inclined ports of the immersion nozzle. The measured pitch of
the oscillation marks is smaller than that calculated from Eg.
(2-5) possibly because surface waves generated by the metal
stream impinging close to the meniscus, disrupted the phenomena

resulting from mould oscillation, eg. overflow at the meniscus.

The casting conditions of Company D are characterized by a
low-frequency mculd oscillation, see Fig. 4-6, which gives rise

to oscillation marks having a 1long pitch. In this case
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indistinct marks were found between the regular oscillation
marks as snown in Fig. 4-7. The depth of these marks 1is much
less than that of the reqular oscillation marks. When a
bifurcated nozzle is employed the oscillation marks are-straight
and distinctive; Fig. 4-7(a). On the other hand, they are
relatively disordered, and do not appear as straight lines on
the slab surface when a multi-port nozzle is used, Fig. 4-7(b).

The indistinct marks between regular oscillation marks show the
same tendency. In the case of the multi-port practice these
disordered marks are caused by the wupward directed stream of

steel which disturbs the meniscus.

Fig. 4-8(a)‘ and (b) show the surfaces of slabs which have
. been produced at Company E with and without electromaganetic
stirring in the mould respectively. It is clearly observed that
the depth of the oscillation marks was reduced by the
electomagnetic stirring which produced a liquid flow velocity of

about 0.8m/s.

4.1.4 Subsurface Structure Of Oscillation Marks

Oscillation marks were found with and without hooks in the
adjacent subsurface structuré, as reported by Emi et al.?
although the majority exhibit hooks. A study of slab samples
from Company A revealed an effect of the carbon content of the
steel on the subsurface sﬁructure. Typicél subsurface
structures associated with the two types of oscillation marks in

low-carbon (0.08-0.09%) and medium-carbon (0.26%) slabs are
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shown in Figs. 4-9 and 10. It is seen that oscillation marks
accompanied by hooks in 0.09%C slabs, Fig. 4-9(a), are deeper
and the trough associated with each mark is longer than those in
the 0.26%C slabs, Fig. 4-9(b). This difference is not found in
the case of oscillation marks without hooks, Fig. 4-10.

Moreover, hooks in the subsurface of 0.09%C slabs form a smaller
angle with the surface than in the 0.26%C slabs. The dendrite
orientation adjacent to the oscillation marks is similar to that
described by Emi et al.®, viz. that dendrites initially grow
normal either to the hooks when they are present or to the
curved surface of the oscillation mark when the hooks are
absent. In either case, the dendrites then change orientation
within a short distance to become roughly perpendiular to the
mould wall. Fig. 4-11 shows the change of the dendrite arm
spacing about 1mm from the slab surface along the casting
direction in a 0.09%-carbon slab. Although there is scatter in
the measured values, the secondary dendrite arm spacings are
smaller near the top of the mark than near the  bottom. This .
indicafes that the solidification rate is greater at the top
than at the bottom of the oscillation marks. Slab samples free
of subsurface hooks <characteristically also contained small
spherical blowholes, that are 1ikeiy trapped argon gas that was

injected through the submerged nozzle.

Fig. 4-12(a) shows the subsurface structure of a slab
sample from Company B. A non-metallic substance was found at
the end of the subsurface as indicated by the arrow. Enhanced

magnification of the substance shown in Fig. 4-12(b), suggests
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that it 1is an oxide and Xx-ray analysis Qsing the SEM clearly
indicates it is entrapped mould flux because Na and K present in
“the mould powder were detected, see Fig. 4-13. These results
suggest that the outside of the hook once had been covered by

mould flux, a part of which was trapped by overflowing steel.

Slab samples from Company C are characterized by irregular
oscillation marks on the slab surface. The subsurface structure
adjacent to these marks does not exhibit the presence of hooks,

see Fig. 4-14,

Figures 4-15(a) and (b) show the subsurface structure in
‘slab samples from Company D, produced with the conventional
bifurcated immersion nozzle and with the multi-port practice
respectively. Long subsurface hooks can be seen in the slab
sample cast with the bifurcated immersion nozzle (25 degree
downward), Fig. 4-15(a), as compared with the sample from the
slab produced using the multiport nozzle with the ports angled
15° wupward, Fig. 4-15(b). Such long hooks are undesirable
because they may entrap inclusions rising in the mould pool. and
thereby reduce the surface quality of the slabs. The difference
in the nature of the hooks with the two types of nozzles is most
likely caused by dissimilar flow patterns and differences in the
convection of superheat to the newly solidifying shell at the
meniscus. In the case of the bifurcated ﬁozzle with downward
angled ports, convection at the meniscus should be relatively
mild so that solidification of the meniscus is favoured. On the

other hand, the multiport nozzle with its six wupward flowing
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metal streams creates greater turbulent convection at the

meniscus and the'extent of initial solidification is reduced.

As mentioned in the previous section, overflow marks are
observed between successive oscillation marks. The subsurface
structure of these marks does not exhibit any hooks which
suggests that these marks are different from the oscillation

marks.

Slab samples from Company E were produced with an in-mould
electromagnetic stirrer (EMS). The subsurface structure of
samples without and with mould EMS are presented in Figs. 4-
16(a) and (b) respectively. The type of steel cast is a pseudo-
rimmed steel which contains only a trace of Al. Because of the
high oxygen content.of the steel, CO blowholes, that are clearly
distinguished from the Ar blowholes, were formed commencing just
beneath the surface of slabs cast without mould EMS, Fig. 4-
16(a). However CO blowholes are suppressed in the subsurface
layer when mould EMS is employed, Fig. 4;16(b). It 1is also
observed that the hooks become shorter, and conseguently the

depth of oscillation marks is reduced with mould EMS.

4.,1.5 Depth Of Oscillation Marks

Slab samples from Company A first were examined for the
shape of oscillation marks, which had been produced-under nearly
identical casting conditions with respect to the casting speed,
mould oscillation,.and mould flux. Figs. 4-17 and 4-18 show

the depth plotted against the pitch of the oscillation marks
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measured in the 0.08 and 0.26%-carbon slabs respectively. The
depth of oscillation marks and its dependence on the pitch is
the same for marks with and without hooks -in the 1low-carbon
slabs, Fig. 4-17, and for marks without hooks in the higher
carbon slab, Figqg. 4-18. The depth of oscillation marks
increases with 1increasing pitch and the deviation of the pitch
when subsurface hooks are absent is larger than that when hooks
are preseﬁt. As mentioned before, such variations of pitch
indicate rapid changes in the meniscus level. Therefore it can
be deduced that the subsurface structure 1is more likely to
exhibit hooks when the meniscus level is stable than when it
changes rapidly. The depth of oscillation marks with and
without hooks 1is similar in the lower carbon steel slab
(C=0.08%), while in the higher carbon steel slab (C=0.26%), the

depth is greater when hooks are absent.

The effect of carbon content of the slabs on the depth of
oscillation marks is shown in Fig. 4-19. Some scatter in the
data, which chiefly depends on the meniscus level variation, 1is
evident but nonetheless the depth of the oscillation‘marks
exhibiting subsurface hooks is seen to be dependent on carbon
content, Of the five steel grades studied, the deepest
oscillation marks are found in 0.09% carbon slabs and these also
exhibit the greatest scatter. In contrast, the depth of
oscillation marks without subsurface hooks has no apparent
dependence on carbon content over the range studied. The reason

for this behaviour is discussed later.
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Further 1investigation was made into the shape of
oscillation marks on slab samples, which have the same carbon
content but are deoxidized differently viz. Al- or Si- killed.
The results are shown in Fig. 4-20. Thus the same tendency is
observed between the depth and pitch of oscillation marks for
the Al-killed and Si-killed steels. However the actual depth
and the dependence of depth on pitch for the Al-killed steel is
greater than that for the Si-killed steel. This finding may be
due to the increased viscosity of mould flux during the casting
of Al-killed steel caused by absorption of alumina
inclusions.'® €2 85 The more viscous flux gives rise to deeper

oscillation marks.

Next slab samples from Company C were examined to find the
relation between the depth of the oscillation marks and mould
oscillation parameters. The effect of oscillation stroke on the
mark depth is shown in Fig. 4-21, Although meniscus level
variation leads to broad scatter in the depth of the oscillation
marks,‘ as expected, a greater oscillation stroke, viz. longer

negative strip time, gives rise to deeper oscillation marks.

Finally the effect of electromagnetically driven flow at
the meniscus on the depth of oscillation marks was determined
from the slab samples cast at Company E. The mark depth
decreases with increasing flow-velocity of steel, as shown in
Fig. 4-22. A decrease in the variation of the mark depth is

also achieved apparently by applying mould EMS.
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4.2 Heat Flow Analysis Of The Meniscus Region

‘The temperature distribution in the three phases at the
meniscus - steel, mould flux, and mould wall - has been studied
mathematically to shed light on viscosity variation in the mould
flux close td the meniscus due to heat flow, and the extent to
which the meniscus may solidify. These phenomena figure
importantly in the férmationl of the oscillation marks, as
previous investigations?® 26 32-34 36 haye pointed out. Some of
the shortcomings of earlier predictions of heat flow?3? 3% have
been overcome by characterizing the axial mould heat-extraction
profile in the meniscus region from measured mould temperatures,
using a two-dimensional model of the mould wall which accounts
for vertical as well as through-thickness heat conduction.
Moreover, the mathematical model of heat conduction in the mould

flux and steel is also fully two dimensional.

4.2.1 Axial Profile Of Mould Heat Flux At The Meniscus

The mould heat-flux profile has been calculated from the
mould temperatures measured by Nakato et al'® during the casting
of slabs for heavy plate. Their values of mould temperature
close to the meniscus are shown as closed circles on the left
hand side of Fig. 4-24,. The mould heat-flux profiie was
determined wusing the mathematical model of the mould wall
reported by Samarasekera and Brimacombe.® The two-dimensional
model is - based on assumptions of steady-state heat conduction
~and negligible oscillation effects. Fig. 4-23 shows the

longitudinal mid-plane of the slab mould considered in the
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computation. The governing equation for heat conduction in the

mould wall can be described as follows:

MMy (4-1)

The mould wall is sufficiently thick, so that nonuniformity of
temperature distribution in the transverse (z) direction can be
assumed negligible. Assuming that the cooling water is in plug
flow, heat transfer in the water channel can be expressed by the

following:

oT

w = —
pwvwdprw vl hw(x) {TM(X,O)—TW(X)} =0 (4-2)

Eqs (4-1) and (4-2) can be solved numerically to determine both
the temperature distribution in the mould wall and the heat flux
across the mould wall. The boundary conditions of the system

are as follows:

M

(i) X=O, 0 _<_ y _i yM 5 - >\M 3% =0 (4“3)
BTM

(ii) X=Xy, 0 <y <Yy 5T AM Ty = 0 (4-4)
oT

(iii) y=0, O <X < XM M XM—S}‘ = hw(TW_TO) (4-5)
T

(1v) y=yy» O < x <Xy 5 = hy 5o = q,(x) (4-6)

(v x=xy 3 T = T i (4-7)

il
3

(vi) x=0 ; Tw wf (4-8)
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Another assumption, on which the model 1is based, 1is that
radiation 1is neglected 1in the mould flux. The heat-transfer
coefficient between water and mould wall 1is expressed by the
following empirical equation;?

A, [V D, 0.8 . y 0.4
h =0.23 = [-X¥ 77 —P-‘Ai_w (4-9)
w

H uw

An assumed heat flux profile, which defines the boundary
conditions at the hot face of the mould, viz gy (x), was input to
the model and the two-dimensional temperature distribution was
calculated, then compared to the local values measured by Nakato
et al.'® The heat-flux profile next was adjusted to obtain a
better fit and the process was repeated until predicted and
measured temperature were in close agreement. Data used in this
calculation are presented 1in Table VII. The results of the
temperature fitting and the heat flux profile determined are
shown 1in ‘Fig. 4-24, The heat flux is seen to have a maximum
value of 2500kW/m? at 5mm below the meniscus, while in the mould
£1ux region, it is 700 kW/m2?. It is also interesting that the
maximum mould temperature 1is located at about 35mm below the
meniscus which is 30mm below the level of peak heat flux. This
difference results from the significant vertical heat conduction
in the meniscus region. These data are used for the boundary

conditions in the following computation.
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4.2.2 Temperature Distribution In The Mould Flux And Steel

To prédict the temperature distribution in the meniscus
area, an approach similar to that of Tomono et al.?®? and Saucedo
et al.3?® has been adopted in which, due to the influence of
mould oscillation on local fluid flow, temperature gradients in
the mould flux and steel are assumed to be destroyed
periodically. This event is followed by an interval in which
heat 1is conducted 1in unsteady state through the phases. The
concept is analogous to the "surface renewal" theory proposed
for mass-transfer systems by Higbie®' %2 many years ago. During
the unsteady-state period, the phases are assumed to be stagnant
which includes neglecting the downward motion of steel. 1In this
calculation this period. is assumed to commence at the end of the
negative-strip time interval of the mould oscillation cycle
because "overflow" at the meniscus, which acts to destroy local
temperature gradiénts, occurs at this time as described
previously.® 3® Thus the time for unsteady-state heat conduction
is taken to be the positive-strip period of the mould
oscillation cycle given by Eq. (2-4). Typi§a1 positive-strip

times are in the range of 0.2 to 0.7s.

Fig. 4-25 shows the geometry of the system considered in
the célculations. The shape of the meniscus has been calculated
from equilibrium considerations; meniscus shape will be
discussed later. A simplified equation has been adopted for the

heat flow calculation.

X - X, = (x2 - xl) Y - Y, (4-10)
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The equations governing heat conduction in the steel and

mould flux are respectively,

BTS As BZTS BZTS
= ( + ) (4-11)
ot psts ax2 ay2
BTf Xf 82Tf 82Tf
5t pC. T2t ) (4-12)
f pf ox ay
The initial conditions are;
(1) t=0, x 2 xl’ > xzs y > 03 TS=TSi (4-13)
(i1) £=0, 0 < x < x;, x5, y 20 ;3 T = T, ) (4-14)
and the boundary conditions are;
' BTS
(iii) t > 0, X, <X < Xg, § = 0 ; - As —5; = qo(X) (4-15)
(iv) t >0, (x,,0)> (Xl,yl) ;
BTS BTf
" T T T M Tar - Peop (T m Tg) (4-16)
Yi <Y 29, X=Xy
BTS BTf 4 )
Xs X Af X hs—f (Ts Tf)
BTS 8
(V) t__>_O,X=X3a OiYiyz ’_>\S 3X=0 (4-1)
(vi) t > 0, Xl <x < X3, y = }’2 ; TS = TSi (4-—19)
an 4-20)
(vii) t > 0, 0 <x <Xy Y= 05 - X 5y " qo(x) (4-

Qo (x) changes from go(x,) to go(x,;) in inverse proportion to the
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distance between mould wall and meniscus;

(Viii) tio, X <X<X2, y:O ;

1 —_ —
5T q (x,) q (x,)(x, - x )2

Y f _ 0 2" "1 72 1 (4-21)

£ oy —— 2

{xz/qo(xz) + Xl/ao—(i_? - x(/qo(xz) - /qo(xl))}

BTf

(ix) £ >0, x=0, 0<y <y, ; = A —-=0 (4-22)
(x) t>0, 0<x<x;, y=yy 3 Tg™ Ty (4-23)

Equations (4-11) and (4-12) were solved, subject to the initial
and boundary conditions, using the explicit finite-difference
method.®3® Triangular volume elements have been employed to
simulate the curvature of the mould flux/steel meniscus,
especially close to the mould wall; the type of nodes required
for the calculation are shown in Figqg. 4-25, Nodal equations
for each type of node are given in Appendix II. The release of
the latent heat of solidification has been incorporated by
adjusting the specific heat between the solidus and the liquidus

temperature.

Cp=C +rm—7— (4-24)
PE Tliq Tsol

Computations have been performed for a plate-grade steel using
the heat-flux profile presented in Fig. 4-22, which was
calculated from the mould wall temperature measured during the
casting of the same type of steel. Fig. 4-26 shows the
simplified flow diagram of the computer program that 1is

presented in Appendix V. The composition of the steel and data
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employed in the computation are given in Table VIII. Note that
the initial temperature of the mould flux was assumed to be

1500°C from the reported data which are shown in Fig. 2-4.

Computed results are shown in Figs., 4-27 - 4-34, expressed
as‘ isotherms in the mould flux and fraction solidified,‘fs, in
the steel. The fraction solid is caiculated from the lever
ruie, assuming that the solidus and liquidus lines are straight

over the temperature range of interest.

£ = i i,] (4-25)
s

T1iq ~ Tsol

Figures 4-27 and 4-28 show the predicted temperature distribution
when the superheat of steel is taken to be 5°C iﬁ_ the wvicinity
of the meniscus, after a period of 0.3s and 0.6s respectively.
Thus the solidifying shell is predicted to be only partially
solid with f =0.6 located at about 0.imm from the mould wall and
fs=0.2 situated at about 0.6-0.7mm. These positions are similar
to those reported by Saucedo et al.?® although they also
predicted solidification farther along the meniscus. That the
region of f =1 is negligibly small does not mean that the semi-
solid shell has no rigidity. Saucedo et al.3® have suggested
that £he shell may exhibit rigidity if f, is as low as 0.2
whereas Matsumiya et al.®" have used a value of 0.85 for a
rigidity criterion. The critical £ remains unknown but it is
possible that the shell formed in 0.3 or 0.4s could act as a
solid. This suggests +that the overflow mechanism that gives
rise to subsurface hooks is plausible; but because the extent of

the predicted meniscus solidification is considerably less than
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the depth of the observed hooks, 1.5 to 2.0 mm in Fig. 4-9, it
does not, by itself, adequately account for the formation of

oscillation marks.

The effect of the superheat of the steel on the meniscus
solidification also has been examined. Steel necessarily has a
certain degree of superheat in the tundish, which is geﬁerally
controlled to within 20-30°C, depending on the .casting
conditions. Higher superheats are avoided because the internal
guality of the slab is affected deleteriously, viz reduction of
equiaxed zone. This superheat is reduced during passage of the
steel through the immersion nozzle; and also in the meniscus
area further reduction of steel temperature can be expected. 1If
the steel temperature decreases below the 1liquidus at the
meniscus, the surface of the mould pool near the mould wall
begins to solidify. From these considerations the superheat at
the meniscus has been estimated to be 5°C for normal casting

conditions.

Figs. 4-29 - 4-32 show the temperature distribution at the
meniscus when the superheat is 0°C and 20°C, after a period of
0.3s and 0.6s. In the case of no superheat, Figs. 4-29 and 4-
30, the hook may grow relatively longer. 1In the subsurface
stfucture of Company D, long hooks were observed, see Fig. 4-
15(a). Taking into account that the measured steel temperature
at the meniscus in the casting of this sample is close to the
ligquidus temperature of steel, see Table IV, the long hooks are

undoubtedly due to meniscus solidification. As shown in Figs.
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4-31 and 4-32 high superheat reduces the length of the hook.

These calculations have been performed assuming that the
molten steel 1is stagnant which effectively minimizes the
extraction of superheat and maximizes the growth of the solid
shell. However convection in the molten steel is generated at
the meniscus by eléctromagnetically stirring, by the input
streams discharging from the immersion nozzle and/or by inert
gas that is injected into the immersion nozzle and entrained by
the flowing steel. These effects have been modelled crudely by
increasing the thermal conductivity of the stagnant steel by a
factor of four. The calculation of the temperature distribution
in the meniscus region has been repeated and the results are
shown in Figs. 4-33 and 4-34, when the superheat of steel is
5°C. The fraction solid predicted 1is seen to be diminished
significantly, more than that in the case of high superheat as
shown in Figs. 4-31 and 4-32. Thus strong convection will
cause the shell to behave more like a liquid than a solid.
Under these conditions flow of molten éteel over a partially
solidified rigid meniscus will not take place, and subsurface
hooks will not form. 'As mentioned previously, the 1length of
hooks 1is significantly decreased by mould EMS (Company E) or by
multi-port practice (Company D); rapid variation of the meniscus
~level, which causes steel flow in the meniscus region, brings

about oscillation marks without hooks (Company A).
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Thus from these calculations, it can be argued that the
- presence or absence of subsurface hook depends on the local
extraction of superheat at the meniscus which is governed by the
magnitude of superheat and the convection in the molten steel.

This argument will be taken up later.

Another important aspect of the predictions shown in Figs.
4-27 - 4-34 is the 1low temperature zone of the mould flux
adjacent to the mould wall. Since the viscosity of typical
mould fluxes increases sharply with temperature below 1000-
1200°C,'* a wvery thin zone of high viscosity flux must exist
against the mould wall. As shall be seen, this high wviscosity
flux plays an 1important role in the formation of oscillation

marks.

4.3 Fluid Pressure In The Mould Flux At The Meniscus

1t has already been seen that a simple overflow mechanism
cannot explain the depth of the subsurface hooks; and therefore
other factors must also play a role 1in the formation of
oscillation marks. The most obvious is the mould flux and, in
particular, its behaviour as it flows, under the influence of
mould oscillation and strand withdrawal, into the gap between
the solidified shell at the meniscus and the mould wall.
Previously the action of the mould flux, specifically its
lubricity, has been characterized in terms of the shear stress'®
€9 that acts on the strand. While this may be important for

overall mould lubrication, it will be shown here that the shear
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stress is not very significant at the meniscus as compared to
the pressure generated in the mould flux by mould oscillation.

This pressure, which has not been considered previously, arises
because the flux channel narrows in width as the meniscus curves
toward the mould wall, as shown schematically in Fig. 4-35. 1In
this part of the study, the flux pressure has been estimated
roughly from fluid flow principles originally applied to

lubrication problems by Reynolds and others.®®

The following assumptions have been made to predict the
pressure and velocity distribution in the flux channel:

[i] Steady state 1is assumed which is equivalent to saying
that the pressure | and velocity gradient are
instantaneously established;

[ii) 1Inertial forces are neglected because fluid velocities
are low and the flux velocity is high;

[iii] The flux behaves as a Newtonian fluid;

[iv] The meniscus in the region of interest is covered with
a rigid "solid" skin; and the shape of the flux channel
does not change significantly;

[v] Flux velocities 1in the transverse direction (uz) and
normal to the mould wall (uy) are negligible. ug is
negligible because the angle formed by the meniscus
with the vertical is small;

[vi] The density and viscosity of the mould flux are

constant.
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The latter assumption 1is, admittedly, very restrictive
because the large temperature gradients across the flux channel
will result in a correspondingly steep viscosity gradient. It
would be preferable to couple the heat and fluid flows and solve
simultaneously for the temperature, velocity and pressure
distributions, but at this early stage in the development of the
model, this added complexity 1is unwarranted. It does mean,
however, that the flux pressures predicted are only Qery

approximate relative to real values.

Under these aséumed conditions, fluid flow in the flux

channel is governed by the following equation of motion,

xON

Ju
ap _
ax C Mg T g toege (4-26)
oy

and equation of continuity.

aQR d h
—_— = —_— = 4—27
90X dx ( J'o uxdy) 0 ( )
where QR 1s a relative consumption rate of mould flux. It

should be noted that, because the rigid meniscus skin is moving

downward with the strand, u is a relative velocity expressed as
u, = Ve - v (4-28)

Where v, and v, are flux and strand velocity respectively, both
of which are defined relative to a fixed reference frame. The
boundary conditions, subject to which Egs. (4-26) and (4-27)

are solved, are
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(1) 0<x=<1l, y=0, u =v -v, (4-29)
(i1) 0 <=x <1l y=h(x, u =0 (4-30)
(ii1) X =0, 0 <y < h,, P =P, (4-31)
(iv) X =1, 0<y<h, P=FP (4-32)

Note that B.C. [i] and [ii] are a statement of the "no slip"
condition which is correct provided that the rigid skin assumed

to cover the meniscus in the flux channel, behaves as a solid.

The solution to Egs. (4-26) and (4-27) 1is described
briefly in the Appendix IV. For the case where the part of the
meniscus under consideration is taken to be linear, and bounded
by the coordinates (0,h;) and (1lf,hf), see Fig. 4-35, the

pressure gradient in the mould flux is given by:

6uflf(vm - vs) hi - h
PG) - By ='{pfglf * hh. }h, ~h
i i £
h2 b2 h 6u.l. h
S {(—f—>2(p gl 47, - P 4 (o -y (4-33)
2 2 h £57°f i £ 27 h,  m s
h., - h h i
i f
and the velocity distribution is
u =(V-v)(l;—z)—{3(v - v )
X m. s h m s
(o.gl. + P. -~ P)h°h2 + 6u.1 (v .- v )h.h 2
CPgBle TR T PR T M e T Y f}( ¥ (6-34)
uflfh(hi + b)) "h T2

Fig. 4-36 shows the pressure distribution calculated from Eg.
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(4-33) for different flux viscosities and for both wupward and
downward mould velocities. A mould oscillation freguency of 100
cpm, a stroke 1length of 8mm and a casting speed of 1.0 m/min
have been assumed for the calculation. The length of vthe flux
channel has been determined from the pitch of the oscillation
marks while the value of the lower channel width, hf, has been
estimated from calculated values of the minimum thickness of
mould flux based on measured flux consumption rates.® In Fig. 4-
36 the mould flux is seen to develop a positive pressure on the
down stroke, and a negative pressure on the up stroke of the
mould. A maximum in the flux pressure is predicted toward the
bottom of the flux channel for both upward and downward mould
velocities. As expected the magnitude of the peak pressure
increases with increasing flux viscosity. Interestingly the
maximum value of negative pressure on the upstroke 1is greater
than that of the positve pressure on the downstroke, because on
the upstroke the motion of the mould relative to the strand is
greater. These positive and negative pressures are much iarger

than the local ferrostatic pressure.

Fig. 4-37 shows the .velocity distribution in the flux
channel, as calculated from Eq. (4-34), at the maximum downward
velocity of the mould. The conditions assumed are the same as
applied in the pressure calculations; and the flux viscosity is
5P. As expected, a downward velocity is predicted near the
mould wall, and a flow reversal is seen near the steel in the

upper region of the flux channel.
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The shear stress acting on the meniscus (assumed to have a
rigid solidified skin) has been calculated from the vélocity

distribution in Fig. 4-37, as follows

(4-35)

The calculated shear stresses are shown in Fig. 4-38. This
shear stress in the flux 1layer, between mould wall and the
shell, has been discussed as an index for the surface gquality of
slabs.®? However the values obtained are an order of magnitude
less than the pressure shown in Fig. 4-36; and therefore the
shéar stress will have only a minor effect on meniscus

behaviour.

4.4 Meniscus Shape

4.4.1 Static Shape Of Meniscus

The shape of meniscus, especially in the vicinity of the

mould wall, is important to understand the initial
solidification phenomena in the continuous-casting mould. Thus
a two-dimensional meniscus, as shown in Fig. 4-39, has been

considered. The meniscus shape can be determined by a force
balance at the interface between liquid steel and liquid mould
flux. Especially in the case of a static meniscus, the meniscus
shape depends on both the density of mould flux and molten

steel, as well as the interfacial tension. An analytical
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solution for this case was given by Matijevic®’ and Bikerman,?®

as follows: (see Appendix III for the derivation).

2 AV INAVIN
2 ) V2a“+ -
y = - V2a" - x7 4 TE g HER IR TX 40 5964, (4-36)

where a?, the capillary constant, is defined as

2 20

N CYEP T | (4-37)

"a" gives the vertical distance between the horizontal meniscus
level and the "contact" point of the meniscus with the mould
wall. As mentioned before, 1little work has been done on the
properties of mould flux. Therefore the properties of blast
furnace slag, which has similar chemical components to that of
mould flux, was substituted for the calculation of the meniscus

shape.

4.4.2 Change Of The Meniscus Shape By Mould Oscillation

THe shape of the meniscus depends on the pressure acting on
the solidified skin and, more conventionally, on the balance of
forces acting at the interface between the mould flux and molten
~steel. It is clear from the previous section that an important
force that cannot be ignored is the fluid.pressure generated in
the mould flux channel. Thus, in this part of the study, a
mathematical relationship has been developed to predict the
meniscus shape resulting from the flux pressure developed at

different stages of the mould oscillation cycle.
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To simplify the calculations, the meniscus is assumed to be
free of a rigid -skin and to attain its equilibrium shape
instantaneously. The equation governing the shape of the
meniscus wunder the influence of fluid pressure, is also derived
in the Appendix III, and is as follows:

%1 - 20(pg - pf)gx2 - 4o{R(x) + o}
X

[ps = Pe)28%x% - 4(pg - pe) {R(x) + o)gx? + 4R(x) {R(x) + 20}]1/2

(4-38)

R(x) = fz {P(x) - ofgx}dx (4-39)

P(x) is the axial pressure distribution in the mould flux
calculated from Egs. (4-26) and (4-27), assuming complete slip

at the meniscus, i.e. at y=h(x), v.=0 and y=0, ﬁé:VM.

It may
be noted that if R(x)=0, i.e. no dynamic pressure, Eg. (4-38)
reduces to the analytical solution for a static meniscus, Eq.

(4-36).

The "contact" point of the meniscus with the mould wall,
X , as defined by ¢=7/2, was calculated from Eq. (A-3-11),.
Note that X, corresponds to "a" when the fluid pressure of the

mould flux is equal to zero.

R(X ) 0.5 (4-40)
X = .__._.g.c——— 1 + c

c (ps— of)g o

The meniscus shape was calculated at selected points in the
mould oscillation cycle by the following iterative procedure:
[i] P(x) and R(x) were computed 1initially assuming a

quédratic relationship for the meniscus, Egq. (4-39)
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approximated from Eg. (4-36).

[ii] . To simplify the calculation, R(x) was fitted to a
guadratic equation, and the meniscus profile and
contact point were computed from Egs. (4-38) and (4-
40) respectively.

[iii] The newly calculated meniscus profile was approximated
by a new quadfatic equation: P(x) and R(x) were
'recalculated; then the meniscus profile and contact
point were recomputed.

[iv] The process was repeated until successive calculations

of the meniscus shape differed negligibly.

In this way the generation of flux pressure, due to mould

oscillation, and the meniscus shape have been coupled.

Figure 4-40 shows the meniscus profiles predicted at
different times in a sinusoidal mould oscillation cycle having a
frequency of 100 cpm and a stroke length of 8mm. The initial
time corresponds to the mould being at the top of 1its stroke
when vM=0. At this time, there is no oscillation-generated
pressure in the flux if the meniscus 1is completely 1liquid
because v is effectively =zero. Thus at t=0, the meniscus
profile shown is that predicted from Eg. (4-36). At 0.15s the
mould has reached its maximum downward velocity and the meniscus
profile and "contact" point have been aepresséd by the positive
pfessure generated in the flux. At 0.3s, the mould has

travelled to the bottom of 1its stroke when Vm=0, and

oscillation-generated pressure in the flux has disappeared
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leaving the meniscus again with an equilibrium shape predicted
by Egq. (4-36). Beyond 0.3s, the mould moves upward, generating
a negative pressure in the flux and drawing the meniscus and

contact point also upward.

Figure 4-41 shows the movement of the contact point of the
meniscus with the mould wall during the mould oscillation. It
is seen that the contact point, which is responding to the mould
velocity, moves out of phase with the mould displacement by =/2.
Moreover the amplitude of the contact point movement is greater
than that of the mould displacement; and after 0.3s the contact
point rises above 1its inital level. Thus ét this time, which
corresponds to the end of the negative-strip period or just
beyond it, the molten steel surges toward the mould wall; and if
a thin rigid skin covers part of the meniscus, overflow may
occur. This timing of the overflow of the steel is in agreement
with the observations made using a "mould simulator" by Kawakami

et al,?¢

4,5 Mechanism Of Oscillation-Mark Formation

In order to facilitate the mathematical analysis of fluid
flow and meniscus shape in the preceding sections, the meniscus
has been assumed respectively to be covered partially with a
rigid skin or to behave as a ligquid. The heat-flow analysis has
shown that both cases are possible depending on the superheat
and local convection, Figs. 4-27 - 4-34., The presence of the

meniscus skin and the generation of pressure in the flux channel
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are the bases for the mechanism of oscillation mark formation.

Eigs. 4-42 and 4-43 pfovide a schematic representation of
the formation of thé two types of oscillation marks, i.e. with
and without adjacent subsurface hooks respectively. 1In both
cases the méniscus responds to the mould oscillation and flux
pressure in the same manner. As described e&rlier, during the
negative-strip time (Stages 1-3), when the mould 1is moving
downward more rapidly than the strand, the meniscus is pushed by
the positive pressure generated in the mould flux, away from the
mould wall. Then in the ensuing positive-strip period (Stages
4-7), the meniscus is drawn back toward the mould wall by the
negative pressure. It is most wunlikely that the partially
solidified meniscus 1s drawn back wuniformly, however, because
the upper part of the meniscus skin is farthesf from the cooling
influence of the mould wall and therefore should be the hottest
and weakest. As a result the upper part of the ékin is expected
to be drawn back more by the negative flux pressure and the
inertial force of the surging 1liquid steel. The difference
between the two types of oscillation marks then arises because
of differences in the mechanical strength of the meniscus skin.
In the case of éscillation marks with subsurface hooks, the skin
is relatively strong, owing to a greater thickness (low
superheat, stagnant liquid) and/or low carbon content. Thus the
top of the skin resists being drawn back fully toward the mould
wall, and 1liquid steel overflows it (Stage 4, Fig. 4-42) to
form a subsurface hook. On the other hand, with oscillation

marks having no subsurface hooks, the skin is weak and behaves
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more like a liquid. Thus at the beginning of positive strip the
top of the skin is easily pulled back with the liquid toward the

mould so that overflow does not occur (Stage 4, Fig. 4-43).

This mechanism 1is consistent with results from the
metallurgical study of oscillation marks reported in a previous
section. Turning first to the subsurface hooks, they are
significantly longer, Fig. 4-9, than was predicted by the heat-
flow model, Fig. 4-27. This is explained by}the fact that the
meniscus skin 1s pushed toward the steel by the flux pressure,
Fig. 4-42, before overflow occurs. The hooks in 0.09%-carbon
slabs form a smaller angle with the surface than hooks in 0.26%-
carbon slabs, Fig. 4-9, probably because the mechanical strength
of the 1lower carbon meniscus skin 1is greater*' and more
resistant to the flux pressures. Even then it is difficult to
rationalize the presence of hooks in the 0.26%-carbon slabs that
are nearly perpendicular to the slab surface, unless the
combination of flux pressure and overflow can deform them to
this extent. Slabs that do not exhibit subsurface hooks
characteristically contained inert gas blowholes. This
indicates that convection was created close to the meniscus by
rising gas bubbles which, as shown 1in Fig. 4-33, reduce the
thickness and strength of the meniscus skin so that it can be
drawn back toward the mould wall without overflow at the

beginning of positive strip.
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Another finding is that the depth of oscillation marks with
subsurface hooks is greater in 0.09%-carbon slabs than in slabs
containing 0.26% carbon. Again this may be related to Ehe
greater strength expected for the lower carbon meniscus skin.
At the beginning of the positive-strip time, when negative flux
pressures are developing, the entire meniscus skin in the 0.26%-
carbon slab may be sufficiently weak to be drawn back toward the
mould wall. In contrast, the meniscus skin in the 0.1%-carbon
slab may have sufficient strength to resist the negative flux
pressure except near the top which bends partially back toward
the mould before overflow occurs. That the depth of oscillation
marks without subsufface hooks does not depend on the carbon
content of the steel, Fig. 4-19, can be explained by a similar
argument based on mechanical properties. In this case, owing to
a high superheat or enhanced convection, the meniscus skin is
sufficiently thin and weak that it does not develop the
mechanical rigidity of a solid but behaves more like a 1liquid;
thus it responds in the same manner to flux pressuré

irrespective of the carbon content of the steel.

The finding that the depth of oscillation marks with
subsurface hooks in aluminum-killed steel is slightly greater
than in silicon-killed steels may be due to an increase in mould
flux viscosity as alumina, floating out of the steel, is
absorbed by the flux. The increase in slag viscosity increases
the pressure generated in the mould flux, Fig. 4-20, which in
turn should 1increase the deformation of the meniscus during

negative strip, and the depth of oscillation marks.
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The electromagnetically driven flow decreases the depth of
oscillation marks, Figqg. 4-22, 1t was mentioned earlier that
the steel convection suppresses meniscus solidification.
Furthermore a temperature 1increase at the meniscus due to
electromagnetic stirring was observed in this experiment®® as a
result of mixing of steel in the mould. This should increase
the temperature in the mould flux layer which in turn decreases
the wviscosity of mould flux and the flux pressure and thereby

reduces the depth of oscillation marks.

4.6 Meniscus Model Predictions

The final stage in this study has been to combine the
mathematical analyses of heat flow and flux pressure in a first-
generation meniscus model and to calculate approximately the
effect of the following variables on the oscillation mark
formation: stroke length, oscillation frequency, negative strip
time, mould flux viscosity and meniscus.level variation. 1In the
model, the heat flow analysis is applied first to predict the
temperature of the mould flux adjacent to the mould wall during
the positive-strip period of the oscillation cycle. The average
temperature of the flux within 500um of the mould wall, a
typical depth of oscillation mark, and over a height at the
meniscus equivalent to the oscillation stroke 1ength then is
calculated since this flux will enter the flux channel on the
succeeding downstroke of the mould. The viscosity of the flux

is computed from the empirical relationship'®
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4 1

(e
Tf + 273

log pf = 0.,578X10 ) - 2.979 (4-41)

Next the fluid flow analysis is applied to predict the pressure
generated in the mould flux, assuming that the length of the
flux channel is equal to the pitch of oscillation marks and that
the top and bottom width are 0.35 and 0.05 mm respectively. The
top channel width of 0.35mm 1is in the range of the depth_of
oscillation marks} while the bottom width has been estimated
from the minimum thickness of mould flux film calculated from
mould flux consumption. The total flux pressure force,
integrated over the channel length,'has been computed at the -
maximum downward velocity of the mould; this has been used as a
measure éf the deformation of the partially solidified meniscus,

and of the depth of oscillation marks.

Fig. 4-44 shows the effect of <changing meniscus level,
expressed in terms of the pitch of the oscillation marks, on the
total force generated 1in two mould fluxes having different
viscosities. A sudden rise in meniscus level lengthens the
pitch of the oscillation marks and at the same time has the
effect of raising the mould velocity. This relationship can be

expressed by the following equation:

p1 = - &Y (4-42)

Thus as the pitch of the oscillation marks increases, the total
force acting on the partially solidified meniscus increases and
the depth of oscillation marks also should increase, This

effect has been seen in Figs. 4-17 and 4-18. This phenomenon
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has been reported to be a problem when casting with high
oscillation frequencies.®' Also in Fig. 4-44, raising the flux
viscosity is predicted to increase the total pressure force, as
was suggested earlier with respect to the casting of aluminum-vs

silicon-killed steels.

Figure 4-45 shows the effect of oscillation stroke on the
total flux pressure force for two oscillation frequencies. In
both cases the total force 1increases almost linearly with
increasing stroke length which is in reasonable agreement with
the measured relationship, Fig. 4-21, and with the reported
relationship by Emi et al.,® Figqg. 2-3. This 1influence 1is
caused by the increased mould speed as the stroke length is

increased at constant fregquency.

Figure 4-46 sﬁows the effect of oscillation frequency on
the flux pressure force for several different stroke lengths.
With longer strokes, raising the oscillation frequency markedly
reduces the total pressure force; buf when short oscillation
strokes are employed, freguency has only a minor effect. The
same tendency, with respect to the depth of the oscillation
marks, has been reported by Kuwano et al.?' for the casting of
stainless steel and by others® 22 working with high oscillation
frequencies. Varying the frequency affects tﬁe total pressure
force by changing both the pitch of the oscillation marks and
the mould velocity. At low frequencies, the high total pressure
force results from the long pitch of the oscillation marks and

the correspondingly 1long flux channel. However, because the
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velocity of the mould is also low, a low total pressure force
can be attained at high casting speeds, where v, -v_ is small,
depending on the stroke length of the mould. Such an effect 1is

shown in Fig. 4-47.

The negative-strip time, as defined by Eq. (2-3), has been
calculated for all seventeen conditions indicated above; and its
effect on the total pressure force generated 1in the flux
channel, assuming a casting speed of 1.0 m/min, is shown in
Fig. 4-48. A single correlation thus is found, in which with
only minor variations, the total preséure force increases with
negative-strip time. The same relationship, between oscillation
mark depth and ty, has been reported by McPherson et al.?®
Hashio et al.?3 and Mizoguchi et al.?%, see Fig. 2-5. Assuming
that the fulcrum of bending deformation of the meniscus 1is at
the outlet of the flux channel, the bending moment can be

calculated as follows:
M = [lf P(x) (x1 )dx (4-43)
i

The relation between the negative strip time and the calculated
bending moment 1is shown in Fig. 4-49, which shows a similar
tendency to that in Fig. 4-48. However the total pressure force
seems to be a more suitable index of the mark depth, because the
rigidity of the initially solidified shell at the meniscus 1is
not wunderstood completely yet. Finally a series of plots of
total preséure force vs ﬁegative—strip time has been calculated

for different casting speeds and are shown in Fig. 4-50. The
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solid lines reveal the effect of casting speed on the total
pressure force. At low frequencies and with short strokes, the
force decreases with increasing casting speed: but with higher
frequencies and longer strokes it increases with casting speed.

It should be noted that in this calculation the effect of the
casting speed on the temperature distribution in the meniscus
region was not taken into account, owing to a paucity of data.

In general increasing casting speed increases the meniscus
temperature which reduces the viscosity of mould flux. This
tends to‘reduce the differences between the relationships for

various casting speeds, shown in Fig. 4-50.

These predictions obviously have value only in revealing
trends in the depth of oscillation marks as a function of
oscillation wvariables. However the knowledge gained should be
useful in the selection of mould conditions that minimize the
depth of oscillation marks so that high surface gquality can be

achieved.
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Table II - Casting Conditions and Chemical Composition of the
Slab Samples from Company A

C Mn Si P S Al
Chemical 0.08 0.58 0.20 0.007 0.009 0.001
Composition -0.26 -0.89 -0.24 -0.009 -0.019 -0.033

Temperature (in tundish): 1529 - 1549°C
Casting speed: 0.89 - 1.25 m/min

Immersion nozzle: bifurcated, 25° down
Casting
Mould size: 1829 - 1930mm x 178 - 203mm
Conditions
Mould oscillation: 12.7mm stroke,
40 - 90cpm frequency

Viscosity of mould flux: 5.45 poise at 1200°C
2.65 poise at 1300°C

Type of machine: Vertical type with unbending
(9mR)
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Table III - Casting Conditions and Chemical Composition of the
Slab Samples from Company B
C Mn Si P S Al N
Chemical 0.07 0.25 0.03 0.006 0.012 0.042 0.0047
Composition -0.10 -0.41 -0.06 -0.007 -0.016 -0.056 -0.0164

Casting

Conditions

Temperature (in tundish): 1529 - 1549°C
Casting speed: 1.37 - 1.57 m/min
Immersion nozzle: bifurcated, 7.5° up

Mould size: 985 - 1035mm x 180mm

Mould oscillation: 11mm stroke, 95cpm frequency

Viscosity of mould flux: not available

(softening point 1065°C, melting point 1140°C)

Type of machine: Vertical type with unbending

(9mR)
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Table IV - Casting Conditions and Chemical Composition of the
Slab Samples from Company C
C Mn Si P S Al N
Chemical 0.05 0.26 0.021 0.003 0.009 0.046 0.0050
Composition -0.07 -0.33 -0.026 -0.005 -0.013 -0.063 -0.0080
Temperature (in tundish): 1546 - 1555°C
Casting speed: 0.85 - 0.91 m/min
Immersion nozzle: bifurcated, 15° up
Casting
Mould size: 1480 - 1880mm x 240mm
Conditions
Mould oscillation: 5.8 - 15mm stroke,
60 - 95cpm fregquency
Viscosity of mould flux:
typel/ 1.0 poise at 1250°C
0.6 poise at 1300°C
type2/ 4.9 poise at 1250°C
2.9 poise at 1300°C

Type of machine: Vertical type with unbending

(10.5mR)
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Table V - Casting Conditions and Chemical Composition of the
’ Slab Samples from Company D

C Mn Si P S Al
Chemical - 0.043 0.19 0.013 0.0059 0.011 0.043
Composition -0.080 -1.05 -0.20 -0.015 -0.014 -0.070
Temperature (in tundish): 1541 - 1554°C

(in mould) : 1515 - 1523°C
Casting speed: 0.97 - 1.52 m/min
Immersion nozzle: 1) multi-port practice

2) bifurcated, 25° down
Casting -
Mould size: 889 - 1346mm x 235mm
Conditions
Mould oscillation: 19.8mm stroke,
35 - 65cpm frequency

Viscosity of mould flux: 60 - 65 cp at 1300°C

Type of machine: Vertical type with unbending
(13mR)

* Schematic view of the immersion nozzle for the multi-port
practice is in Fig. 4-1.
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Table VI - Casting Conditions and Chemical Composition of the
Slab Samples from Company E
C . Mn Si P S Al
Chemical 0.04 0.14 0.02 0.020 0.014 0.001
Composition
Temperature (in tundish): 1572°C
Casting speed: 0.70 m/min
Immersion nozzle: bifurcated, 45° down
Casting

Conditions

Mould size: 1600mm x 250mm
Mould oscillation: 7.0mm stroke, 100cpm frequency
Viscosity of mould flux: not available

Type of machine: Vertical type with unbending
(10.5mR)

Stirring force (flow velocity of steel)
:0 - 1m/s

* Gchematic fiew Of the electromagnetic stirrer in the mould 1S

in Fig.
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Table VII - Thermal Properties and Conditions for Calculation of
Mould Heat Flux

Specific heat of water®%: 4,18 J/g°C

Viscosity of water®®: 0.83 x 10-2P

Density of water®®: 0.995 g/cm?

Thermal conductivity of water®®: 6.15 x 10" 3W/cm°C

Water temperature at the inlet of water channel'©®®: 21°C
Water temperature at the outlet of water channel!©®®: 32°C
Flow velocity of water'®®: 500cm/s

Hydraulic diameter of water channel'®®: icm

Water channel gap width'®°: 1.5cm

Thermal conductivity of mould wall'®: 3,25 W/cm°C
Thickness of mould wall'®: 4.8 cm

Length of mould wall'®: 80 cm

Distance of mould flux surface from the mould top'®: 8 cm
Distance of meniscus from the mould top'®: 12 cm




97

Table VIII - Assumed Steel Composition and Thermophysical
Properties for Calculations of Temperature
Distribution at the Meniscus

Chemical 0.16 0.80 0.15 0.02 0.02 0.05
Composition (%)

Steel liquidus : 1517°C

Steel solidus : 1456°C

Steel superheat: 5°C

Steel specific heat: 0.67 J/§°C

Steel thermal conductivity'®: 0.465 W/cm°C

Steel density: 7.2 g/cm

Initial flux temperature'?: 1500°C
Flux specific heat: 1.26 J/q°C
Flux thermal conductivity'®: 0.023 W/cm°C

Flux density'®: 2.8g/cm?

Calculated from following equations:'®!

T = 1536 - {78[%C] + 7.6[%Si) + 4.9[{%Mn] + 34.4[%P]

lig + 38[%S] + 4.7[%Cu) + 3.1[%Ni] + 1.3[%Cr] + 3.6[%Al1]}
T = 1536 - {415.5[%C] + 12.3[%Si] + 6.8[3Mn] + 124.5[%P]
sol + 183.9[%S] + 4.3[%Ni] + 1.4[%Cr] + 4.1[%a1]}
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Fig. 4-1 Immersion nozzle for the multi-port practice
(Company D).
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Fig. 4-2 Schematic view of the electromagnetic stirrer in the
mould®® (Company E).
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Figs 4-3 Appearance of oscillation marks on the narrow face
of a slab (Company A).
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Fig. 4~5 Appearance of oscillation marks on the narrow face
of a slab (Company C).
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(b)

Fig. 4-7 Appearance of oscillation marks on the narrow face
of slab cast with (a) Bifurcated nozzle and (b)
Multi-port practice (Company D).
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(b)

Appearance of oscillation marks on the narrow face
of slab cast (a) without mould EMS and (b) with
mould EMS (Company E).
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Subsurface structure near oscillation marks
exhibiting "hooks" in steel slabs containing (a)
0.09%C and (b) 0.26%C (Company A). (x6)
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(b)

Fig. 4=1D Subsurface structure near oscillation marks without
"hooks" in steel slabs containing (a) 0.08% C and
(b) 0.26% C (Company A). (x6)
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(b)

Fig, 812 Substance at the end of a subsurface hook (a) x 94
(b) x 2000 (Company B).
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Fig. 4-14 Subsurface structure near oscillation marks in steel
slabs from Company C. (x6)
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Subsurface structure near oscillation marks in steel
slabs cast by (a) bifuricated nozzle and (b) multi-
port practice (Company D). (x6.5)
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Fig. 4-16 Subsurface structure near oscillation marks in steel
slabs cast (a) without EMS-M and (b) with EMS-M
(Company E). (x6)
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4-26 Flow chart for the calculation of the temperature
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Fig, 4-42 Schematic representation of the formation of an
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5. THE EFFECT OF OSCILLATION MARKS ON THE SURFACE QUALITY
OF SLABS
5.1 Introduction

Transverse cracks and positive segregation of solute
elements are commonly encountered surface defects associated
with oscillation marks. The defects are usually observed near
the bottom of the oscillation marks. Improvement in the surface
guality of slabs therefore 1is dependent on the control of
oscillation marks which in turn are affected by mould operation.
For example it has been reported that the defects are reduced in
frequency and severity by decreasing the depth of oscillation

marks., ¢ 86

Transverse cracks are one of the most common surface
defects on continuosly cast slabs and thus have been the subject
of numerous studies. Most proposed mechanisms of crack
initiation involve secondary cooling, as summarized 1in Chapter
2, wviz fine surface cracks caused by thermal stress,®* and
austenitic intergranular embrittlement associated with Ar3
_transformation®® and with precipitation of nitride®' and/or
carbonitride. 8% 82 It is believed that these events are then
followed by the formation of cracks at the straightening point
of the cast machine where the oscillation marks serve as a

79

notch. However, as presented 1in the previous chapter, the

bottom of the oscillation marks is not sharp, and furthermore
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the surface of slabs are usually almost flattened by support
rolls. Thus the fact that transverse cracks are formed along
the bottom of oscillation marks cannot be explained reasonably

by the proposed mechanisms.

Regarding positive segregation, P and Ni have been reported
to segregate in the vicinity of the bottom of oscillation marks
in plain carbon steel slabs?® 29 and in stainless steel slabs, ?’
respectively. This mechanism of positive segregation has been
explained only 1in a qualitative manner as resulting from
squeezing out of interdendritic solute-rich liquid when the top
of the shell is deformed during mould oscillation. 27 29 Sych
an imprecise mechanism 1is hardly surprising because the
mechanism of oscillation-mark formation hitherto had not been

understood fundamentally.

" The purpose of the present work is to clarify the effect of
oscillation marks on the formation of transverse cracks and also
of positive segregation by metallographic investigation of these
defects, and by theoretical approaches using heat flow analysis
énd applying the mechansim of oscillation mark formation

proposed in the previous chapter.
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5.2 Metallurgical‘Study Of Transverse Cracks

5.2.1 Casting Conditions

The casting conditions and the compositions of slab samples
frpm Company B and C for the metéllographic study of transverse
cracks are shown in Table IX. The types of steel slab
investigated for this defect are plain, low C, Al-killed steel
with relatively high N content. For the purpose of
investigating the relation between the formation of transverse
cracks and the oscillation marks, slab samples from Company B
with distinctly periodic oscillation marks were mainly examined.
Small samples were cut out from the narrow side of the slabs,
where oscillation marks had not been deformed by the support

rolls.

5.2.2 Appearance Of Transverse Cracks

The oxidiéed surface layer on the narrow side of the slabs
was first removed by sandblasting to reveal the existence of
transverse cracks. In general fine transverse cracks are hard
to detect on the surface of as-cast slabs, which makes
transverse cracks much more troublesome in a casting operation.
Fig. 5-1 shéws the effect of N on the transverse «crack
formation. Thﬁs the cracks were observed on the surface of
slabs which have more than 60 ppm of N. This content of N for
the crack formation is roughly consistent with the industrial

data reported by Mukai et al. 79
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As mentioned in the previous chapter, oscillation marks on
the slabs of Company C are disordered because of the large
meniscus level variation. Therefore slabs samples from Company C
were considered to be wunsuitable for the purpose of this
investigation. Hereafter, inves£igation results of slab samples

from Company B are described.

Figs. 5-2 and 5-3 show the appearance of transverse cracks
fbrmed on the narrow side of the slabs. Fine transverse cracks
were observed not only at the bottom but also near the top of
the oscillation marks. However, rows of relatively large
transverse cracks along the bottom of oscillation marks,von..the
loose (inside radius) side of the slabs are more characteristic.
Due to the tensile strain generated on the loose side of the
slabs at the unbending point, large transverse <cracks are

frequently observed on this side of the slabs.

5.2.3 Subsurface Structure In The Vicinity Of Transverse

Cracks

Small samples were cut longitudinally from the slab
perpendicular to the oscillation marks, 1in the same way as
described earlier for the metallographic study of oscillation
marks. The longitudinal cross sections of the samples were
machined flat, polished and etched with Picral, Nital and
Oberhoffer's reagents to inspect the subsurface structure in the
vicinity of transverse cracks. Fig. 5-4 shows the dendritic
structure of a longitudinal «cross section from the slab

appearing in Fig. 5-2. It clearly indicates that the transverse
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cracks form along the bottom of oscillation marks. The
austenitic structure developed in the subsurface region, and the
cracks propagated along the austenite grain boundaries.

However, some intergranular cracks, which did not propagate to
the slab surface, also were observed in the subsurface. Fig. 5-
5 shows a Nital-etched cross section of another sample cut from
the slab in Fig. 5-2, and proeutectoid ferrite can be seen along
the austenite grain boundaries. As H. Suzuki has reported,

transverse cracks appear to propagate along the grain-boundary

proeutectoid ferrite.

The difference in austenite grain size is not clear between
the top and bottom of oscillation marks in Fig. 5-5; but it 1is
evident from Figs. 5-6(a) and (b) which show the magnified
solidification structure of Fig. 5-5 near the top and the
bottom respectively of an oscillation mark. There 1is a
significant difference in grain size at these locations; the
ferrite-pearlite structure is much coarser at the bottom than at
the top of the oscillation mark. This finding is considered to
be an important factor which controls the location of transverse
cracks because along the bottom of oscillation marks transverse
cracks are likeiy to propagate in the brittle zone consisting of
the coarser structure. This phenomenon cannot be explained by
the cooling rate in the spray zone but must be related to events
in the mould because in addition, as was shown in the previous
chapter, there is a large difference in the dendrite arm spacing
between the top and the bottom of oscillation marks. The gap

created by each oscillation mark apparently increases the
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thermal resistance for heat extraction from the slab surface
which causes 1locally high temperature and results in a
nonuniform structure in the mould. At the same time the cooling
rate 1is reduced leading to a coarser dendritic structure. This
argument thus links the coarse dendrite structure to the <coarse
austenite structure, and consequently to the coarse ferrite-
pearlite struc£ure, from which it <can be inferred that the
nonuniform cooling 1in the mould region is reponsible for the
nonuniform subsurface structure. This phenomenon 1is pursued
further in a later section with the aid of a heat transfer

analysis.

Next, the primary soldification structure near the
transverse cracks was examined in detail. Fig. 5-7 shows the
dendritic structure near the bottom of an oscillation mark which
does not exhibit a subsurface hook. Dendrites develop normal to
the slab surface, and at the bottom of the marks, fine <c¢racks,
which .are not open to the surface, are observed between the
dendrites. These fine cracks are interdendritic, as will be
proven later, and clearly indicate that they were formed in the
mould region. Formation of these interdendritic fine cracks is
explained as follows; the solidifying shell in the mould region
is subjected to various kinds of stress and/or strain, viz i)
mould friction force may operate on the shell surface when the
lubrication by mould flux 1is insufficient, or 1ii) shell
shrinkage due to é-y transformation may occur nonuniformly in
the approximate carbon range 0.10% to 0.15%. These stresses and

strains concentrate at the bottom of oscillation marks, where
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the shell is thinner, owing to the low heat extraction, and hot

tears result.

Another type of fine crack was also found at the bottom of
oscillation marks which exhibited subsurface hooks, Fig. 5-8.
These fiﬁe cracks have been generated along the hook where
positively segregated P gave rise to a brittle structure.
Tanaka et al?® have also reported this type of fine crack along

the hook of the oscillation marks at slab corners.

Thus as described above, transverse cracks'may be initiated
in the mould: 1) between dendrites or in regions of positive
segregation of the bottom of oscillation marks, 2) in regions of
positive segregation in the vicinity of oscillation marks, and
3) in a coarse solidification structure. These subsurface
characteristics also provide good sites for transverse crack
formation along the oscillation marks in the secondary cooling

zone and/or at the unbending point of the strand.

5.2.4 Surface Of Transverse Cracks

The surface of the cracks was examined by breaking open a
crack-containing steel section at -196°C after immersion in
ligquid nitrogen. Tﬁe crack containing sample was cut out from
the narrow’ side of the slabs and was characterized by three
different types of cracks. These will be referred to as Cracks
(1], (2], and [3] as shown in Fig. 5-9. Crack [1] forms
partially along the bottom of oscillation marks but gradually

deviates from the bottom; Crack [2] forms along the mark: Crack
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[3] does not open to the slab surface but can be observed in the
cross section. The fractured samples were immersed 1in a
solution of 3ml HCl, 4ml 2Butyne-1, 4-Diol and 50ml distilled
water in an ultrasonic cleaner to remove the oxide film from the
crack surface. '°2 While removing the oxide, the solution does
not seriously alter the original structure. The crack surface
then was observed with a scanning-electron microscope. Fig. 5-
10 shows the surface of Crack [1]. The smooth surface of this
crack clearly reveals the angular appearance of austenite grain
boundaries. The surface in the 1lower part of Fig. 5-10 is
characteristic of the low-temperature faceted, brittle fracture
and can be distinguished from the original cracked surface.

Fig. 5-11 shows the surface of Crack [2]. This crack surface
also exhibits mostly austenite grain boundaries as in Fig.5-
11(a); however the partially undulating surface in Fig. 5-11(b)
indicates the <crack 1is interdendritic 1in some locations.

Fig. 5-12 shows the surface of Crack [3]. The upper undulating
surface 1s evidently interdendritic. The lower crack surface
shows relatively flat faces which  indicates austenite grain
boundaries. This type of cracks <corresponds to the crack
observed on the cross section of the slab shown in Fig. 5-7.

The crack propagation seen may occur not only toward the inside
of slabs but also along the bottom of oscillation marks where
the positive segregation and coarse grains cause a brittle
structure. Interdendritic fine cracks which act as initiation
sites are not necessarily located continuously along the bottom

of oscillation marks.
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Fig. 5-13 shows another crack surface 1in a sample from
Company C. A low magnification micrograph, Fig. 5-13(a), shows
the crack surface consists mostly of austenite grain boundaries.
In this case adherent material was observed on the crack surface
before cleaning. Therefore the surface was subjected to ZX-ray
analysis wusing a SEM to determine the chemical composition of
the material. Potassium detected 1in the X-ray spectrograph
clearly indicated that the adherent material was mould flux. It
should be noted that the mould flux used in this expermient does
not contain sodium. Subsequently, this crack surface was
further examined with a SEM at relatively high magnification and
a region containing small interdendritic cracks was found close
to the surface, Fig. 5-13(b). This observation suggests that
the cracks were possibly ini£iated "by interdendritic cracks
which must have opened to the slab surface in the mould. This
crack was then expanded and propagated in the sub-mould region
at the austenite grain boundaries to form transverse cracks

along the oscillation marks.

5.2.5 The Effect Of Oscillation-marks Shape On Local Shell

Thickness.

Fig. 5-15 shows the relationship between the depth of
oscillation marks and the nonuniformity of the shell thickness
which was estimated from the white band caused by the input
stream from the immersion nozzle. Samplés examined were taken
from a 0.10%C slab from Company B. It is seen that deep

oscillation marks give rise to a locally thin shell. This
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relationship is examined theoretically using a two-dimensional
heat transfer model 1in a later section. It may also be noted
that cracks are associated with the deepest oscillation marks;
no cracks or only fine subsurface cracks were found with shallow

oscillation marks.

It is well known that the shell shrinkage due to &-v
transformation prevents uniform heat extraction in the mould
which causes locally reduced shell thickness. The present work
shows that the oscillation marks create a large local thermal
resistance between mould wall and shell surface also to cause

nonuniformity of the shell profile.

5.2.6 Summary Of Metallurgical Investigation Of Transverse
Cracks
From this metallurgical 1investigation, the formation

mechanism of transverse «cracks along oscillation marks can be
explained as follows:

1) Firstly the large gap between the solidified shell and the
mould wall at tﬁe bottom of oscillation marks locally
reduces heat extraction and the rate of solidification.

2) Secondly friction force between the solidified shell and
the mould wall via the mould flux, coupled with strain due
to volume shrinkage caused by 6-y transformation 1in the
range from 0.10-0.15% carbon content in steel, concentrate
at the thinner part of the shell, namely at the bottom of
-oscillation marks, to form interdendritic cracks.

3) Finally below the mould these fine cracks propagate both
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toward the 1inside of the slab and along the bottom of
oscillation marks where the structure 1is most brittle
owing to positive segregation of'P and coarse grains.

Embrittlement of austenite grain boundaries is due to the

precipitation of both a proeutectoid ferrite film and AlN.

5.3 Metallurgical Studies Of Positive Segregation Near

Oscillation Marks

5.3.1 Casting Conditions

A metallographic investigation was made into the positive
segregation at the bottom of oscillation marks both in plain
low-C, Al-killed steel slabs and in stainless steel slabs.
Samples for the plain carbon slabs are from Companies A and B;
the stainless steel samples are from Company F. Small samples
were cut from the narrow side of the slabs in the same way as
those for the transverse-crack study. The casting conditions
and chemical composition of samples examined are shown in Table
X. The etching reagents used for the plain-carbon steel samples
is the same as those used for the metallurgical investigation of
transverse  cracks. A solution of FeCl,(5g)+CuCl,(5g)+
HC1(100ml)+C,H;OH(80ml) +H,0(300ml)'°3 was used for the etching

of the stainless steel samples.
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5.3.2 Metallographic Classification Of Positive Segregation

In general, positive segregation of solute -elements,
especially P, is observed near the bottom of oscillation marks.
As shown in Chapter 2, the region of positive segregation in the
subsurface structure containing hooks 1is along the hook or
bétween the- hook and the slab surface. When hooks are absent
from the subsurface structure, the segregation is found outside
of the bottom of the oscillation marks. 1In this section the
characteristics of positive segregation are <classified in
associlation with the wvarious types of subsurface structure
observed near the oscillation marks. Typical etched structures
" near the bottom of oscillation marks are shown in Fig. 5-16 ~ 5-
20. A,B, and C 1indicate the use of Picral, Oberhoffer, and
Nital etches respectively. The black region in A, corresponding
to the white region in B, clearly indicates phosphorus
segregation. In C black or gray areas indicate pearlite grains,

while the white areas indicate proeutectoid ferrite grains.,

Fig. 5-16 and 5-17 show the positive segregation formed at
the bottom of oscillation marks which have adjacent subsurface
hooks. Sample B1, Fig. 5-16, and sample B2, Fig. 5-17, are from
Company A and Company B respectively. The samples exhibit two
common characteristics: deep oscillation marks and a hook
oriented at a shallow angle to the surface. Both observations
can be attributed to the low carbon content (C=0.10%) as was
seen in an earlier chapter. A >1arge region of segregation

exists between the hook and the surface of the slab. Another
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interesting characteristic was found in the subsurface structure
in Fig.5-17C. The top half of the hook disappears then
reappears, and it looks as if one or more channels 'cross the
thk. The existence of these channels across the hook suggests
that steel (interdenritic liquid) flows from the inside to the
outside of the shell. The force causing the flow is likely to
be the negative pressure generated in the flux channel during
the positive strip period of the mould oscillation cycle. This

will be discussed in a later section.

Sample B3 was cut from the same slab as Sample B! and it
too exhibits hooks in the subsurface structure. However the
hooks are located closer to the top of the oscillation marks
rather than at the bottom. Although the hook 1is clearly
delineated in Fig. 5-18A, it is not distinct 1in Figs. 5-18B
and 5-18C. Only a weak segregation 1line similar to an
interdendritic segregation is observed. The major difference
between Sample B! and Sample B3 is the location of the hook and
therefore of the overflow of ligquid steel. This difference can
be explained based on the mechanism of oscillation mark
formation proposed in the previous chapter. In the case of
Sample B1 the meniscus shell is more rigid (thicker) and resists
being pulled back toward the mould wall by the negative pressure
in the mould flux and overflow occurs early in the positive-
strip period. However in the case of Sample B3, the shell is
drawn back by the negative pressure because of relatively lower
rigidity of the meniscus shell (likely thinner) before molten

steel overflows the hook. Consequently the hook is closer to
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the top of the oscillation mark in Sémple B3 owing to this delay

of overflow.

Specifically, the overflow region in Sample B1 1is farther
from the mould wall than in Sample B3, which implies that the
thermal resistance between mould wall and the bottom of
oscillation marks of Sample B3 is less than that of Sample B1.
This suggests that the heat transfer may have a strong effect on

the positive segregation.

Fig 5-19 shows the subsurface structure of Sample B4. This
has a higher carbon content (C=0.26%, Company A), and therefore
the depth of oscillation marks 1is shallower. Also, as seen
earlier the hook forms a large angle with the surface as
compared with lower carbon steels. However, the location of the
positive segregation is almost the same as that of Sample B3,
namely in the form of a weak segregation line along the hook.
In addition to the discontinuity of the primary solidification
structure characterized by the hook, another discontinuty is
observed in the secondary solidification structure, viz the
proeutectoid ferrite precipitated along the austenite grain
boundaries. Note that the grain-boundary ferrite was hardly
observed in the sample with C < 0.20%, because at 1lower carbon
contents the ferrite precipitates more easily within the

austenite grain,

Fig. 5-20 shows the positive segregation at the bottom of
an oscillation mark 1in Sample B5 which does not have adjacent

subsurface hooks. The casting conditions of Sample B5 are the
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same as those of Sample B4. The solidified layer adjacent to
the bottom of the oscillation marks can be distinguished from
the structure beneath, Fig. 5-20, and exhibits a high phosphorus
content. Because overflow at the meniscus does not give rise to
this type of structure, it 1is reasonable to infer that the
segregation occurs by penetration of interdendritic 1liquid
through the semi-solidified shell, as proposed in the case of

Sample BZ2.

Fig. 5-21 shows the dependence of the thickness of this
segregation layer on the depth of oscillation marks. Thus the
thickness of the layer increaées with 1increasing depth of
oscillation marks. As proposed before, the negafive pressure
generated in the mould flux during the upward motion of the
mould is also considered to be é strong driving force for this
type of segregation. The relationship shown in Fig. 5-21 is to

~be discussed later.

Fig. 5-22 shows the positive.segregafion'observed at the
bottom of oscillation marks in the stainless steel slabs. This
type of segregation is similar to that seen in Sample B5, which
is characterized by the absence of subsurface hooks. As shown
in the next section, Ni - is chiefly segregated in the. white
region, the mechanism of which is thought to be the same as that

in Sample‘BS.
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5.3.3 Microanalysis Of Positive Segregation By CMA

Segregation of elements in the subsurface area of
oscillation marks have been investigated with a CMA (Computer
aided X-ray Micro Analyzer). 87 The principle of measurement of
CMA is similar to that of EPMA. However CMA is capable of
characterizing a relatively large area of sample (max. 90x90
mm) with highly computerized functions, while ordinary EPMA can
determine a small area (max. 0.25x0.25mm). 1In this study, the

analysis area is 3x3mm; the beam diameter is 10 um.

Figures 5-23 to 5-25 show the distribution of Mn and P in
the subsurface area of the oscillation marks. The respective
subsurface structures are shown in Fig. 5-17, 5-18, and.5-20.
Positive segregations of Mn and P are clearly observed at the
end of the overflow region in Fig. 5-23 (Sample B2), while only
a weak segregation of P is detected along the hook in Fig. 5-24
(Sample B3). Fig. 5-25 reveals the segregation of both elements
along the periphery of the bottom of the oscillation mark
(Sample B5). Fig. 5-26 shows the segregafion of Ni and P in the
overflow region at the bottom of the oscillation marks. The
respective subsurface structure is shown in Fig. 5-22 (Sample

B6).

Fig. 5-27(A) and (B) show the contour maps of segregation
in the areas which are considered 1in Fig. 5-23 and 5-25
respectively. Thé highest segregation ratios of Mn(1.4) and
P(3.0) approximately correspond to the reciprocal numbers of

equilibrium partition ratios of Mn (0.73)'°® and P(0.28),'°°
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respectively.

5.3.4 Positive Segregation Caused By Overflow At The Slab

Corner

The 1investigation of positive segregation at the bottom of
oscillation marks suggests that heat transfer plays an important
role in the segregation mechanism. However it is not easy to
discuss the heat transfer effect independently of interdendritic
flow which 1is evident from the metallographic investigation of
longitudinal cross sections of samples. To clarify the effect
of heat transfer on positive segregation, samples in the
vicinity of the slab corner were examined metallographically.
In general, periodical overflow of molten steel is observed at
the slab corner, but the steel overflows not only in the casting
direction but aiso laterally into the bottom of oscillation

marks, Fig. 5-28.

Fig. 5-29 shows the longitudinal cross section close to the
corner of the sample etched by Picral seen in Fig. 5-28. The
casting conditions of this sample are the same as those of
Sample B5. The depth of the oscillation mark, which does not
include the thickness of the solidified 1layer on the bottom,
tends to 1increase toward the corner of the slab. The shell at
the bottom of the oscillation mark is discontinuous in Sections
#4 and #5, although Sections ‘41 - #3 show the typical subsurface

structures in the absence of hooks.
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With respect to positive segregation, no segregation could
be found in Section #4 and #5 which are located closest to the
slab corner. However Section #3 which 1is the end of the
overflow to the bottom of the oscillation mark unambiguously
indicates some segregation. To check the result, a transverse
cross section of a slab corner at the bottom of oscillation
marks was taken from the same type of samples as Sample B5.
Fig. 5-31(a) and (b) show the dendritic structure etched by
Oberhoffer's reagent 1in the longitudinal cross section and in
the transverse section respectively, see Fig. 5-30. Fig. 5-
31(a) shows that the oscillation mark is not accompanied by a
subsurface hook, while Fig. 5-31(b) indicates that steel
overflows along the bottom of an oscillation mark from the slab
corner. Phosphorus segregation is clearly observed at the end
of the overflow region, although it 1is not observed in.the
longitudinal cross section. It is unlikely that the segregation
is due solely to interdendritic flow through the semi-solid
shell because this would regquire a relativély. uniform
segregation along the bottom of the oscillation mark. That the
positive segregation was generated at the end of the overflow is
probably a heat flow effect. The tip of the overflow close to
the bottom of the oscillation mark is separated from the mould
wall by a 1larger gap than overflow closer to the corner which
fills more of the oscillation mark. The reduced heat transfer
at the tip of the overflow will reduce the solidification rate
and allow more time for segregation. This will be discussed

theoretically in the next section.
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5.3.5 Summary Of Metallurgical Investigations Of Positive

Segregation

Positive segregation was found in the subsurface structure
adjacent to oscillation marks both in the presence and in the
absence of hooks. P and Mn were detected in the segregation
zone in the plain carbon steel slabs. In the case of stainless
steel slabs the segregated elements are mainly Ni and P. The
types of positive segregation observed in this investigation can
be classified into four categories as shown in Fig. 5-32.
Segregation type 1 is observed at the bottom of deep oscillation
marks where overflow ends. In type 2 the segregation is
associated with an overflow which is closer to the top of the
oscillation marks. The segregation is weaker, appearing to be
interdendritic in origin and following the hook. In type 3 the
depth of the oscillation mark 1is shallow and segregation is
almost the same as in type 2. Type 4 is observed at the bottom
of oscillation marks which are not accompanied by a subsurface
hook. The thickness of the segregation layer 1increases with

increasing depth of oscillation marks.

Traces of flow through the semi-solidified shell was
detected in fhis investigation. This supports the reported
mechanism schematically explained by Tanaka et al. 2% Indeed,
the segregation type 4 can be explained only by this mechanism.
The metallographic examination of samples from the slab corner
indicates that a nonuniform solidification rate due to the shape

of oscillation marks plays a dominant role in regard to
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segregation type 1.

5.4 Heat Transfer Analysis Of Solidification In The Mould

In The Vicinity Of Oscillation Marks

5.4.1 Objectives And Description Of The Physical System

The metallurgical 1investigation described 1in previous
sections clearly indicates the strong effect of nonuniform heat
transfer, caused by the shape of oscillation marks, on
transverse crack formation and positive segregation. Therefore
a two-dimensional heat flow analysis 1in the mould, taking
account of the shape of oscillation marks, was undertaken to
determine the following:

(1) Temperature distribution both in the steel and in the
mould flux in the mark depression.

(2) Temperature hysteresis of each region of the slab
surface in the mould.

(3) Influence of the shape of oscillation marks on the

nonuniformity of the shell thickness.

The physical system for the mathematical modelling is shown
in Fig. 5-33. It is assumed that the oscillation mark is formed
just at the meniscus, but once formed, the mark retains its
shape in the mould. The length of the system 1in the casting
direction 1s equal to the pitch of the oscillation marks. The

width of the system is taken to be a half width of the mould.
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This system moves down at the casting speed from the meniscus to
the outlet of the mould. There is a mould flux layer which acts
as a thermal resistance between the mould wall and the
solidified shell., The mould flux 1in the mark depression 1is

additionally taken into account as a thermal resistance.

5.4.2 Mathematical Modeling-

Fig. 5-34v shows the coordinate of the system under study.
The x and y directions are the casting direction and the mould
width direction respectively. The following assumptions have
beeﬁ made in the model formulation:

[i]. The shape of oscillation mark is symmetric at x=0 and
can be represented by a gquadratic equation at Osxsxﬁ, and
beyond by a straight line parallel to the mould wall for
simplicity. Thus the pitch and the depth of oscillation
mark are 2xT and yﬁ respectively. |

[ii). From the symmetry of the oscillation mark, there is no
axial heat flow at x=0.

[iii]. The 'depression created by the oscillation mark is
filled with. méuld flux in the mould. The thermal
resistance at the interface between the mould f£flux and
slab surface is negligible.

[iv]. Heat 1s extracted from the plane y=0. The measured
heat flux'® is used as the bohndary condition at this
plane. As the shell moves down at the casting speed, this
boundary condition also changes with drawing time from the

meniscus to the outlet of the mould.
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The governing heat conduction eguations for the steel and

the mould flux are two-dimensional and unsteady State.

BTS AS BZTS BZTS
ot pscps 8)(2 Byz
2 2
8T X 9 T 9 T
Ee Lo —2+—) (5-2)
ot Pe pf 9x ay

The initial and boundary conditions are as follows;
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Additionally for the simplification of the heat flow
calculation it is assumed that the longitudinal heat flow is
negligible compared with the lateral heat flow at x=ix§,

represented as Eg. (5-12).

* * s
tZ_O,x=ix2,Oiy_<_y2;->\--=o (5-12)

With respect to the mould heat-flux distribution in the
casting direction, the measured results by Nakato et al,'® have
been modified, especially 1in the vicinity of the meniscus, by
the two-dimensional mould heat-transfer model described in a
previous chapter. The mould heat flux distribution is expressed
by the following polynomials as a function of time in the mould
under the condition of 1) casting speed is 1 m/min and 2) length

of the mould is 0.8m.

251.04 - 23.341t + 1.9618t2

0 <t <12 ; qg(c)

- 0.066233t> . (5-13)
*
12 <t < 48 qo(t) = 251.04 - 16.899t + 0.8250t>
_ 0.018468t° + 1.5616x10"‘c4 (5-14)

However this heat flux distribution does not apply at
oscillation marks. Therefore another assumption was made for
the computation of solidification which is affected by the shape
of the oscillation marks. The heat flux at the depression 1is
assumed to decrease in proportion to the thickness of the layer
of mould flux in the depression. The thickness of mould f£flux,
which effectively reduces the heat flux by half, is defined as

Yy Based on this assumption, the local distribution of heat
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flux is expressed by the following eguations.

X %, Xy % _
t = ti ; f 1 qf(x)dx + f qs(x)dx = fo qo(ti)dx ‘ (5-15)
0 X
% ’
qf(X) = (1 - f(X)/ZyH)qo(ti) (5-16)

Equations (5-1) and (5-2) were solved, subject to the initial
and boundary conditions, Egs. (5-3) to (5-16), wusing the
explicit finite-difference method. Triangular volume elements
have been employed to simulate the curvature of the oscillation
marks, as was the <case in the computation of mensiscus heat
transfer in Chapter 4. The release of 1latent heat of
solidification. has been incorporated by adjusting the specific
heat between the solidus and liquidus temperature. Calculations
were performed for a plate grade steel wusing the heat flux
profile presented in Egs. (5-13) to (5-16). The composition of
steel and data employed in the computation are given in Table
VIII. Note that the superheat of steel is taken to be 5°C, ‘the
initial temperature of the mould flux is.1500°C,'? and Y, is

0.05 cm.

5.4.3 Calculated Results

5.4.3.1 Temperature Distribution In Mould Flux And Steel

Figs. 5-35 and 36 show the temperature distribution both
in the steel and the mould flux 1in the oscillation mark
depression after 10s and 48s respectively. Those two results

correspond to locations 16.7 and 80cm beneath the meniscus for
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the casting speed of 1.0m/min. In this calculation the pitch
(1) and the depth (d) of the oscillation mark are 1.0cm and
O.1cm respectively; The ratio of the length of the depression to
the pitch of oscillation mark, viz x4,/x% is 0.5. In Fig. 5-35
(10s after the meniscus) the mould flux remains liquid except
for a solidified layer close to the mould wall. The melting
point of mould flux applied in this computation is estimated to
be about 1100°C. A nonuniformity of temperature distribtuion is
observed in the steel which results from the presence of the
mould flux in the oscillation-mark depression. A temperature
difference of about 150°C was calculated between the top (less
than 1200°C) and the bottom (about 1350°C) of the oscillation
mark. Even after 48s, liquid mould flux still exists at the
bottom of the oscillation mark. Thus the bottom of the
oscillation mark is always in contact with liguid mould flux so
that 1if a crack opens up at the bottom of the oscillation mark
anywhere inside the mould, the 1liquid mould flux easily
penétrates into the <crack. This finding agrees well with the
observation reported earlier, ie the mould flux was detected on
the dendritic crack surface, Fig. 5-14. At the end of the
mould, the temperature difference between the top and the bottom
of the oscillation mark is about 100°C, about half as large as
the difference just below the meniscus. This result, however,
is only valid provided that the oscillatibn mark depression is
filled with mould flux; but this may not be the case lower in
the mould. There, mould flux may flow downward to form an air

gap and/or may solidify and again form the air gap to increase
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the thermal resistance at the shell-flux interface. In this
event heat extraction may not proceed completely by conduction
alone but by both conduction and radiation, Consequently the
nonuniformity of témperature distribution increases further.

However the calculated shell profile in the mould 1is 1in good
agreement with the measured profile by Nakato et al.'® using
tracers. This indicates the Qalidity of the calculation despite

the numerous assumptions.

5.4.3.2 The Effect Of Oscillation-mark Shape On The

Nonuniformity Of Shell Thickness

Thus it is seen that the mould flux and/or the air gap 1in
the depression of the oscillation marks strongly affects the
temperature distfibution in the subsurface of the adjacent
steel. This 1implies that there is also a nonuniformity in the
shell thickness. To study this effgct further, more
calculations were qarfied ou£ to estimate the effect of
oscillation-mark shape on the nonuniformity of shell thickness
in the absence of an air gap. Calculated shell profiles
(fraction solid=1) adjacent to various shapes of oscillation
marks after 5, 10, 20, and 30s are shown in Figs. 5-37 to 5-40
réspectively. The ratio x,/x. was held constant at 0.5. Owing
to symmetry of the system, only the lower part of the shell
profiles is shown. Fig. 5-37 shows the change of sheli profile
with time when 1=1.0cm and d=0.10cm. A slight nonuniformity is
found at the solidification front after 5s, but a uniformly

thick shell is thereafter soon recovered. Even though the depth
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increases to d=0.15cm, it does not much affect the nonuniformity
of the solidification front at 1=1.0cm, see Fig. 5-38. 1In these
cases, the depth of oscillation marks is much larger than the
locally reduced thickness of the solid shell. Fig. 5-39
represents the shell profiles when the.oscillation-mark pitch is
greater, 1=2.0cm, and d=0.10cm. The reauction in shell
thickness in the vicinity of the bottom of oscillation mark
clearly increases as compared with the short pitch (1=1.0cm). A
uniformly thick shell cannot be attained even after 30s. 1In the
case of 1=2.0cm, the locally thin shell is exacerbated with an

increase in the depth of oscillation marks, Fig. 5-40.

Next the ratio xf/ig, see Fig. 5-34, was changed from 0.3
to 0.7, where the pitch and the depth of marks were kept
constant (1=2.0cm, d=0.10cm). Comparison of Fig. 5-41
(x*/x¥=0.7) and Fig. 5-42 (x%/¥,=0.3) <clearly indicates that
increasing the flat part of the surface significantly improves

the uniformity of shell thickness.

These calculated results reveal that both the pitch and the
depth of oscillation marks are important factors which influence
the nonuniformity of the shell thickness, see Figq. 5-43.
Particularly, it should be noted that the heat conduction in
steel in the casting direction plays an important role in the
uniformity of shell profile. As mentioned 1in Chapter 4 the
shape of oscillation marks is affected by the carbon content of
the steel. The oscillation marks on slabs having 0.10% carbon

are deep and curved, while they are relatively flat and shallow
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on higher carbon slabs; these were explained by the carbon
dependent-deformability of the shell. Such characteristic
shapes of the oscillation mark suggests that the wvariation in
shell thickness 1in casting of about 0.10% carbon slabs is more

severe.

Another factor influencing the shape of oscillation mark is
mould reciprocation freguency. High-frequency mould oscillation
has been reported to drastically improve the surface quality of
slabs, especially with respect to transverse cracks. The depth
of oscillation marks is reduced by higher frequency of mould
oscillation, for which a mechanism was proposed in Chapter 4.
Furthermore this higher frequency decreases the pitch of
oscillation marks. Heat flow analysis predicts that both of
these pheﬁomena yield a more wuniformly thick shell. As
mentioned 1in a ©previous section, the transverse cracks might
have been initiated in the mould where the stress and/or strain
are concentrated at the thinner part of the shell, viz in the
vicinity of the bottom of oscillation marks. It 1is therefore
inferred that the formation of transverse cracks is reduced by
making the shell thickness wuniform with increasing the

oscillation frequency.

5.4.3.3 Cooling Rate Distribution Near The Oscillation Marks

It has been seen that oscillation marks in the mould cause
a nonuniform temperature distribution on the slab surface and
consequently strongly affect the shell profile. This fact

indicates that there might be large differences in the cooling
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rate between the top and the bottom of oscillation marks.

Fig. 5-44 shows this to be the case for oscillation marks of
different shape. As described previously, not only reducing the
oséillation—mark depth but also decreasing the mark pitch
reduces these temperature differences. Fig. 5-45 shows the
change of cooling rate with time when 1=1.0cm and d=0.10cm. The
cooling rates at both locations after 5s are almost same, while
they are very different before 5s. It is well known that the
cooling.‘rate affects the primary éolidification structure,
especially the secondary dendrite arm épacing. The relationship
between these variables as measured by Suzuki'®* is shown in
Fig. 5-46. The average value of the secondary dendrite arm
spacing measured in the present work, described in Chapter 4,
are also given in this figure.. Cooling rates from the data of

Suzuki are consistent with the calculated values.

The shell growth rates have also been calculated to assess
the effect of the shape of the oscillation mark. Fig. 5-47
shows the change of the shell thickness with time -both at the
bottom and at the top of an oscillation mark, when 1=1.,0cm and
d=0.10cm. The shell thickness does not show the general linear
relationship with t°°% but rather is linear with t° 75 as
reported by Kumai et al. '°® wusing a radio isotope 1in the
mould. A large difference of solidification rate is not found
at the two locations but there is a difference iﬁ the time at
which solidification commences. The time delay for
solidification at the top of oscillation marks is due mainly to

the superheat of the steel; at the bottom of the mark the
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thermal resistance of the mould flux layer further contributes
to make the time delay longer. The change of shell thickness
with time is shown for an oscillation mark having 1=2.0cm and
d=0.10cm, Fig. 5-48, and 1=2.0cm and 4=0.15cm, Fig. 5-49. Thus
the longer the mark pitch and/or the deeper the mark depth, the
greater the difference in solidification start time between the
top and the bottom of the oscillation marks. These findings
help to explain segregation observed near subsurface hooks
reported earlier. The overflow region on the hook at the bottom
of the oscillation mark is expected to have a certain time delay
before solidification commeﬁces compared to the top of the mark.
The solute elements are thus concentrated at the final
solidification point, namely at the bottom of the oscillation

mark.

5.5 Discussion On The Formation Of Positive Segregation

‘A large area of positive segregation is found adjacent to
oscillation marks having subsurface hooks when the following
three conditions are satisfied: a) The angle of the hook to the
slab surface is not large and a narrow and long overflow rggion
is formed over the hook, b) the overflow region 1is located at
the bottom of oscillation marks, ana c) the oscillation mark is
deep. The concentrated liquid steel segregates at the end of
the overflow, since it solidifies later than the remainder of
the region between the hook and steel-flux interface. This

mechanism 1is supported by the positive segregation found at the
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end of the overflow from the slab corner along the bottom of the
oscillation mark, Fig. 5-31. Furthermore, the mechanism 1is

consistent with the results of the heat transfer model.

On the other hand the positive-segregation layer on the
bottom of the oscillation marks having no subsurface hooks
cannot be explained by such a heat transfer effect becausé there
is no overflow. 1In this case, it has been postulated that the
. weak shell caused by high superheat or high carbon content etc.
is drawn back to the mould wall by the negative pressure
generated in the mould flux channel during the upward motion of
the moﬁld. The top of the shell is in the semi-solid state and
hence it 1s conceivable that interdendritic liquid could be

drawn out to the surface by the negative pressure.

To investigate this possibility, the negative pressure
force generated 1in the flux channel during upward mould motion
was estimated by combining meniscus heat transfer with
lubrication theory as described 1in a previous chapter.
Computations were carried out for the seventeen different
oscillation conditions. The calculated pressure distribution
P(x) was converted to average pressure P by the following

equation.

1 1
Pa = ——-f £ P(x) dx (5-17)

lfO

The results are shown in Fig. 5-50. Thus the average negative

pressure increases with increasing negative strip time. As
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suggested this may cause 1interdenritic flow, the velocity of

which can be estimated from D'arcy's Law:'°¢

k
S — + AP -

v - (Pa s) (5-18)

In this case the static pressure difference AP, is almost
negligible compared with ﬁhe magnitude of P,. Assuming that the
fraction liquid, g;, is approximately 0.5 because the top of the
shell is semi-éolid state at the meniscus, the permeability K
can be estimated to be about 10-8%cm? based on Piwonka's data'®’
shown in Fig. 5-51., The length of channel L, can be regarded as
the shell thickness(g;=0.5). Therefore L  is roughly estimated
to be 0.05cm from the calculated results of the meniscus heat
transfer. With the viscosity of molten steel at 7cP,'® the flow
velocity V. is computed to be approximately 0.6cm/s, which
suggests that the interdendritic liquid can move outward to the
shell surface witﬁin a period of'one mould oscillation. This
mechanism is consistent with observed data in industrial plants,
that the frequency and the ﬁhickness of surface segregation
increase with 1increasing negative-strip time, *7 and also with

the investigated result shown in Fig. 5-21.

Also in the case of the oscillation marks having subsurface
hooks, this interdendritic flow likely takes place 1in addition
to the heat transfer effect, as shown in Fig. 5-17. Tanaka et
al.?% have reported that poéitive segregation of phosphorus was
observed along the outside -of the hook, while negative

segregation exists below the positive segregation line. This
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result is explained by the mechanism proposed here, although
Tanaka et al assumed that the interdendritic flow occurs during
downward motion of the mould. The interdendritic flow should be
more significant inb the case of oscillation marks having no
subsurface hooks, since the rigidity of the shell is 1likely to
be 1less than that of the sheil when hooks form due to overflow

at the meniscus.



Table IX - Casting Conditions of Samples for Metallurgical Study of Transverse Cracks
Chemical Composition (%) Casting Conditions
Samp | Comp c MR Si P S Al N Tec ("C) Vs S (mm) f(cpm) Type of Type of
Nozzle Mould

No. (m/min) Flux
A1 B 0.10 0.41 0.06 0.007 0.013 0.042 0.164 1538 1.57 11 95 7.5 up b
A2 B " n u " N " “ 1541 j.37 “ n " b
A3 C 0.07 0.33 0.03 0.003 0.012 0.062 0.0080 | 1547 0.91 5.8 64 15" up c1

Tc Casting temperature of steel in tundish

Vs Casting speed

S Stroke of mould oscillation

f Frequency of mould oscilliation

gl



Table X - Casting Conditions of Samples for Metallurgical Study of Positive Segregation
Chemical Composition (%) Casting Condition
Samp|Comp|{C Mn Si P S AT Cr Ny N Tc('C) |vs S(mm) f(cpm) |{Type of|Type of
No. (m/min) Nozzle [Mould
Flux
Bt A 0.09 0.79 0.24 0.008 0.014 0.033 - - 0.0080 |1538 0.94 12.7 44 25" dwn {a
B2 B 0.10 0.41 0.06 0.007 0.013 0.042 - - 0.0164 1538 1.57 11 95 7.5 dwnlb
B3 A 0.09 0.79 0.24 0.008 0.014 0.033 - - 0.0080 | 1541 0.9t 12.7 43 25" dwn |a
B4 A 0.26 0.76 0.22 " 0.012 0.001 - - 0.0070 |1538 0.89 " 42 " a
85 A 1" " n " n n - - " 1 532 1 . 02 " 48 " a
B6 F 0.10 1.03 0.67 0.033 0.004 - 16.82 7.64 0.0200 | 1491 1.00 12.7 60 15" up f
Tc Casting temperature of steel in, tundish
Vs Casting speed
S Stroke of mould oscillation
f Frequency of mould oscillation

€81l
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Pig, 5% Appearance of transverse cracks (i) (Company B).
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Fig. 5-3 Appearance of transverse cracks (ii) (Company B).



Transverse cracks formed at the bottom of
oscillation marks; picral etching (Company B).
(x3.6)

L8l



Transverse cracks formed at the bottom of
oscillation marks; nital etching (Company B).
(x3.6)
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Fig,

=6

(a) (b)

Ferrite-pearlite structure (a) at the top and (b) at
the bottom of an oscillation mark; nital etching
(Company B). (x146)
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Fig.

B=7

(a)

Interdendritic cracks at the bottom of

oscillation

marks; picral etching (Company B). (a):x6.5,

(b):x32.
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Fig. 5-8 Small crack observed along and near the subsurface
hook; picral etching (Company B). (a):x6.5,
{blixg3.



Fig.

a-8

[1] [2]

Transverse cracks on the surfac
from Company B. (x1.18)

(3]

e of a slab sample
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Fig.

b-1d

(a) (b)

Surface of transverse cracks [1] from Company B.
(x20)
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Surface of transverse
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(b)
crack [3] from Company B.
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(a)

Pig., 513 Surface of transverse crack from Company C.
(a):x40, (b):x200.
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Relationship between the depth of oscillation marks
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Pig. 5-16

Subsurface structure near positive segregation
(Sample B1). (x38.7)
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Fig. 5-18 Subsurface structure near a hook; C=0.10% (Sample
B3). (x38.7)
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Fig. 5-19 Subsurface structure near a hook; C=0.26% (Sample
B4). (x38.7)
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Fig. 5-21 Relationship between the depth of oscillation marks
and the thickness of segregation layer (Company A).
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Fig., b-22 Positive segregation at the bottom of oscillation
mark in stainless steel slab (Sample B6). (x6)
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the oscillation mark determined by CMA (Sample B6).
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Contour map of the segregation ratios, R, for (1) Mn
and (2) P in (A) Sample B7 and (B) Sample B5.
Mn: Red/R=1.4 P: Red/R=3.0
Blue/R=1.2 Blue/R=1.2
Green/R=1.1 Green/R=1,1
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«—(Qverflow of Steel

Bottom of Oscillation Mark

-—— Casting Direction

- Narrow
Face

Fig. 5-28 Appearance of overflow at the slab corner and the
location of cross section for metallographic
inspection, Company A.
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Subsurface structure in each longitudinal cross
section shown in Fig. 5-28; picral etching (Company
A). “(x5.4)
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Longitudinal cross section

Horizontal
cross section

Slab corner sample for the investigation into the
structure in the horizontal cross section (Company
a). (x2)
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Subsurface structure (a) in longitudinal cross
section, and (b)in horizontal cross section of the

sample shown in Fig. 5-30; Oberhoffer etch (Company
AY. {a):x6.5, (B)ix6,
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Fig. 5-32 Classification of positive segregation.
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Fig. 5-33 Physical system for mathematical model of heat flow
' in the vicinity of the oscillation mark.
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Change of temperature with time at the bottom and at

the top of oscillation marks.
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Fig. 5-45 Change of cooling rate with time at the top and at

the bottom of oscillation mark.

(1=2.0cm, d=0.10cm)
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6. CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

6.1 Conclusions

Initial solidification phenomena in the continuous casting
slab mould have been studied by metallurgically examining slab
samples and by undertaking a series of theoretical analyses.
Firstly an 1investigation has been conducted to elucidate the
mechanism of oscillation-mark formation. The metallurgical
investigation has revealed the following:

[i] As reported by previous workers, oscillation marks were
found with and without hooks in the adjacent subsurface
structure.

[ii] Hooks in the subsurface structure of 0.09%-carbon slabs
form a smaller angle with the surface than in 0.26%-
carbon slabs.

[iii] Slabs having oscillation marks without subsurface hooks
characteristically also contained inert-gas blowholes,
which suggest that fluid flow of steel caused by argon
gas injection through the submerged nozzle had
influenced the meniscus solidificétion. In other
cases, the multi-port practice and electromagnetic
stirring in the mould suppressed meniscus
solidification due to rapid convection in the meniscus
region.

[iv] The depth of oscillation marks with subsurface hooks is
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greater in low-carbon (0.09%) than in medium-carbon
(0.26%) slabs. Oscillation marks without hooks do not
show a carbon dependence of depth. In low-carbon slabs
the depth of oscillation marks with subsurface hooks is
slightly greater when the steel is killed with aluminum

than when killed with silicon.

The theoretical analyses contributed new knowledge on meniscus

phenomena.

[i]

[1i]

[iii)

Prediction of the temperature distribution 1in the
meniscus region, using experimental heat fluxes, showed
that partial solidification at the meniscﬁs, to form a
thin rigid skin, depends strongly on both local
convection and superheat. A low-temperature region was
also predicted in the mould flux adjacent to the mould
wall.

A fluid-flow analysis has sh&wn that, owing to the
shape of the flux channel between the meniscus and
mould wall, pressure is generated in the flux by the
mould oscillation. The pressure is positive when the
mould 1is moving downward faster than the strand
(negative strip) and is negative during the positive-
strip period. The pressure is much larger than the
shear stress acting in the flux channel.

Calculation of the meniscus sﬁape (in the absence of a
rigid skin) has indicated that the meniscus 1is pushed
away from the_ mould wall during the negative-strip

period when positive pressure is generated in the flux
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and 1is drawn back toward the mould wall by negative

flux pressure during positive strip. Overflow thus may

occur at the beginning of the positive-strip period.
The mechanism of oscillation mark-formation is based upon the
generation of pressure in the flux chénnel and the presence of a
rigid or semi-rigid skin at the meniscus. If the skin is rigid,
overflow at the commencement of positive-strip causes a
subsurface hook to form; whereas if the skin 1is semi-rigid it
moves with the meniscus toward the mould, and overflow does not
occur and hooks do not form. This mechanism and a resulting
first-generation meniscus model <can explain observations of

oscillation marks made in this work and in other studies.

Secondly, extensive studies have been made on the mechanism
of transverse crack formation and positive segregation  at the
surface of slabs, which are closely tied to oscillation-mark
formation.

[i] A large area of,positive segregation was found adjacent

to deep oscillation marks having subsurface hooks when

a narrow and 1long overflow region formed over the
hooks.

[ii] A two-dimensional, heat-flow analysis, taking into

"account the shape of oscillation marks, predicts a

local delay of cooling at the bottom of oscillation

marks. If the end of the overflow region is located ét

the bottom of .the oscillation marks, positive

segregation forms at the point where solidification is

delayed.
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[1ii] Another type of ©positive segregation was found in a

In both

layer on the bottom of oscillation marks having no
subsurface hooks. The thickness of the segregation
layer increases with increasing depth of oscillation
marks. This event cannot be explained by the heat-
transfer model, but instead can be rationalized by a
penetration model, in which interdendritic, enriched
liquid is drawn out by the negative pressure generated
in the mould flux channel during the upward motion of
the mould.

types of positive segregation, the segregation of

phosphorus was characteristically detected.

[iv]

[v]

[vi]

As reported in previous studies, transverse cracks
formed along the bottom of oscillation marks and are
affected largely by the Al and N content in steel.

In the subsurface structure of slabs, transverse cracks
were observed along the austenite grain boundary, in
the 1interdendritic region, and 1in the region of
positive segregation near the bottom of fhe oscillation
marks. However almost all of the transverse crack
surfaces exhibited a partially interdendritic surface
in the wvicinity of the slab surface. Some of the
cracks contained mould flux.

Nonuniformity of the shell profile in the mould was
detected from the white band caused by the stream of
steel from the submerged nozzle. The shell was

thinnest adjacent to deep oscillation marks.
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Transverse cracks form at this thinnest part of the
shell.

[vii] A heat flow analysis has revealed that the shape of
oscillation marks, viz,. not only the depth but also
the pitch, is largely responsible for the nonuniformity
of the shell profile. Therefore increasing the
frequency of the mould oscillation effectively improves
the uniformity of the shell thickness, and consequently
reduces the sites of transverse cracks.

The results of these studies offer new information for the
better understanding of initial solidification phenomena,
especially in the vicinity of the meniscus of the continuous-
casting slab mould, where several interrelated phenomena take

place simultaneously.

6.2 Suggestions For Future Work

In the present work a mathemétical model describing
oscillation-mark formation has helped to explain _ the
metallographic results obtained as well as previously reported
industrial data. However it is a first-generation model which
is based on many assumptions. In the future an extensive
programme is reguired to enhance the ability of the model to
simulate initial solidification phenomena more accurately. This
would include the following:

(a] Most important is the experimental measurement of heat

flux in the wvicinity of the meniscus including the
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mould flux zone. This measurement could be undertaken
using an array of thermocouples imbedded into the mould
wall, Measured temperatures would be converted to a
heat-flux distribution by two-dimensional, heat-flow
analysis. The effects of the casting condition such as
the superheat, <casting speed, type of steel, type of
mould flux, oscillation stroke, and oscillation
frequency on the amount of heat flux would be examined.
Simultaneously the subsurface structure of slabs and
the consumption rate of mould flux would be
investigated. The detection of the meniscus shell
profile using tracers such as sulphur or radioactive
Au'®® are also quite important from the standpoint of
determining the rigidity of the shell.

Secondly, an extension of the present work would be to
develop a theoretical analysis of mould-flux
consumption in which heat and fluid flow should be
coupled and solved simultaneously. This subject is of
great interest in the steel industry which is striving
to continuously cast slabs with high surface quality at
high speed. The analysis could be based on the
proposed model of oscillation mark formation. The
measurement of mould friction force also would be

useful for this theoretical analysis.
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APPENDIX I

NODAL EQUATIONS FOR THE HEAT FLOW CALCULATION

. IN THE MOULD WALL

Nodal equations for each type of node are as follows:

(Ty o - Ta o) (Tp 1 - T
1> 1.0 To0 0,17 0,00 . M (T,~Ty o) = O (A-1-1)
Ax Ay AykM ’
(T 1 - 27T + T ) (T - T
25 0,n-1 Oin 0,n+l 1,n 2O,n) 0 (A-1-2)
2 Ay Ax
(Tg n-1 = To ) (T - Tg n) x)
3 0,n-1 . O,n l,n 2O,n qo( 0 (A-1-3)
Ay Ax Ay)\M
4> (Tm-l,O -2 Tm.o* Tm+1,0) (Tmil B Tm,O) + hy
2Ax2 Ay2 AyAM
* (Ty = Tp,0) = O (A-1-4)
5 (Tm—l,n -2 Tm,n + Tm+1,n) (ijn—l - Z'Tm,n + Tm,n+1) =0
Ax® Ay*©
(A-1-5)
6 > (Tm—Lip -2 Tm,n + Tm{llp) (Tm,n-l - Tm,n) 96 (x) -
2 2 Ay* AY My
(A-1-6)
(Tp-1,0 =~ Tn,0) (Tg,1 = Tu,0) h
7> —Bohl, W, L s 4 (T - Ty ) = 0
sz Ayz Ay 1 m,0




249

T 3 -2T _ +T ) T . -T
< type 8 > (Tn,n-1 ?.n m,n+l’ (Ty-1,n , m,n’ = 0 (A-1-8)
‘ 20y Ax

< type 9 > (Tm,n-l mJn) + (Tm-]uﬁ -'Tm,n) + qo(x)

AYZ Ax® Ay Ny

0 (A-1-9)

These simultaneous equations are rewritten in a matrix system, which
can be solved with the Gauss—-Siedel method under the given conditions.
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APPENDIX II

NODAL EQUATIONS FOR THE TEMPERATURE DISTRIBUTION IN

THE MENISCUS REGION

Node | % a3 Q
a 0 q4(x) Q30 Q40
= b 0 Q20 Q30 Q40
3 c 0 Q20 Q30 (Tg = Tgy)
o d Q10 q4(x) Q30 Q40
v e Q10 Q20 Q30 Q40
o f Q10 Q20 Q30 (T = Tgy)
2 g Q1o Q20 Q31 Q40
W h Q10 Q20 Q32 Q40
i Qlo0 Q20 Q32 (Tg = Tgy)
3 Q10 Q20 Q31 Q41
Kk Q11 Q21 Q33 -
1 - Q22 Q34 Q41
< m Q12 Q23 Q30 Q40
it n Q12 Q20 Q30 Q40
® o Q12 Q20 Q30 (Tg = Tgy)
P Q13 Q23 Q30 Q40
v q Q10 q,(x) Q31 Q41
3 T Q10 qo(x) Q33 -
e s Q13 Q23 Q30 Q40
t Q13 q,(x) Q30 Q40
g u Q10 Q20 Q30 Q40
ol v Q10 Q20 Q30 (Tg = Tgy)
o W Q10 q4(x) Q30 Q40
- X Q10 q,(x) 0 Q40
v y Q10 Q20 0 Q40
L z Q10 Q20 0 (Tg = Tgq)

Nodal equations for each type of node are as follows:

Q10

Q11

5 (Tp-1,0 = Tn,n) (A-2-1)
Aym-l + Axm
2)‘m—1,n ZM,H

b Op-1,0* Mn)Tiit,n = To,n)(8%p9/2 + Mx,/3) (A-2-2)

2{(ty/6)° + (mxp/3 + Mxy_1/2)7)



Q12

Q13

Q20

Q21

Q22

Q23

Q30

Ay(Tgig?n B Tm,n)
__%il_ . 4+
ux
2 ,n hs—f 2)‘m,n

(Am—l.n + 7\m.n) by (Tm—l.n -

Tuhn)(Axm/2 + Axm—1/3)

2{(by/6)° + (txy_1/3) + (bx,/2)°

Axm()‘m,n-l + xmlp)(TmJn-l -

T

m,n)

Z Ay

158y8xy (A no1 + Ay nd(Tp p-1

T

n,n)

2540y% + Mx2

20y ax (TE19% - 1 /Y 1E + by

Mg + ay?/12aflex 4 /ax 2+ Ay2/12}\m,n + 1/hg_¢

LAy Ay (A n-1 + Mg n) (T p-1 + Tpon)

250y% + MxZ
Ay(Tm+1,r1 ~ Tm,n)
Axm+1 + Axm,
1,n 2)‘m,n

251

(A-2-3)

(A-2-4)

(A-2-5)

(A-2-6)

(A-2-7)

(A-2-8)

(A-2-9)
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Ax()‘m+1,n + Am,n)(Tm+1,n - Tmjn)(Axm/Z + Axm+1/3)
2{(ay/6° + (&xgyq/3 + bxy/2)%)

Q31 (A-2-10)

Ay (Tm+l,n - Tm,n)
Mot1 , 1
27;ﬁ1,n Hs-f 2)‘m,n

Q32 (A-2-11)

2ayax. (TSteel _ 7 3/ /ax 2 4 aAy?
Q33 = o,n 2’“ ; L y1 (A-2-12)
stee
/Axg + Ay2/12)\m,n + /Axm + Ay /12>\m’n + l/hs__f

+ ) by (T = Tp.n)( /2 + M /2
Q34 = ()‘m+1,n )‘m,n 2y m+l,n m,n Axléﬁ'l m ) (A_2_13)
2{(by/6)% + (axy /3 + txppyq/2)7)
( + (T - T, )
Qo = Ay (Ap 4l ;%§n m,n+l m,n (A-2-14)
15Ay Ax + (T - T
Q1 = Y m(xm,n+l y xmlnz m,n+1 m.n) (A-2-15)
25Ay° + Axo
Finally temperature of element (m,n) after At is,
o= T+ o 2
mo T Ton oty M (A=2-16)

for the triangle element (m,n) after At is calculated by,

T1;1',n = m At (A-2—17)
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APPENDIX III

SHAPE OF MENISCUS

Generally the geometry of the steel droplet in molten flux is
expressed with Eq.(A-3-1):

s + 1y = (A-3-1)

The meniscus system can be expressed by the equation of meridional
and cylindrical curvature respectively.

%I - (A-3-2)
1 . sin¢ -3-
5 a (A-3-3)

In the case of the meniscus in the continuous casting mould, however,
ry is so large that the two dimensional external meniscus can be
applicable.

d¢ - & (A-3-4)

Also following relations can be obtained from Fig. 4-39.

%§ = cos ¢ (A-3-5)
dx = - i -
dx sin ¢ (A-3-6)

The pressure difference AP 1s expressed by Eq.(A-3-7) when the fluid
pressure P (x) exists in the flux layer.

P = (pg = pglex = P(x) (A-3-7)

From equations as above,

*
sin ¢ %% _ (pg ~ pelex - P (x)

L (A-3-8)



With the boundary condition,
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¢=0; x=0 (A-3-9)
o x (pg - pglex - PM(x)
fo sin ¢d¢ = fo & = dx (A-3-10)
“ cos p=1- e PEE 2, RG) (A-3-11)
X * X
where R(x) = fO P (x)dx = IO {P(x) - pfgx}dx (A-3-12)
From Eqs.(A-3-546) and (11)
- 20(pg = pg)ex’ = 4ofR(x) + o}
x [pg — pe)2g2x™ - 4(pg - pp) {R(x) + olgx? + 4R(x) {R(x) + 20}]1/2
(A-3-13)

Static shape of the meniscus can be calculated analytically by Eq.

(A-3-13) when R(x) = 0. Variation of equation is as follows:

%1 = - a2 - x2
X
x»’Za2 - x2
where a2 is a capillar constant
2 20

Integration of Eq.(A-3-14) is

A K

(A-3-14)

(A-3-15)

(A-3-16)

(A-3-17)
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2( //_— + /2& - x y - (¢§ - /E;T)

... y = a

2 2 Z
c1n L2877t fa% -y c, (A-3-18)

- V2aZ - x4 Y2 1q M2aT * V2aT - x" 4 ¢ (A-3-19)

n c (A-3-20
‘ sin-% ° )
With the boundary condition,
¢ = n/2; y =0 (A-3-21)
fr Z 1 + cos
y = - /2a% cos § + 228" 1n ? + 0.3768 a (A-3-22)

sin

- v2al - X% + 1237 1q Y287 F a7 - xT 4 .3768 a

(A-3-23)

On the other hand change of meniscus shape by dynamic pressure in the
flux channel is calculated in the following way.

(i) The dynamic pressure 1s calculated by the meniscus shape at t = ti,
assuming that the shape is expressed as the second order of a curve.

(ii) Calculated pressure profile is modified to a simple form by Eq.(A-3-24),
thus the meniscus shape at t = t;+1 is calculated by Eq.(A-3-13).

RGO /R(xeop, ) = x2/x? (A-3-24)

cHtin

ti+l = ti + At (A"'3_25)

xc,ti+1 is the “"contact point” of meniscus with the mould wall and is

obtained from Eq.(A-3-11).
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R(xc»t1+1)}

20
g(ps - pf) {1 + o3

oty (A-3-26)

Computation of (i) and (ii) are iterated by the time step At for one
cycle of the mould oscillation.
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APPENDIX IV

DYNAMIC PRESSURE IN THE MOULD FLUX CHANNEL

The solution to Egqs. (4-26) and (4-27) for the pressure profile and
velocity distribution in the mould flux channel has been obtained as
follows. Equation (4-26) was integrated with respect to y, with limits set
by B.C.'s (4-29) and (4-30), to obtain

2
e T e VU - - Fo @ ¢ e F - (D

Then Eq.(A-4-1) was substituted into Eq.(4-27) which was {integrated, and
rearranged to give

6ps(v.. - v.) 12
L fhg s 4 pfg-__rh“f Qg (A-4-2)

-Qg, the relative flux consumption rate, was evaluated by rearranging
Eq.(A-4-2) and integrating from x = 0 to x = & (Fig. 4-35).

pe8le = (Pg = Py) + bpp(vy — vo) e(Xg)

QR = 71 T0Y;) (4-4-3)
e dx

where e(Rg) = IO 220 (A-4-4)
e ax

e = [0 - = (A-4-5)

Eqs.(A-4-3) and (A-4-5) were substituted into Eq.(A-4-2) which was
integrated again from 0 to x, giving

P(x) = Py + pggx + 6pg(vy - v) e(x) - {pegl¢ - (P4 - Py)
+ buc(v. - v.)) (L)} é{%ly A-4-6
HE\Vn s £ £ ( )
where e(x) and [(x) are defined as in Eqs.(A-4-4) and (A-4-5).

The relative velocity distribution was obtained by combining
Eqs.(A-4-1) - (A-4-5) to yield
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2

b = Gt VIR =D - e G-I buelvy - ve))

_ pe8ls = (Pg - Py) + bug(vy = vg) e(L¢)
RTTE) e } (A-4-7)

The expressions for e(y) and C(y) depend on the function used to
approximate the segment of the meniscus under consideration. If a linear
function is adopted, eg.

h(x) = o + 8 (A-4-8)
then
e€x) = -1 Ilgey - (a-4-9)
tx) = -3 - 1 (A-4-10)
® h(x)) B

For the physical system in Fig. 4-35

hf_hi
a = ——yz——— (A-4-11)
and
B = hy (A-4-12)

Substitution of Egs.(A-4-9) - (A-4-12) into Eqs.(A-4-6) and (A~4-7) leads to
Eqs.(A-4-9) and (A-4-10) respectively.

On the other hand, if a quadratic function for the lower part of the
meniscus region is chosen, viz.

h(x) = ax® + bx + ¢ (a,b,c counst.) (A-4-13)

the evaluation of e(x) and {(x) depends on the value of K = 4ac - b2. 1f
K>0

e(x) = %_(Zaxx+ b _ %9 + K4a (arc tan (2a§ + b) _ arc tan K? }

(A-4-14)
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1 (2ax + b)(K + 6ah(x)) b(K + 6ac)
(= e nZ(x) ) z

2
12a arc tan ,2ax + by _ arc tan b
+ =57 ( ( ) )

=177 A-4-15
K K K ( )

but 1if K < 0

g(x) = %(l%%__‘*)‘_‘l - h) + 2a 1n (2ax + b - /-K)(b + /—T)}

X c (-K) (2ax + b + vK)(b - /X)
(A-4-16)
- {(Zax + b)(K + 6ah(x)) _ + 6a
C(x) 2 (x) . }
6a 1. (Qax +b - /) (b + /), (A=4-17)

(x)>7# (2ax + b + /-K) (b - ¥<R)

This refinement of the fluid flow calculations has not been pursued further
in the present study.
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CHRERE R KRR KRR KR KRR R R AR R LR AR KRR AR KRR R R R Rk kK kR kR F ko kR kX kKK *

C DIMENSION

Corok ks ok ok ok ok ok Kok ok ko ok ok ok ko Rk ok Rk ok Rk kR AOoR R Rk ok k kR kR kk ok ok kR Rk ok k kR ok Rk ok kok ok k ok kR kk ok ok kkk

C

c
DIMENSION US(100, 100),UF{(100,100},US2( 100, 100) ,UF2(100, 100),DZ(
A100) ,RAMF (100, 100) ,RAMS( 100, 100),CS( 100, 100),CF (100, 100) ,ROUS( 100
A,100),ROUF (100, 100) ,LMF (100, 100),LNF (100, 100),LMS( 100, 100) ,LNS( 100
A,100),Q(100)
c
c
C****tttttt*tt*t*tt*t*****ttt**t****x*tt#tt****tt*tttttttt*ttt*tt##ttt***tt*t**
c READ DATA
C***********t#**tt*#*#*******t#*tt*t***#t***#ttt********t*t#t*****#**t#*xtt***t
c
c

READ(5,500) N1,N2,N3,M1,M2,21,22,23,X1,DT
500 FORMAT(514,4F8.4,F10.6)
READ(5,501) UFI,USI,TLIQF,TLIQS,TSOLF,TSOLS,TP H
501 FORMAT(8F10.5)
READ(5,502) CFL,CSL,ROUFL,ROUSL,RAMFL,RAMSL ,HLATF HLATS
502 FORMAT(8F10.5)
READ(5,503) CFS,CSS,ROUFS,ROUSS,RAMFS,RAMSS,QEF ,QES
503 FORMAT(8F10.5)

C

C

[ s T T P T
C WRITE DATA

€ % % %k 2k ok ok ok ok ok ok ok K K ok K X K K K K ok oK 3 3k sk ok ok ok ok ok Kk 3 R K K K oK oK kK ok o ok ok K ok kK ok 3k K d K Ok K o Kk Kk ok Ok Kk K Kk K Ok K K ok ¥

Cc

c
WRITE(6,2000) N1,N2,N3,M1 ,M2,21,22,23,X1,0T

2000 FORMAT(10H N1 =, 14/10H N2 = , 14/10H N3 =, I4
A/10H M1 =, 14/10H M2 = , 14/10H 24 =, F12.6/
A1OH Z2 = , F12.6/10H 23 = , F12.6/10H X1 =, F12.6
A/10H DT =, Fi12.6)
WRITE(6,2001) UFI,USI,TLIQF,TLIQS,TSOLF,TSOLS,TP,H

2001 FORMAT(10H UFI = , F12.6/10H USI = , F12.6/10H TLIQF = ,
AF12.6/10H TLIQS = , F12.6/10H TSOLF = , F12.6/10H TSOLS = ,
AF12.6/10H TP = ., F12.6/10H H = , F12.6)

WRITE(6,2002) CFL,CSL,ROUFL,ROUSL,RAMFL,RAMSL ,HLATF HLATS

2002 FORMAT(10H CFL = , F12.6/10H CSL = , F12.6/10H ROUFL = ,
AF12.6/10H ROUSL = , F12.6/10H RAMFL = , F12.6/10H RAMSL = ,
AF12.6/10H HLATF = , F12.6/10H HLATS = , F12.6)
WRITE(6,2003) CFS,CSS,ROUFS,ROUSS,RAMFS,RAMSS,QEF,QES

2003 FORMAT(10H CFS =, F12.6/10H CSS = , F12.6/10H ROUFS = ,
AF12.6/10H ROUSS = , F12.6/10H RAMFS = , F12.6/10H RAMSS = ,
AF12.6/10H QEF = , F12.6/10H QES = , F12.6)

c

C

Ct**tt**t*****#*****tt*#**ttt****t***#***#***tt**t*i**ttti***#t*#*t**t****#t***

c OUTPUT TIME SET

T LR R L L L T T
C
C

END1=0. 160

END1A=END1+DT

END2=0. 162

END2A=END2+DT



END3=0. 164
END3A=END3+DT
END4=0. 165
ENDAA=END4+DT
END5=0. 168
ENDSA=ENDS+DT
END6=0. 169
ENDGA=ENDG+DT
END7=0.173
END7A=END7+DT
END8=0.179
ENDBA=END8+DT
ENDS=0. 181
ENDSA=ENDS+DT
END10=0. 192
END1OA=END 1O+DT
END11=0.203
END11A=END11+DT
END12=0.216
END12A=END12+DT
END13=0.221
END13A=END13+DT
END14=0.227
END14A=END 14+DT
END15=0.234
END15A=END15+DT
END16=0.238
END16A=END16+DT
END17=0.256
END17A=END17+DT
END18=0.300
END18A=END18+DT
END19=0.339
END19A=END 19+4DT
END20=0.348
END20A=END20+DT
END21=0.358
END21A=END21+DT
END22=0.362
END22A=END22+DT
END23=0.374
END23A=END23+DT
END24=0.375
END24A=END24+DT
END25=0.378
END25A=END25+DT
END26=0.385
END26A=END26+DT
END27=0.402
END27A=END27+DT
END28=0.422
END2BA=END28+DT
END29=0.432
END29A=END29+DT
END30=0.466
END30OA=END30O+DT
END31=0.494
END31A=END31+DT
END32=0.542
END32A=END32+DT

262
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END33=0.600
END33A=END33+DT
END34=0.609
END34A=END34+DT
END35=0.637
END3SA=END35+DT
END36=0.640
END36A=END36+DT
END37=0.667
END37A=END37+DT
END38=0.678
END38A=END38+DT
END39=0.716
END3SA=END39+4DT
END40=0.720
END4OA=END40O+DT
END41=0.731
END41A=END41+DT
END42=0.793
END42A=END42+DT
END43=0.967

C

Cc

(G % ok o ok ok ok ok ok ok ok ok ok Kk ok oK K ok K ok Kk ok ok ok K KR oK K K R KOk Kk R oK K K ok KKk K K K ok ok kK ROk oK K ok K ok ok ok ok oK oK o K K
C DIMENSION OF SYSTEM

ChEkdkkokkkrkkkok Rk Rk kR kR kR kR kR R kR Rk R R KRRk ko k ko kR ok ok ok kkk ok kok ko ko Rk * ok sk ok ok ok oF * ok ¥
C
Cc

NZ=N1+N2+N3
MX=M1{+M2
N11=N1+1
N2 1=N1{1+N2
N20=N21-1
N22=N21+1
M10=M1-1
M12=M1+1
DX=X1/FLDAT(M1)
X2=DX*FLOAT(M2)
T=0.0
IF(M1-N2) 800,801,800
800 WRITE(6,850)
850 FORMAT(1HO,20H Mi1=N2 NOT EQUAL )
GO TO 1500
801 CONTINUE
DO 200 N=1,N1
200 DZ{N)=Z1/FLOAT{(N1)
DO 201 N=N11,N21
201 DZ(N)=SQRT(Z2**2/X1*(X1-DX*FLDAT(N-N1-1)))-SQRT(Z2**2/X1*(X1-
ADX*FLOAT(N-N1)))
DO 202 N=N22,NZ
202 DZ(N)=Z3/FLOAT(N3)
c
c

C‘***t***************i******i**i**t**********************************t*t*t******

C PROFILE OF HEAT FLUX
(G % Kk ok ok ok oK sk ok R ok K K K oK ok ok ok ok ok ok ok ok ok oK ok ok ok K oKk ok ok ok ok K K K ok ok R K kK K Rk koK ok o Kk kR ok Kk K K
Cc
[ .
DO 701 N=1,N{
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701 Q(N)=QEF
DO 702 N=N11,N21
702 Q(N)=-QES*QEF*((N2+1)*%2)/(N22*SQRT(-QES)-N1*SQRT(-QEF)
A-N*(SQRT(-QES)-SQRT(-QEF)))**2
DO 703 N=N22,NZ
703 Q(N)=QES
c
c .
Ct*t***************t**#*****ttt**tt**tt***ttt***t****t*****t****t*****#****t#tt
c INITIAL CONDITION ETC.
Ctt#************#t**#tt*#*#*t**tt*t***tt**t*t*#*t********************t****ttttt
(o
c
DO 205 N=1,NZ
DO 205 M=1,MX
UF(M,N)=UFI
US(M,N)=USI
LMF(M,N)=0
LNF(M,N)=0
LMS(M,N)=0
LNS(M,N)=0
CF(M,N)=CFL
CS{M,N)=CSL
ROUF (M,N)=ROUFL
ROUS(M,N)=ROUSL
RAMF (M, N)=RAMFL
205 RAMS(M,N)=RAMSL
CFF=HLATF/(TLIQF-TSOLF)+CFL
CSF=HLATS/(TLIQS-TSOLS)+CSL
ROUFF=(ROUFL+ROUFS)/2.0
RAMFF=(RAMFL+RAMFS)/2.0
ROUSF=(ROUSL+ROUSS) /2.0
RAMSF =(RAMSL+RAMSS)/2.0
GXF=RAMFL*DT/(CFL*ROUFL*DX**2)
GXS=RAMSL*DT/(CSL*ROUSL*DX**2)
GZ1F=RAMFL*DT/(CFL*ROUFL*DZ(1)**2)
GZ2F=RAMFL*DT/(CFL*ROUFL*DZ(N11)**2)
GZ2S=RAMSL*DT/(CSL*ROUSL*DZ(N11)**2)
GZ3=RAMSL*DT/(CSL*ROUSL*DZ(N22)**2)
IF(GXF-0.5) 560,570,570
560 IF(GX$-0.5) 561,570,570
561 IF(GZ1F~0.5) 562,570,570
562 IF(GZ2F-0.5) 563,570,570
563 IF(GZ25~0.5) 564,570,570
564 1F(GZ3-0.5) 565,570,570
570 WRITE(6,575)
575 FORMAT( 1HO,46HG IS MORE THAN 0.5, CANNOT PERFORM CALCULATION)
GO TO 1500
565 CONTINUE
c
c
c*****************************t*#*t***t****t***tt**********************t**t*tt*
c TIME INCREASES
C*t**************tt***t**t**tt*t**t*t*tt*t*tttttt*****t*t******t*****t**t****#*
c
c
T=T+DT
c
c

(G ok ok ok ok ok ok ok ok ok ok K ok ok ok ok oK Kk kK ok R R K K ok Kk K K ko K o KK ok Kk ok Kk ok kR kK K KK R kK R kK K ok kK X
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c HEAT FLUX CALCULATION IN EACH TYPE OF NODE

C % % ok ok ok kb ok R koK ok ok ok sk ok sk ok ok sk ok kK ok ok ok ko R Rk ok kK ko ok ok R kR R ok ok ok ok ok ok ok ok ok ok ok koK ok ok ok Kk ok ok ok ok ok ok ok %

c

c
1 CONTINUE
DO 999 N=1,NZ
DO 999 M=1,MX
IF(N-1) 10,10, 15
10 IF(M-1) 12,12,11
12 CALL SUB1(DX.DZ(N),DZ(N+1),RAMF(M,N),RAMF(M+1,N) RAMF(M,N+1) UF(M,
AN+1) ,UF(M,N) ,UF(M+1,N),QF ,Q(N))
US(M,N)=0
GO 10 991
11 IF(M-MX) 13,14,14
13 CALL SUB2(DX,DZ(N),DZ{N+1),RAMF(M-1,N)},RAMF(M,N), RAMF(M+1 N),
ARAMF (M ,N+1) ,UF(M=1,N) ,UF(M,N) ,UF(M,N+1) ,UF(M+{ N),QF)
US(M,N)=0
GO TO 991
14 CALL SUB3(DX,DZ(N),DZ(N+1),RAMF(M-1,N),RAMF(M ,N), RAMF(M N+1),
AUF(M-1,N) ,UF(M,N) ,UF(M ,N+1) UFI QF)
US(M,N)=0
GO TO 991
c

C*******tt*******t****************#t*t*******tt*********iit****t*******t*t***t*
c
15 IF(N-N1) 16,18,38
16 IF(M-1) 17,117,149
17 CALL SUB4(DX,DZ(N-1),DZ(N),DZ(N+1),RAMF(M+1 N),RAMF(M,N),RAMF (M, N~
A1) ,RAMF(M,N+1) ,UF(M,N-1) ,UF(M,N) ,UF(M,N+1) ,UF(M+1,N),QF ,Q(N))
US(M,N)=0
GO To 991
19 IF(M-MX) 20,50,50
20 CALL SUBS(DX,DZ(N-1),DZ(N),DZ(N+1),RAMF(M-1,N) ,RAMF(M N),
ARAMF (M+1 ,N) ,RAMF(M,N-1) ,RAMF(M ,N+1) ,UF(M ,N-1) UF(M,N), UF(M=-1,N),
AUF (M N+1) ,UF(M+1,N),QF)
US(M,N)=0
GO TO 991
50 CALL SUB6(DX,DZ(N-1),DZ(N),DZ(N+1),RAMF(M-1,N),RAMF(M N), 6 RAMF (M, N-
A1), RAMF(M N+1) UF(M,N-1) UF(M,N), UF(M-1,N) UF(M ,N+1) UFI QF)
US(M,N)=0
GO TO 991
c
C*t*****t#*******t*********t******tt*********t*******t#t*t*********t**ttt*t*t**
(o
18 IF(M-1) 51,51,52
51 CALL SUB4(DX,DZ(N-1),DZ(N),DZ(N+1) ,RAMF(M+1 ,N),RAMF(M,N), K RAMF (M, N-
A1) ,RAMF(M,N+1) ,UF(M,N-1) ,UF(M,N) UF(M ,N+1) ,UF(M+1 _N),OF ,Q(N))
US(M,N)=0
GO TO 991
52 IF(M-M1) 25,21,22
25 CALL SUBS(DX,DZ(N-1),DZ(N),DZ(N+1),RAMF(M-1,N) RAMF(M,N),
ARAMF (M+1 _N) ,RAMF(M,N-1) ,RAMF(M,N+1) ,UF(M,N-1) ,UF(M,N) UF(M-1,N),
AUF (M,N+1),UF(M+1,N),QF)
US(M,N)=0
GO TO 991
21 CALL SUB7(DX,DZ(N-1),DZ(N),DZ(N+1),RAMF(M-1,N) ,RAMF(M N), K RAMF (M, N+
A1) ,RAMF(M+1,N),RAMF(M,N-1) ,UF(M,N-1) UF(M,N) UF(M-1,N) UF(M,N+1),
AUF (M+1,N),QF)
US(M,N)=0
GO TO 991
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22 IF(M-MX) 23,24,24
23 CALL SUBS(DX,DZ(N-1),DZ(N),DZ(N+1) ,RAMF(M-1 N) RAMF(M,N), RAMF(M+1,
AN) .RAMF(M,N-1) RAMS(M ,N+1) ,UF(M N-1) ,UF{M N), UF(M-1,N),US(M ,N+1),
AUF(M+1,N) ,H,QF)
US(M,N)=0
GO TO 991
24 CALL SUB9(DX,DZ(N-1),DZ(N),DZ(N+1),RAMF(M-1,N) RAMF(M N), 6 RAMF (M, 6N-
A1) . RAMS(M N+1) UF(M,N-1) ,UF(M,N) , UF(M-1,N) US(M ,N+1) UFI H,QF)
US(M,N)=0
GO TO 991
C
C***t*t*t*******t******#*#t#*****************t*t*******t*********tt******t**t**
C .
38 IF(N-N11) 39,39,40 .
39 IF(M-1) 26,26,27
26 CALL SUB4(DX,DZ(N-1),DZ(N),DZ(N+1) ,RAMF(M+1 ,N), RAMF(M,N), RAMF (M, N-
A1) ,RAMF(M,N+1) UF(M,N-1) UF(M,N) UF(M,N+1) UF(M+1,N),QF ,Q(N))
US(M,N)=0
GO TO 991
27 1F(M-M10) 30,31,32
30 CALL SUB5(DX,DZ{(N-1),DZ(N),DZ(N+1),RAMF(M-1 N),RAMF(M ,N),
ARAMF (M+1,N) RAMF(M,N-1) ,RAMF(M ,N+1) ,UF(M,N-1),UF(M,N) ,UF(M-1,N),
AUF (M,N+1) ,UF(M+1,N),QF)
US(M,N)=0
GD TO 991
31 CALL SUB10(DX,DZ(N-1),DZ(N),DZ(N+1),RAMF(M-1,N),RAMF(M,N) 6 RAMF(M N
A+1),RAMF(M+1 N),RAMF (M ,N-1) ,UF(M,N-1) ,UF(M N),UF(M=-1,N) UF(M N+1),
AUF(M+1,N),QF)
US(M,N)=0
GO TO 991
32 IF(M-M12) 33,34,35
33 CALL SUB11(DX,DZ(N-1),DZ(N),RAME(M ,N-1) ,RAMF(M,N), RAMF(M-1 N), RAMS
A(M,N) ,UF(M,N-1) UF(M,N), UF(M-1,N),US(M,N) H,QF)
CALL SUB12(DX,DZ(N),DZ(N+1),RAMF(M ,N),RAMS(M,N+1),RAMS(M N),
ARAMS (M+1,N) ,UF(M,N) ,US(M,N),US(M,N+1),US(M+1,N),H,QS)
GD TO 990
34 CALL SUB13(DX.DZ(N-1),DZ(N),DZ(N+1),RAMF(M N-1) RAMS(M-1 ,N), RAMS(M
A,N),RAMS(M+1 ,N) RAMS(M ,N+1) ,UF(M,N-1),US(M,N) US(M~1 N),US(M,N+1),
AUS(M+1,N),H,0Q%)
UF(M,N)=0
GO TO 992
35 IF(M-MX) 62,63,63
62 CALL SUB14(DX,DZ(N-1),DZ(N),DZ(N+1),RAMF(M N-1),RAMS(M-1,N), RAMS(M
A,N),RAMS(M+1 ,N),RAMS(M,N+1) UF(M,N-1),US(M ,N) US(M~1,N) US(M,N+1),
AUS(M+1,N) ,H,QS)
UF(M,N})=0
GO TO 992 )
63 CALL SUB15(DX,DZ(N-1),DZ(N),DZ(N+1) ,RAMF(M,N-1) ,RAMS(M-1 N), K RAMS(M
A,N) ,RAMS(M,N+1) UF{M,N-1) ,US(M,N) US(M-1,N) US(M,N+1) TP H,QS)
UF(M,N)=0
GO TO 992
c
c***tt:k***t**************t**t***********t******tt**************t*x&***t**t**tt**
c
40 1F(N-N20) 69,70,80
69 MC1=M1-(N-N1)
MC2=MC1+2
IF(M-1) 41,41,42
41 CALL SUB4{(DX.DZ(N-1),DZ{N),DZ(N+1),RAMF(M+1 ,N),RAMF(M N), RAMF (M N-
A1) ,RAMF(M ,N+1) ,UF(M,N-1) ,UF(M,N) ,UF(M,N+1)  UF(M+1,N) . QF,Q(N))
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US(M,N)=0
GO TO 991
42 IF(M-MC1) 43,44,45
43 CALL SUBS5(DX,DZ(N-1),DZ(N),DZ(N+1) ,RAMF(M-1,N), RAMF (M, N),
ARAMF (M+1,N) ,RAMF (M, ,N-1) ,RAMF(M N+1) UF(M,N-1) ,UF(M,N),UF(M-1,N),
AUF(M,N+1) ,UF(M+1,N),QF)
US(M,N)=0
GO TD 9914
44 CALL SUB10(DX,DZ(N-1),DZ(N),DZ(N+1),RAMF(M-1,N), RAMF(M, N), K RAMF(M,6N
A+1) ,RAMF(M+1 ,N) ,RAMF (M ,N-1) ,UF(M,N-1) ,UF(M,N) ,UF(M-1.N) UF(M,N+1),
AUF(M+1 ,N), QF)
US(M,N)=0
GO TO 991
45 IF(M-MC2) 46,47,48
46 CALL SUB11(DX,DZ(N-1),DZ(N),RAMF{M N-1),RAMF(M N), RAMF(M-1,N), RAMS
A(M,N) UF(M,N-1) ,UF(M,N) ,UF(M-1,N) ,US(M,N),H,QF)
CALL SUB12(DX,DZ(N),DZ(N+1),RAMF(M,N), RAMS(M N+1) RAMS(M,N),
ARAMS (M+1,N) ,UF(M,N) ,US(M,N) ,US(M,N+1) ,US(M+1,N),H,QS)
GO TO 990
47 CALL SUB16(DX,D2(N-1),DZ{(N),DZ(N+1),RAMS(M,N-1) ,RAMS(M,N),
ARAMS(M-1,N) ,RAMS(M+1 N) ,RAMS(M N+1) US(M,N-1),US(M,N) US(M-1,N),
AUS(M,N+1),US(M+1,N),QS)
UF(M,N)=0
GO TO 992
48 IF(M-MX) 49,60,60
49 CALL SUB5(DX,DZ(N-1),DZ(N),DZ(N+1),RAMS(M-1,N) RAMS(M,N),
ARAMS (M+1,N) ,RAMS(M ,N-1) ,RAMS(M,N+1) US(M,N-1) ,US(M,N) US(M-1 N),
AUS(M,N+1),US(M+1,N),QS)
UF(M,N)=0
GD TO 992
60 CALL SUB23(DX,DZ(N-1),DZ(N),DZ(N+1),RAMS(M-1,N),RAMS(M,N),
ARAMS(M,N-1) ,RAMS(M N+1) ,US(M,N-1) ,US(M,N),US(M-1,N),
AUS(M,N+1),TP,QS)
UF(M,N)=0
GO TO 992
o
C***********t*****#tttttttt******t**t*t*********t****tt******tttt#t***t**tttt**
c
70 IF(M-1) 71,71,72
71 CALL SUB17(DX,DZ(N-1),DZ(N),DZ(N+1),RAMF(M,N+1) RAMF(M,N), 6 RAMF (M+1
AN),RAMF(M,N-1) ,UF(M,N-1) ,UF(M,N) ,UF(M,N+1),UF(M+1,N),
AQF,Q(N))
US(M,N)=0
GO TD 991
72 1F(M-3) 73,74,75
73 CALL SUB11(DX,DZ(N-1),DZ(N),RAMF(M,N-1) RAMF(M,N),RAMF(M-1 ,N) 6 RAMS
A(M,N) UF(M,N-1) ,UF(M,N) ,UF(M-1,N) ,US(M,N),H,QF)
CALL SUB12(DX,DZ{(N).DZ(N+1),RAMF(M,N),RAMS(M ,N+1) RAMS(M,N),
ARAMS (M+1,N) ,UF(M,N) ,US(M,N),US(M N+1) US{M+1,N) H,QS)
GO TD 990
74 CALL SUB16(DX,DZ(N-1),DZ(N),DZ(N+1) ,RAMS(M,N-1),RAMS(M,N),
ARAMS (M-1,N) . RAMS(M+1 N) RAMS(M,N+1) ,US(M,N-1) ,US(M,N), US(M-1,N),
AUS(M ,N+1) ,US(M+1,N),QS)
UF(M,N)=0
GO TO 992
75 IF(M-MX) 76,77,77
76 CALL SUBS5(DX,DZ(N-1),DZ(N),DZ(N+1),RAMS(M-1,N) RAMS(M N},
ARAMS(M+1,N) ,RAMS(M N-1) ,RAMS(M,N+1) ,US(M,N-1) ,US(M,N) US(M-1,N),
AUS(M,N+1) ,US(M+1,N),QS)
UF(M,N)=0
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GO TO 992
77 CALL SUB23(DX,DZ(N-1),DZ(N),DZ(N+1),RAMS(M~1,N),RAMS(M,N),
ARAMS{M N-1) ,RAMS(M,N+1) ,US(M ,N-1) US(M,N), US(M-1,N),
AUS(M,N+1),TP,QS)
UF(M,N)=0
GO TO 992
c
C****************t************t**ttt*****t**ttt*t********t**********t***it*t***
c
80 IF(N-N22) 81,80, 100
81 IF(M-2) 82,83,84
82 CALL SUB18(DX.DZ(N-1),DZ(N),RAMF(M,N-1),RAMF(M,N), RAMS(M, ,N),
AUF(M,N-1),UF(M,N) ,US(M,N) H,QF,Q(N))
CALL SUB12(DX,.DZ(N),DZ(N+1),RAMF(M,N) ,RAMS(M, N+1) 6 RAMS(M,N),
ARAMS (M+1 N) ,UF(M,N) ,US(M,N) ,US(M,N+1),US(M+1,N) ,H,QS)
GO TO 990
83 CALL SUB16(DX,DZ(N-1),DZ(N),DZ(N+1),RAMS(M N-1) ,RAMS(M,N),
ARAMS (M-1,N),RAMS(M+1 N),RAMS(M,N+1) ,US(M,N-1) ,US(M,N), US(M-1,N),
AUS(M,N+1),US(M+1,N),QS)
UF(M,N)=0
GO TO 992
84 IF(M-MX) 85,86,86
85 CALL SUBS(DX,DZ(N-1),DZ(N),DZ(N+1),RAMS(M-1,N), RAMS(M N},
ARAMS (M+1,N),RAMS(M,N-1),RAMS(M,N+1) ,US(M ,N-1) US(M,N), US(M-1,N),
AUS(M,N+1),US(M+1,N),QS)
UF(M,N)=0
GO TO 992
86 CALL SUB23(DX.DZ(N-1),DZ(N),DZ(N+1),RAMS(M~1,N),RAMS(M,N),
ARAMS(M,N-1) ,RAMS(M ,N+1) ,US(M,N-1) ,US(M,N) US(M-1,N),
AUS(M,N+1),TP,QS)
UF(M,N)=0
GO TO 992
o
C********************************************#***t************************x*t**
C
90 IF(M-1) 91,91,92
91 CALL SUB19(DX,DZ(N-1),DZ(N),DZ(N+1) ,RAMS(M,N-1) RAMS(M,N),
ARAMS (M+1,N),RAMS(M, N+1) ,US(M,N-1) ,US(M,N) US(M,N+1) ,US(M+1,N),
AQS,Q(N))
UF(M,N)=0
GO TO 992
92 IF(M-MX) 93,94,94
93 CALL SUB5(DX,DZ(N-1),DZ(N),DZ(N+1),RAMS(M-1,N) RAMS(M,N),
ARAMS (M+1,N),RAMS(M,N-1) ,RAMS(M,N+1) ,US(M,N-1),US(M,N), US(M-1,N),
AUS(M,N+1) ,US(M+1,N),QS)
UF(M,N)=0

GO TO 992
94 CALL SUB23(DX,DZ(N-1),DZ(N),DZ(N+1),RAMS(M-1,N) RAMS(M,N),
ARAMS(M,N-1) ,RAMS(M,N+1) ,US(M,N-1) ,US{M ,N), US(M-1,N),
AUS(M,N+1),TP,QS)
UF(M,N)=0
GO TO 992
c
C******************************************t**t********************************
c
100 IF(N-NZ) 101,110,110
101 IF(M-1) 102,102, 103
102 CALL SUB24(DX,DZ(N-1),DZ(N),DZ(N+1),RAMS(M+1 N) RAMS(M,N),6 RAMS
A(M.N-1) ,RAMS(M ,N+1) ,US(M,N-1) US(M,N) ,US(M ,N+1) ,US(M+1,N),QS,Q(N))
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UF(M,N)=0
GO TO 992
103 IF(M-MX) 104,105, 105
104 CALL SUBS5(DX.DZ(N-1),DZ(N),DZ(N+1),RAMS(M-1 ,N), RAMS(M N),
ARAMS (M+1 ,N) ,RAMS{M,N-1) ,RAMS(M,N+1) ,US(M ,N-1) ,US(M,N),US(M-1 N),
AUS(M,N+1),US(M+1,N),QS)
UF(M,N)=0
GO TO 992
105 CALL SUB23(DX,DZ(N-1),DZ(N),DZ(N+1),RAMS{M-1 N), RAMS(M,N),
ARAMS (M,N-1) ,RAMS(M,N+1) ,US(M,N~1) ,US(M,N),US(M-1,N),
AUS(M,N+1),TP,QS)
UF(M,N)=0
GO TO 992
(o]
C*t********t#****tt*****ttt*********t*********************ttt#t*******tt*******
c
110 IF(M-1) 111,111,120
111 CALL SUB20(DX,DZ2(N-1),DZ(N),RAMS(M+1,N) ,RAMS(M,N),RAMS(M N-1),
AUS(M,N-1),US(M,N),US(M+1,N),QS5,Q(N))
UF(M,N)=0
GO TO 992
120 IF(M-MX) 121,122,122
121 CALL SUB21(DX.DZ(N-1),DZ(N),RAMS(M-1,N),RAMS(M,N),RAMS(M+1,N),
ARAMS (M,N-1) ,US(M,N=1) ,US(M,N),US(M-1,N),US(M+1,N),QS)
UF(M,N)=0
GO TO 992
122 CALL SUB22(DX,DZ(N-1),DZ(N),RAMS(M-1,N),RAMS(M,N),RAMS(M, N-1)
AUS(M,N-1),US(M,N) US(M-1,N),TP,QS)

UF(M,N)=0

GO TO 992
c
c
cx*******ttt*tt********ttttt********t**********************t**#*t**************
c NEW TEMPERATURE CALCULATION
C**********************tt******************************************************
c
c

990 UF2(M,N)=UF(M,N)+2.0*DT*QF/(CF{M,N)*ROUF (M,N)*DX*DZ(N))
US2(M,N)=US(M,N)+2 . 0*DT*QS/(CS(M,N)*ROUS(M,N)*DX*DZ(N))
GO TO 999

991 UF2(M,N)=UF(M,N)+DT*QF/(CF(M,N)*ROUF(M,N)*DX*DZ(N))
US2(M,N)=US(M,N)
GO TO 999

992 US2(M,N)=US(M,N)+DT*QS/(CS(M,N)*ROUS(M,N)*DX*DZ(N))
UF2(M,N)=UF(M,N)

GO TO 999

999 CONTINUE

Cc

[
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C

DO 150 N=1,NZ
DO 150 M=1,MX
UF(M,N)=UF2(M,N)

150 US(M,N)=US2(M,N)
DO 175 N=1,N21
DO 175 M=1,MX
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IF(LNF(M,N)) 175,199,175
199 IF(UF(M,N).GT.TLIQF) GO TO 175
IF(LMF(M,N)) 173,174,173
© 174 UF(M,N)=TLIQF-CFL*(TLIQF-UF(M,N))/CFF
CF(M,N)=CFF
ROUF (M ,N)=ROUFF . :
RAMF (M,N)=RAMFF
LMF(M,N)=1
173 IF(UF(M,N).GT.TSOLF) GO TO 175
ROUF (M,N)=ROUFS
CF(M,N)=CFS
RAMF (M ,N)=RAMFS
LNF(M,N)=1
175 CONTINUE
DO 275 N=N11,NZ
DO 275 M=1,MX
IF(LNS(M,N)) 275,299,275
299 IF(US(M,N).GT.TLIQS) GO TO 275
IF(LMS(M,N)) 273,274,273
274 US(M,N)=TLIQS-CSL*(TLIQS-US(M,N))/CSF
CS(M,N)=CSF
ROUS(M,N)=ROUSF
RAMS (M,N)=RAMSF
LMS(M,N)=1
273 IF(US(M,N).GT.TSOLS) GO TO 275
ROUS{M,N)=ROUSS
CS(M,N)=CSS
RAMS (M, N)=RAMSS
LNS(M N)=1
275 CONTINUE
C
c
c*t***#********************t*t**********t*t**t******i**************************
c ouUTPUT
C*t**********************************t*******t********************i******ttt**t
o]
C
IF(T-END1) 565, 1000,9001
8001 IF(T-END1A) 1000,8002,9002
9002 IF(T-END2) 565, 1000, 9003
9003 IF(T-END2A) 1000,9004,9004
9004 IF(T-END3) 565, 1000, 9005
9005 IF(T-END3A) 1000.8006,9006
9006 IF(T-END4) 565, 1000,9007
9007 1F(T-END4A) 1000,9008,9008
9008 IF(T-ENDS) 565, 1000,9009
9009 IF(T-ENDSA) 1000,9010,9010
9010 IF(T-END6) 565, 1000,9011
9011 IF(T-ENDGA) 1000.9012,9012
8012 IF(T-END7) 565, 1000,9013
9013 IF(T-END7A) 1000,9014,8014
9014 IF(T-END8) 565, 1000,9015
8015 IF(T-END8A) 1000,9016,9016
8016 IF(T-ENDY) 565, 1000,9017
9017 IF(T-END9A) 1000,8018,9018
8018 IF(T-END10) 565, 1000,9019
9019 IF(T-END10A) 1000,9020,9020
9020 IF(T-END11) 565, 1000,9021
9021 IF(T-END11A) 1000,9022,9022
9022 IF(T-END12) 565, 1000,9023



9023
9024
9025
9026
8027
9028
9029
9030
9031
9032
9033
8034
9035
8036
8037
9038
9038
8040
8041
9042
8043
2044
9045
9046
9047
9048

9050
9051

9078
8079
9080
908 1
9082

IF(T-END12A) 1000,9024,9024
IF(T-END13) 565, 1000,9025
IF(T-END13A) 1000,9026,9026
IF(T-END14) 565, 1000,9027
IF(T-END14A) 1000,9028,9028
IF(T-END15) 565, 1000,9029
IF(T-END15A) 1000,9030,9030
IF(T-END16) 565, 1000,9031
IF(T-END16A) 1000,9032,9032
IF(T-END17) 565, 1000,9033
IF(T-END17A) 1000,9034,9034
IF(T-END18) 585, 1000,9035
IF(T-END18A) 1000,9036,9036
IF(T-END19) 565, 1000,9037
IF(T-END1SA) 1000,9038,9038
IF(T-END20) 565, 1000,9039
IF(T-END20A) 1000, 9040, 9040
IF(T-END21) 565, 1000,8041
IF(T-END21A) 1000,9042,9042
IF(T-END22) 565, 1000,9043
IF(T-END22A) 1000,9044,9044
IF(T-END23) 565, 1000,9045
IF(T-END23A) 1000,9046,9046
IF(T-END24) 565, 1000,9047
IF(T-END24A) 1C00,9048,9048
IF{T-END25) 565, 1000,9049
IF(T-END25A) 1000,9050, 9050
IF(T-END26) 565, 1000,9051
IF(T-END26A) 1000,9052,9052
IF(T-END27) 565, 1000,8053
IF(T-END27A) 1000,9054,9054
IF(T-END28) 565, 1000, 98055
IF(T-END28A) 1000,9056,9056
IF(T-END29) 565, 1000,9057
IF(T-END22A) 1000,9058,9058
IF(T-END30) 565, 1000,9059
IF(T-END30OA) 1000,9060, 8060
IF(T-END31) 565, 1000,9061
IF(T-END31A) 1000,9062,9062
IF(T-END32) 565, 1000,9063
IF(T-END32A) 1000,8064,9064
IF(T-END33) 565, 1000, 9065
IF(T-END33A) 1000,9066,9066
IF(T-END34) 565, 1000,9067

- IF(T-END34A) 1000,9068,9068

IF(T-END35) 565, 1000,9068
IF(T-END35A) 1000,9070,8070
1IF(T-END36) 565, 1000,9071
IF(T-END36A) 1000,9072,9072
IF(T-END37) 565, 1000,9073
IF(T-END37A) 1000,9074,9074
IF(T-END38) 565, 1000,9075
IF(T-END38BA) 1000,9076,8076
1F(T-END38) 565, 1000,9077
IF(T-END39A) 1000,9078,9078
1F(T-END40O) 565, 1000,9079
IF(T-END40OA) 1000,9080, 9080
IF(T-END41) 565, 1000,9081
IF(T-END41A) 1000,9082,9082
IF(T-END42) 565, 1000,9083
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9083 IF(T-END42A) 1000,9084,9084
9084 IF(T-END43) 565, 1000, 1000

1000 CONTINUE
WRITE(6,300) T
300 FORMAT(10H TIME =,F10.7)
WRITE(6,303) END1,END2,END3,END4,ENDS, END6,END7, END8, ENDI,END 10
303 FORMAT(4F10.7)
WRITE(6,301)
301 FORMAT(5H U-1 ,5H U-2 ,5H U-3 ,5H U-4 ,5H U-5 ,5H U-6 ,5H U-7
A,5H U-8 ,5H U-9 ,5H U-10,5H U-11,5H U-12,5H U-13,5H U-14,5H U-15,5
AH U-16,5H U-17,5H U-18,5H U-19,5H U-20,5H U-21,5H U-22,5H U-23)
DO 350 N=1,40
WRITE(6,3350) (UF(M,N),M=1,23)
3350 FORMAT(23F5.0)
350 CONTINUE
WRITE(6,302)
302 FORMAT(S5H U-1 ,5H U-2 ,5H U-3 ,5H U-4 ,5H U-5 ,5H U-6 ,5H U-7
A,5H U-8 ,5H U-9 ,5H U-10,5H U-11,5H U-12,5H U-13,5H U-14,5H U-15,5
AH U-16,5H U-17,5H U-18,5H U-19,5H U-20,5H U-21,5H U-22,5H U-23)
DO 351 U=1,40
WRITE(6,3510) (US(M,J),M=1,23)
3510 FORMAT(23F5.0)
351 CONTINUE
IF(T-END43) 565, 1500, 1500
1500 STOP
END
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SUBROUTINE SUB1(DX,DZ1,DZ2,RAM11,RAM21,RAM12,U12,U11,U21,Q,Q10)
RAM=(RAM1{1+RAM21)/2.0

Q2=Q10*DZ1

Q3=DX*(U12-U11)/(DZ22/(2.0*RAM12)+DZ1/(2.0*RAM11))
Q4=RAM*DZ1*(U21-U11)/DX

Q=Q2+Q3+Q4

RETURN

END

SUBROUTINE SUB2(DX,DZ1,DZ2,RAMO1,RAM11,RAM21 ,RAM12, U0, U11,
AU12,U21,Q)

RAM{=(RAMO1+RAM11)/2.0

RAM2=(RAM1{1+RAM21)/2.0

Q2=RAM1*DZ1*(UO1-U11)/DX
Q3=DXx*(U12-U11)/(D22/(2.0*RAM12)+DZ1/(2.0*RAM11))
Q4=RAM2*DZ1*(U21-U11)/DX

Q=Q4+Q2+4Q3

RETURN

END

SUBROUTINE SUB3(DX,DZ1,DZ2,RAMO1,RAM11,RAM12,U01,U11,U12,UFI,Q)
RAM=(RAMO1+RAM11)/2.0
Q2=RAM*DZ{1*(UO1-U11)/DX
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Q3=DX*(U12-U11)/(DZ2/(2.0*RAM12)+D21/(2.0*RAM11))
Q4=2 .0*RAM11*DZ1*(UFI-U11)/DX

Q=Q2+Q3+Q4

RETURN

END

SUBROUTINE SUB4(DX,DZ0,DZ1,DZ2,RAM21,RAM{1 RAMIO,RAMI2 U0, Ut1,U12
A,U21,Q,Q10)

RAM=(RAM21+RAM11)/2.0
Q1=DX*(U10-U11)/(DZ0O/(2.0*RAM10)+DZ1/(2.0*RAM11))

Q2=Q10*DZ1

Q3=DX*(U12-U11)/(DZ2/(2.0*RAM12)+DZ1/(2.0*RAM11))
Q4=RAM*DZ1*(U21-U11)/DX

Q=Q1+Q2+Q3+Q4

RETURN

END

SUBROUTINE SUBS(DX,DZ0,DZ1.,DZ2,RAMO1,RAM11,RAM21,RAMIO,RAM12,U10,U
A11,U01,U12,U21,0)

RAM{=(RAMO{+RAM11)/2.0

RAM2=(RAM21+RAM11)/2.0
Q1=DX*(U10-U11)/(D20/(2.0*RAM10)+DZ1/(2.0*RAM11))
Q2=RAM1*DZ1*(UO1-U11)/DX
Q3=DX*(U12-U11)/(DZ2/(2.0*RAM12)+D21/(2.0*RAM11))
Q4=RAM2*DZ{1*(U21-U11)/DX

Q=Q1+Q2+Q3+Q4

RETURN

END

SUBROUTINE SUB6(DX,DZ0O,.DZ1,DZ2,RAMO1,RAM11,RAM10,RAM12 U110, U114,
AUO1,U42,UFI,Q)

RAM=(RAMO14RAM11)/2.0
Q1=DX*(U10-U11)/(DZ0/(2.0*RAM10)+DZ1/(2.0*RAM11))
Q2=RAM*DZ1*(UO1-U11)/DX
Q3=DX*(U12-U11)/(DZ2/(2.0*RAM12)+DZ1/(2.0*RAM11))
Q4=2.0*RAM11*DZ1*(UFI-U11)/DX

Q=Q1+Q2+Q3+Q4

RETURN

END

SUBROUTINE SUB7(DX,DZ0,DZ1,DZ2,RAMO1,RAM11,RAM12,RAM21{ RAMIO,
AU10,U11,001,U12,U21,Q)

RAM1=(RAMO1+RAM11)/2.0

RAM2=(RAM12+RAM11)/2.0

RAM3=(RAM21+RAM11)/2.0
Q1=DX*(U10-U11)/(D20/(2.0*RAM10)+DZ1/(2.0*RAM11))

Q2=RAM{*DZ {*(UO1-U11)/DX
Q3=RAM2*DX*(U12-U11)*(DZ1/2.0+D22/3.0)/((DX/6.0)**2+(DZ2/3.0+
ADZ1/2.0)*%*2)

Q4=RAM3*DZ1*{U21-U11)/DX

Q=Q1+Q2+Q3+Q4

RETURN

END

SUBROUTINE SuUB8(DX,Dz0,DZ1.DZ2,RAMO1,RAM{1,RAM21 RAMIQO,RAMS, U10,



AU11,U01,U12,U21,H,Q)

RAM1=(RAMO1+RAM11)/2.0

RAM2=(RAM2 1+RAM11)/2.0
Q1=DX*(U10-U11)/(DZ0O/(2.0*RAM10)+DZ1/(2.0*RAM11))
Q2=RAM1*DZ1*(U0O1-U11)/DX
Q3=DX*(U12-U11)/(DZ1/(2.0*RAM11)+1.0/H+DZ2/(2.0*RAMS))
Q4=RAM2*DZ1*(U21-U11)/DX

Q=Q1+Q2+Q3+Q4

RETURN

END

SUBROUTINE SUB9(DX,DZ0,DZ1,DZ2,RAMO1,RAM1{, RAM1O,RAMS,U10,U11,
AUO1,U12,UFI ,H,Q)

RAM=(RAMO1+RAM11)/2.0
Q1=DX*(U10-U11)/(DZ0/(2.0*RAMI0)+DZ1/(2.0*RAM{1))
Q2=RAM*DZ1*(UO1-U11)/DX
Q3=DX*(U12-U11)/(DZ1/(2.0*RAM11)+1.0/H+DZ2/(2.0*RAMS))
Q4=2.0*RAM11*DZ1*(UFI-U11)/DX

Q=Q1+Q2+Q3+Q4

RETURN

END

SUBROUTINE SUB10(DX,D20,DZ1,DZ2,RAMO1,RAM11,RAM1I2,RAM21, RAMIO,
AU10,U14,U01,U12,U21,Q)

RAM1=(RAMO1+RAM11)/2.0

RAM2=(RAM12+RAM11)/2.0

RAM3=(RAM21+RAM11)/2.0
Q1=DX*(U10-U11)/(DZ20/(2.0*RAM10)+DZ1/(2.0*RAMI1))
Q2=RAM1*DZ1*(UO1-U11)/DX
Q3=RAM2*DX*(U12-U11)*(D21/2.0+DZ2/3.0)/((DX/6.0)**2+
A(DZ2/3.0+DZ1/2.0)**2)
Q4=30.0*DX*DZ1*RAM3*(U21-U11)/(25. O*DX**2+DZ1**2)
Q=Q1+Q2+Q3+Q4

RETURN

END

SUBROUTINE SUB11(DX,020,DZ1,RAM10,RAM11,RAMO1,RAMS, U10O,U11,U01,
AUS11,H,Q) :
RAM1=(RAM10O+RAM11)/2.0

RAM2=(RAMO1+RAM11)/2.0
Q1=DX*RAM1*(U10-U11)*(DZ0/2.0+D21/3.0)/((DX/6.0)**2+(DZ1/3.0+
ADZ0/2.0)**2)

Q2=30.0*DX*DZ1*RAM2*(UO1-U11)/(25.0*DX**2+DZ1**2)
Q3=(2.0*DX*DZ1*(US11-U11)/SQRT(DZ1**2+DX**2))/(SQRT(DZ1**2+4DX**2)/
A(12.0%RAM11)+1.0/H+SQRT(DZ1**2+DX**2)/( 12.0*RAMS))

Q=Q1+Q2+Q3

RETURN

END

SUBROUTINE SUB12(DX,DZ1,DZ2,RAMF,RAM12,RAM11,RAM2{,
AUF11,U11,U12,U21,H,Q)

RAM1=(RAM{12+RAM11)/2.0

RAM2=(RAM21+RAM11)/2.0
Q2=2.0*DX*DZ1*(UF11-U11)/SQRT(DZ$**2+DX**2)/(SQRT(DZ1**2+DX**2)/
A(12.0*RAMF)+1.0/H+SQRT(DZ1**2+DX**2)/(12.0%RAM11))
Q3=RAM{*DX*(U12-U11)*(D22/2.0+DZ1/3.0)/{((DX/6.0)**2+(D21/3.0+DZ2/
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A2.0)**2)
Q4=30.0*DX*DZ1*RAM2*(U21-U11)/(25.0*DX**2+DZ1**2)
Q=Q2+Q3+Q4
RETURN
END

SUBROUTINE SUB13(DX,DZ0.DZ1,DZ2,RAMF,RAMO1,RAM11,RAM21,RAM1I2,
AUF10,U11,U01,U12,U21,H,Q)

RAM1=(RAMO1+RAM11)/2.0

RAM2=(RAM21+RAM11)/2.0
Q1=DX*(UF10-U11)/(DZ0/(2.0*RAMF)+1.0/H+DZ1/(2.0*RAM11))
Q2=30.0*DX*DZ {*RAM{*(UO1-U11)/(25.0*DX**2+DZ1%*2)
Q3=DX*(U12-U11)/(DZ2/(2.0*RAM12)+D21/(2.0*RAM11))
Q4=RAM2*DZ1*(U21-U11)/DX

Q=Q1+Q2+Q3+Q4

RETURN

END

SUBROUTINE SUB14(DX,D20,0Z21,DZ2,RAMF,RAMOY,RAM{1,RAM2{ RAM{2,
AUF10,U11,U01,U12,U21,H,Q)
RAM1=(RAMO1+RAM11)/2.0
RAM2=(RAM21+RAM11)/2.0
Q1=DX*(UF10-U11)/(DZO/(2.0*RAMF)+1.0/H+DZ1/(2.0*RAM11))
Q2=RAM1*DZ1*(UO1-U11)/DX
Q3=DX*(U12-U11)/(DZ22/(2.0*RAM12)+DZ14/(2.0*RAM11))
Q4=RAM2*DZ {*(U21-U11)/0DX
Q=Q1+Q2+Q3+Q4
RETURN
END

SUBROUTINE SUB15(DX,DZ0,DZ1,DZ2,RAMF RAMO1,RAM{1 RAM12,
AUF10,U11,U01,U12,TP,H,Q)

RAM=(RAMO1+RAM11)/2.0
Q1=DX*(UF10-U11)/(DZ0O/(2.0*RAMF)+1.0/H+DZ1/(2.0*RAM11))
Q2=RAM*DZ 1*(UO1-U11)/DX
Q3=DX*(U12-U11)/(D22/(2.0*RAM12)+DZ1/(2.0*RAM11))
Q4=2.0*RAM11*DZ1*(TP-U11)/DX

Q=Q1+Q2+Q3+Q4

RETURN

END

SUBROUTINE SUB16(DX,DZ0,DZ21,D22,RAM10,RAM{1,RAMO1,RAM21,RAM12,

AU10,U11,U01,U12,U21,Q)
RAM1=(RAM10+RAM11)/2.0
RAM2=(RAMO1+RAM11)/2.0
RAM3=(RAM21+RAM11)/2.0
Q1=RAM1*DX*(U10-U11)*(DZ1/2.0+DZ20/3.0)/((DX/6.0)**2+
A(DZ20/3.0+DZ1/2.0)%*2)
Q2=30.0*DX*DZ1*RAM2*(UO1-U11)/(25.0*DX**2+4DZ1**2)
Q3=DX*(U12-U11)/(DZ2/(2.0*RAM12)+DZ1/(2.0*RAM11))
Q4=RAM3*DZ1*(U21-U11)/DX
Q=Q1+Q2+Q3+Q4
RETURN
END

275



276

SUBROUTINE SUB17(DX,DZ0,DZ21,D22,RAM12 RAM11,RAM21,RAM10,
AU1O,U11,U12,U21,Q.Q10)

RAM1= (RAM12+RAM11)/2 o

RAM2=(RAM214RAM11)/2.0

Q1=DX*(U10-U11)/(DZ20/(2.0*RAM10)+DZ1/(2.0*RAM11))

Q2=Q10*DZ1
Q3=RAM1*DX*(U12-U11)*(DZ21/2.0+DZ2/3.0)/((DX/6.0)**2+
A(DZ2/3.0+DZ1/2.0)**2)
Q4=30.0*DX*DZ1*RAM2*(U21-U11)/(25.0*DX**2+DZ1**2)
Q=Q1+Q2+Q3+Q4

RETURN

END

SUBROUTINE SUB18(DX,D20,DZ1,RAM10,RAM11{,RAMS,U10,U11,US11,.H.Q,
AQ10)

RAM=(RAM10+RAM11)/2.0

Q1=DX*RAM* (U10-U11)*(D20/2.0+DZ21/3.0)/((DX/6.0)**2
A+(DZ1/3.0+DZ20/2.0)**2)

Q2=Q10*DZ 1

Q3=(2.0*DX*DZ1*(US11-U11)/SQRT(DZ1**2+DX**2))/(SQRT(DZ1**2+DX**2)
A/(12.0*RAM11)+1.0/H+SQRT(DZ1**2+DX**2)/(12.0*RAMS))

Q=01+Q2+Q3

RETURN

END

SUBROUTINE SUB19(DX,DZ0,DZ1,DZ2,RAM10,RAM11,RAM21,RAM12,
AU10,U11,012,U21,Q,Q10)

RAM1=(RAM10O+RAM11)/2.0

RAM2=(RAM21+RAM11)/2.0
Q1=RAM{*DX*(U10-U11)*(DZ1/2.0+D20/3.0)/((DX/6.0)**2+(DZ20/3.0+
ADZ1/2.0)**2)

02=Q10*DZ1
Q3=DX*(U12-U11)/(D22/(2.0*RAM12)+DZ1/(2.0*RAM11))
Q4=RAM2*DZ1*(U21-U11)/DX

Q=Q1+Q2+Q3+Q4

RETURN

END

SUBROUTINE SUB20(DX,DZ0Q,DZ1,RAM21,RAM1{ RAMIO,U10,U11,U21,Q,Q10)
RAM=(RAM21+RAM11)/2.0
Q1=DX*(U10-U11)/(DZ0/(2.0*RAM10)+DZ1/(2.0*RAM11))

Q2=Q10*DZ1

Q4=RAM*DZ1*(U21-U11)/DX

Q=Q1+Q2+Q4

RETURN

END

SUBROUTINE SUB21(DX,DZ0O,DZ1,RAMO1,RAM1{1{ RAM21 RAM10,U10,U{1,U01,
AU21,Q)

RAM1=(RAMO1+RAM11)/2.0

RAM2=(RAM21+RAM11)/2.0
Q1=DX*(U10-U11)/(DZ0/(2.0*RAM10)+DZ1/(2.0*RAM11))
Q2=RAM{*DZ1*(UO1-U11)/0X

Q4=RAM2*DZ1*(U21-U11)/DX

Q=Q1+Q2+Q4

RETURN
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END

SUBROUTINE SUB22(DX,DZ0,DZ1,RAMO1,RAM11,RAM10O,U10,U11,U01,TP,Q)
RAM=(RAMO1+RAM11)/2.0
Qi=DX*(U10-U11)/(0Z20/(2.0*RAMI0)+DZ1/(2.0*RAM11))

Q2=RAM*DZ 1*(UO1-U11)/DX

Q4=2.0*RAM{1*DZ1*(TP-U11)/DX

Q=Q1+Q2+Q4

RETURN

END .

SUBROUTINE SUB23(DX,DZ20,DZ1,D22,RAMO1,RAM11,RAM10,RAM{I2, U0, U114,
AUO1,U12,TP,Q)

RAM=(RAMOt+RAM11)}/2.0
Q1=DX*{U10-U11)/(DZ0/(2.0*RAM10)+DZ1/(2.0*RAM11))
Q2=RAM*DZ{*(UO1-U11)/DX
Q3=DX*(U12-U11)/(DZ22/(2.0*RAM12)+DZ1/(2.0*RAM11))
Q4=2.0*RAM*DZ1*(TP-U11)/DX

Q=Q1+Q2+Q3+Q4

RETURN

END

SUBROUTINE SUB24(DX,DZ20,DZ1,DZ2,RAM21,RAM{1,RAM10,RAM12,U10,U11,U12,
AU21,Q,.Q10)
RAM=(RAM2{+RAM11)/2.0
Q1=DX*(U10-U11)/(DZ20/(2.0*RAM10)+DZ1/(2.0*RAM11))
Q2=Q10*DZ1
03=DX*(U3$2-U11)/(DZ2/(2.0%RAM12)+DZ1/(2.0*RAM11))
Q4=RAM*DZ1*(U21-U11)/DX
Q=Q1+Q2+Q3+Q4
RETURN
END



APPENDIX VI
COMPUTER PROGRAM FOR THE CALCULATION OF FLUID PRESSURE
IN THE FLUX CHANNEL

C % % ok ks ok ok ok ok ok ok 3k sk ok ok 3k skook ok ok ok i ok koo skok ook ook ok ook ok 3k ok ok ok ke ok ok 3Kk ook ok ok sk ok ok kO ke sk ok ok K ROK ok ko ok ok ok ok kR ok ok Rk ok

C DYMANIC PRESSURE ACTING ON THE SHELL

C 2 % & ok ok ok ke skok ok ok ok ok sk ok ok sk ko ok i ok ok ok ok KOk K ok K sk ko ak ok ko ok ok ok ko ko sk ok ok ke sk o ok K ok sk ok ok ok ok e 3k ok ok ok ok ok ok ok ok ok sk ok ok ok

C

C PROGRAM FILE NAME : FLOW44

C DATA FILE NAME : DATA33

C

L L s e e T s
C

C LIST OF SYMBOLS

o

C P PRESSURE DISTRIBUTION

C RAM INTEGRATION OF P

Cc ARAM INTEGRATED AVERAGE OF P

C BM BENDING MOMENT

C MU VISCOSITY OF MOULD FLUX

C XHI X-COORDINATE OF INLET OF FLUX CHANNEL
C YHI Y-COORDINATE OF INLET OF FLUX CHANNEL
C XHF X-COORDINATE OF OUTLET OF FLUX CHANNEL
C YHF Y-COORDINATE OF OQUTLET OF FLUX CHANNEL
C RF DENSITY OF MOULD FLUX ‘

C RS DENSITY OF STEEL

C A VELOCITY OF SLAB

Cc VM VELOCITY OF MOULD

[ Q FLUX CONSUMPTICON

[ QQ RELATIVE FLUX-CONSUMPTION

C

(© % ok ok ok ok ok ok ok K ok o sk K ok oK K K K ok o Kk ok ok K ok ok ok R ok ok ok ok oK ok ok KOk sk K K% ok KK KK oKk ok Kk K ok ok ok ok ok ok ok R R R ok ok R
C

[

IMPLICIT REAL*8(A-H,0-27)
REAL MU
DIMENSION P{(3000),RAM(3000),BM(3000)

READ(5,100) XHI,YLI, XHF,YLF
READ(5, 110) RF,RS,MU,VS,VM
100 FORMAT(4F10.7)
110 FORMAT(SF10.5)

c
c
WRITE(6,200) XHI,YLI XHF,YLF
WRITE(6,210) RF,RS,MU,VS,VM
200 FORMAT(10H HI = , F12.8/ 10H LI =, F12.6
C/ 10H HF =, F12.6/ 10OH LF = , Fi2.6)
210 FORMAT(10H RF =, F12.6/ 10H RS =, F12.6
c/ 10H MU =, F12.6/ 10H VS =, F12.6
c/ 10H VM =, Fi12.6)
c
c .
c****‘tt*#ﬁt****#***************#*t*******t*#*t****‘#************ﬁtt******‘t**t
c SHAPE OF FLUX CHANNEL : X=A*Y+B
C*ttt**********t*********‘*******************i******tt*t*#*t******t************i
c
C
A=(XHI-XHF)/(YLI-YLF)
B=(XHF*YLI-XHI*YLF)/(YLI-YLF)
c
c

EPLF=-(1/A)*(1/XHF-1/8)
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a0

aon

330

405

600

610

620

630

650

ZELF=-(1/2./A)*(1/(XHF**2)-1/(B**2))

Q=((2*RF-RS)*9BO*YLF+6*MU* (VM+VS)*EPLF)/( 12*MU*ZELF)

WRITE(6,330) @
FORMAT(10H Q = , F12.6)

QQ=((2*RF-RS)*980*YLF+6*MU*(VM-VS)*EPLF)/( 12*MU*ZELF)

I1=(YLF-YLI+0.001)*1000.0

DO 405 1=1,11

Y=FLOAT(1)/1000.0

G=A*Y+B

EPY=-(1/A)*(1/G-1/B)
ZEY=-1/(2*A)*(1/(G**2)-1/(B**2))

P(I)=(2*RF-RS)*880*Y+6*MU*(VM-VS)*EPY-12*MU*QQ*ZEY
CONTINUE

RAM(1)=0.0

BM(1)=0.0

DO 600 1=2,11
RAM(I)=RAM(I-1)+P(1)*0.0010
BM(I)=BM(I-1)+P(I1)*0.0010*(11-1)/1000
CONTINUE

WRITE(6,610) I1I

FORMAT(10H II =, 1I5)
WRITE(6,620) RAM(II)
FORMAT(10H RAM(II)= , F15.6)

ARAM=RAM(II)/(YLF-YLI)
WRITE(6,630) ARAM

FORMAT( 10H ARAM = Fi5.6)
WRITE(6,650) BM(11)
FORMAT(10H BM(II) = , F15.6)

STOP
END
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APPENDIX VII
COMPUTER PROGRAM FOR THE CALCULATION OF THE CHANGE
OF MENISCUS SHAPE

C % ok Ak K Kk ok ok ok ok ok ok ok o R K K Kk R ok ok Kk ok ko ok K ok R kK koK K ok ok K Ok ok ok ok ok K KOk ok ok ok ok ok kR ok

Cc CHANGE OF MENISCUS SHEPE

R LR L T T T T R T T Y
Cc

C PROGRAM FILE NAME : MENISCUS10O

Cc DATA FILE NAME : DATA33M

c

% ok Kk K oK R KK K K R R K K R R K R Ok K K K K K Kk K K K K R KK KK K K K K K K KK K K KR K KK K K K K
C

(o} LIST OF SYMBOLS

C

C P « PRESSURE DISTRIBUTION

C RAM INTEGRATION OF P

C MU VISCOSITY OF MOULD FLUX

C XHI COORDINATE OF INLET OF FLUX CHANNEL

Cc YHI COORDINATE OF INLET OF FLUX CHANNEL

C XHM COORDINATE OF MIDOLE POINT OF FLUX CHANNEL
C YHM COORDINATE OF MIDDLE POINT OF FLUX CHANNEL
C XHF COORDINATE OF OUTLET OF FLUX CHANNEL

Cc YHF COORDINATE OF OUTLET OF FLUX CHANNEL

(o RF DENSITY OF MOULD FLUX

C RS DENSITY OF STEEL

Cc VS VELOCITY OF SLAB

C VM VELOCITY OF MOULD

Cc Q FLUX CONSUMPTION

c QQ RELATIVE FLUX-CONSUMPTION

C SIGMA INTERFACIAL TENSION

C CAP CAPILLARY CNSTANT

C CAPMODMODIFIED CAPILLARY CONSTANT

C XX(1) CALCULATED SHAPE OF MENISCUS

C YY(1l) CALCULATED SHAPE OF MENISCUS

C

R R L Y L T T
C

(o

IMPLICIT REAL*8(A-H,0-2Z)

REAL MU

DIMENSION P(3000),RAM(3000),XX(1000),YY(1000)
c
c

Chekkkkkdrkkkkkk kR Rk kR kR kX ko kkkokkok kb ko krkkrkkkkkkkkkkkkkkkrkk kk ok k&

C

[ READ AND WRITE DATA

[o

R Ll L L T T
C

C

READ(S5, 100) XHI,YLI,XHM,YLM, XHF YLF
READ(S, 110) RF,RS,MU,VS,VM
100 FORMAT(6F10.7)
110 FORMAT{(5F10.5)
c
c
Ct**************x***t**t*txtt***t*ttt*t*tt********t**t**t**t***********ttttx**t
c
(o
WRITE(6,200) XHI,YLI, XHM,YLM
WRITE(6,210) XHF,YLF,RF,RS
WRITE(6,220) MU,VS,VM
200 FORMAT(10H HI = , F12.6/ 10H LI =, F12.6/ 10H HM =
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C F12.6/ 10H LW = F12.6)
210 FORMAT(10H HF =, F12.6/ 10H LF =, F12.6/ 10H RF =,
C F12.6/ 10H RS =, F12.6)
220 FORMAT(10H MU = , F12.6/ 10H VS = , F12.6/ 10H VM =,
C F12.6)
c
c

L L T R N S T Y ILL
C

C APPLOXIMATED SHAPE OF MENISCUS X=A*Y**2 +B*Y+C

o

€ % 2k ok ok ok sk ok ke ok ok ok ok ok ok ok K ok R ok ok sk ok ok ok %k ok 3k sk ok sk ok ok o3k ok ok ko dk ok ok ok ok k% Kk ok ok ok ok % ok ok koK ok K ok ok ke ko ok ok oK ok ok K ok ok ok kK %

C

c
A= ((XHI-XHM)*(YLI-YLF)-(XHI-XHF }*(YLI-YLM))/((YLI-YLM)*(YLI-YLF)
C*(YLM-YLF))
B=((XHI-XHM)*(YLF**2 -YLI**2 )}+(XHI-XHF)*(YLI**2, -YLM**2. ))/
CO(YLI-YLM)*(YLI-YLF)*(YLM-YLF))
C=XHI-(YLI*YLF*(YLF-YLI)*(XHI-XHM)-YLI*Y_M*(YLM-YLI)
C*(XHI-XHF))/((YLI-YLM)*(YLI-YLF)*(YLM-YLF))
c
c

C**t********t********t******t*******t********t**t****t*t*t*#tt**tt#ti****t*****
c
C

D=4*A*C~B**2
C
c
C***#*ttttt*t*t*#**t*****t**t#**t*******tt#ttttt*ttttt*t*t*tt**ﬁttttt***t******
C
c

E=2*A*YLF+B

F=A*YLF**2+B*YLF+C
C
c
C**t****t***t*****#***#t****t#******t***t**t*t***t*****#*t***t***t*t*x*********
c
o

IF(D-0) 310,300,300
C
c
c*#t************#*****t*****************t*****t**t****t********tt*******tt*****
c
c
300 EPLF=(1/D)*(E/F-B/C)+4*A/D**1.5*(DATAN(E/D**0.5)

C-DATAN(B/D**0.5))
ZELF=(1/2./D*%2 )*(E*(D+6*A*F)/F**2 -B*(D+6*A*C)/C**2.)
C+12.*A**2 . /D**2 5*(DATAN(E/D**0.5)-DATAN(B/D**0.5))

GO 70 320
(o
C
G %k kK ok Ak K kR Ok Kk R Kk kR R R ok ok R sk ok ok ok ok K oK R ROk ok Kk R bk Rk ook ok oK K ok ok ok ok K K K KK K K K ok Rk ok ok K Kk ok ok
C
C

310 EPLF=(1/D)*(E/F-B/C)+2*A/(-D)**1.5*DLOG((E-(-D)**0.5)
C*(B+(-D)**0.5)/(E+(-D)**0.5)/(B~-(~-D)**0.5))
ZELF=(1/2./D**2.)*(E*(D+6*A*F)/F**2.-B*(D+6.%A*C)/C*+2.)
C+6.*A**2 . /(-D)**2.5*DLOG((E-(-D)**0.5)*(B+(-D)**0.5)
C/(E+(-D)**0.5)/(B-(-D)**0.5))
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C

R R O T O P

(o

C
320 Q=((2.*RF-RS)*980*YLF+6 . *MU*(VM+VS)*EPLF)/(12.*MU*ZELF)

C .

Cc

CHrrkF ke kkh ke x kR hk ke h bk ok hkkkhkhkkohk kR kR k kR ko ki k ok kk kX kb Rk kX kKKK KKK X A %

C

c
WRITE(6,330) Q
330 FORMAT(10H Q = , Fi12.6)
c
c

(b AL E L AL EEEELEEELEEEELEISAERELEEE Lt ll ittt R b

o]
o]
QQ=((2.*RF-RS)*980*YLF+6.*MU*(VM-VS)*EPLF)/(12.*MU*2ELF)
o]
C
c***tt***t**t**tt*t**ttttt#*#****t*t**ttt****it**t#t*t*tttt****tkt*tt*tt*tttttt
C
C
IF{D-0) 410,400,400
o]
c
C****tt*********#*ttt*#t***t******t**********tt***t*t****t**********ttt*t*ttttt
C
C
400 11=(YLF+0.0001)*1000.0
DO 405 I=1,11
Y=FLOAT(I)/1000.0
G=2.*A*Y+B
H=A*Y**2 +B*Y+C
EPY=(1/D)*(G/H-B/C)+4 . *A/D**1 . 5*(DATAN(G/D**0.5)-DATAN(B/D**0.5))
2EY=(1/2./D%*2 ) *(G*(D+6 . *A*H) /H**2, -B*(D+6 . *A*C)/C**2)
C+12.*A**2 /D**2 5*(DATAN(G/D**0.5)-DATAN(B/D**0.5))
C
C

Ch¥kkdkkkkkdkkkkk ko kkkkkrkrkokkkkkkkkkkkok ko kok ok kkk kb ko dkeok ko k Rk k ok k kb ok kk kR ok kkkd k% &

Cc

P(I1)=(2.*RF-RS)*9BO*Y+6*MU*(VM-VS)*EPY-12 *MU*QQ*ZEY
c
C
C*t***t****t*****tttt*tttit*******************t***********************t*tt*t*tt
c
c
405 CONTINUE
GO TO 500
c
c
C****t******i********t*t*t*x*#******t*t**********#***t***t***t*t**t***tt*ttttxt
[
o
410 1I=(YLF+0.0001)*1000.0
DO 415 1=1,1I1
Y=FLOAT(1)/1000.0
G=2.*A*Y+B
H=A*Y**%2 +B*Y+C
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EPY=(1/D)*(G/H-B/C)+2.*A/(~D)**1.5*DLOG((G-(~D)**0.5)
C*(B+(-D)**0.5)/(G+(-D)**0.5)/(B-(-D)**0.5))
ZEY=(1/2./D**2 . )*(G*(D+6.*A*H) /H**2  -B*(D+6.*A*C)/C**2 )
C+6.*A**2./(-D)**2.5*DLOG((G-(-D)**0.5)*(B+(-D)**0.5)
C/(G+(-D)**0.5)/(B-(-D)**0.5))
c
c

CREXERR KRR R RKR KR RERRERER AR Rk ko k kR A KRN ARk R R KA R kR Rk kk ko kA ke k ok d ok kk ok kR Ak kK kK

C

P(1)=(2.*RF-RS)*980*Y+6 . *MU*(VM-VS)*EPY-12 . *MU*QQ*ZEY
c
c
C******t**x**tttt*****#ttt**t#tt*tt**t**tt*xt*t**tii**t*tt*t***k***ttt**t******
c
c
415 CONTINUE
c
c
C***********t****t*t**#*#t**********ttt*****t***#t****t*****t*****#t#****tt****
c
c
500 RAM(1)=0.0
DO 600 1=2,11
RAM(I)=RAM(I-1)+P(1)*0.0010
600 CONTINUE
WRITE(6,610) 1I1I

610 FORMAT(10H I1I =, 1I5)
WRITE(6,615) (I1,I, P(I), I, RAM(I), I=1,11)
615 FORMAT(14,3X,'P(’,14,') = ', F16.6,3X, ’RAM(’,14,') = ' F16.6)
C
% .
%k ok ok ok ok K kK ok ok kR KK K KK KK R KK R R K R KK K Kok Rk K kR kKK K kK K K KK kK K Rk kK K K K X
c
(o

READ(S5, 1000) SIGMA,YMIN,H
1000 FORMAT(3F8.5)
CAP=2.*SIGMA/(RS-RF)/980.
IF(RAM(I1)-0.) 1010, 1020, 1020
1010 YMAX=0.000
CAPMOD=2 . *SIGMA/( (RS-RF }*980.-2. *RAM(I1)/YLF**2)
GO TO 1030
1020 YMAX=(CAP*(1.+RAM(II)/SIGMA))**0.5
CAPMOD=2.*SIGMA/((RS-RF)*980.-2.*RAM(1I)/YMAX**2)
1030 WRITE(6, 1100) SIGMA,YMIN,H

1100 FORMAT( 10H SIGMA = ,Fi12.6/ 10H YMIN = ,F12.6/ 1OH H =,
CF12.6)
WRITE(6, 1200) CAP,YMAX, CAPMOD
1200 FORMAT( 10H CAP = ,F12.6/ 10H YMAX = ,F12.6/ 10H CAPMOD = ,
CF12.6/ 1H ,6X, 1HX,15X, {HY, 1H )
c
c
C************t***********t*******tt********#***********************t*t****i****
c
c
YY(1)=YMIN
N=1

1300 XX{N)=-(2.*CAPMOD-YY(N)**2)**0.5
C+(CAPMOD/2.)**0.5*DLOG(((2.*CAPMOD)**0.5
C+(2.*CAPMOD-YY(N)**2)*+*0.5)/YY(N))
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C+0.3768*CAPMOD**0.5
N=N+1 '
YY(N)=YY(N-1)+H
YF=(2.*CAPMOD)**0.5
IF(YF-YY{(N)) 1400, 1300, 1300
1400 M=N-1
WRITE(6, 1500) (XX(I),YY(I),I=1,M)
1500 FORMAT( 4H ., F10.6, F16.6)
STOP
END
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APPENDIX VIII
COMPUTER PROGRAM FOR THE CALCULATION OF NONUNIFORMITY
OF SHELL PROFILE IN THE MOULD

Chrerxkkxkkkkokkkhkkkkkkkkkhkk bk ko kk kA ko khkk ok ok kokkkkkhkkk ko h ks kkokkkk ok k¥ k k%

Cc TWO-DIMENSIONAL UNSTEADY STATE FINITE DIFFERENCE HEAT TRANSFER PROGRAM
C OF SOLIDIFICATION NEAR OSCILLATION MARKS FEATURED TRIANGULAR NODES

ChreF ki ke r kR Rk N R R AR AR AR KA XK R AR KRR RN R F RN R KRR Rk RNk Rk Rk KRR Rk Rk ko kokkkkx

C

c PROGRAM FILE NAME : TRANSVERSE2

[ DATA FILE NAME : DATASSS

Cc .

L T S L e L
c

C LIST OF SYMBOLS

C

C us TEMPERATURE OF STEEL

C UF TEMPERATURE OF MOULD FLUX

C us2 NEW TEMPERATURE OF STEEL

C UF2 NEW TEMPERATURE OF MOULD FLUX

C DX SIZE OF NODE IN X DIRECTION

C Dz SIZE OF NODE IN 2 DIRECTION (CASTING DIRECTION)

C RAMF THERMAL CONDUCTIVITY OF MOULD FLUX

C RAMS THERMAL CONDUCTIVITY OF STEEL

C Ccs SPECIFIC HEAT OF STEEL

C CF SPECIFIC HEAT OF MDULD FLUX

C ROUS DENSITY OF STEEL

C ROUF DENSITY OF MOULD FLUX

C LMS STATE OF STEEL

C LNS STATE OF STEEL ; LIQUID,MUSHY,SOLID

C N1 NUMBER OF NODE IN CURVED REGION OF O.M. IN Z DOIRECTION
C N2 NUMBER OF NODE IN FLAT REGION OF O.M. IN Z DIRECTION
C M1 NUMBER OF NODE OF FLUX LAYER IN X DIRECTION

c M2 NUMBER OF NODE OF SLAB WIDTH IN X DIRECTION - M{

[ Z1 LENGTH OF CURVED REGION OF O.M. IN Z DIRECTION

C X1 DEPTH OF OSCILLATION MARK

C X2 WIDTH OF SLAB - Xi

c DT TIME STEP

C UFI INITIAL TEMPERATURE OF MOULD FUX

C USI INITIAL TEMPERATURE OF STEEL

[ TLIQS LIQUIDUS TEMPERATURE OF STEEL

C TSOLS SOLIDUS TEMPERATURE OF STEEL

C TP POURING TEMPERATURE OF STEEL

C H HEAT TRANSFER COEFFISIENT BETWEEN STEEL AND MOULD FLUX
C CFL SPECIFIC HEAT OF LIQUID FLUX

C CFS SPECIFIC HEAT OF SOLIDIFIED FLUX

C Cst SPECIFIC HEAT OF LIQUID STEEL

C CSS SPECIFIC HEAT OF SOLIDIFIED STEEL

C ROUFL DENSITY OF LIQUID FLUX

C ROUSL DENSITY OF LIQUID STEEL

C ROUFS DENSITY OF SOLIDIFIED FLUX

Cc ROUSS DENSITY OF SOLIDIFIED STEEL

C RAMFL THERMAL CONDUCTIVITY OF LIQUID FLUX

C RAMSL THERMAL CONDUCTIVITY OF LIQUID STEEL

C RAMFS THERMAL CONDUCTIVITY OF SOLIDIFIED FLUX

Cc RAMSS THERMAL CONDUCTIVITY OF SOLIDIFIED STEEL

C HALTS LATENT HEAT OF STEEL

C Q(N) HEAT FLUX DISTRIBUTION ALONG OSCILLATION MARK

C Q01 HEAT FLUX DISTRIBUTION DOWN MOULD WALL

o] XHV THICKNESS OF FLUX LAYER THAT REDUCES HEAT FLUX AS HALF
C

o}

(C ok ok ok ok ok R Kook ok ok ok RO R ok koK o ok oK oK Sk ok o ok K o sk ok K o K R K KO ok Kk ok K ok kK koK ok ok o ok Kk K Kk Rk Ok KOOk K
C DIMENSION
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CHrEFHAXXX AR AKX AE I ERERRFARKAERERE AR KA RS E R AR KR RRRF R TR AR A AR R kR kA kR kA ¥ &

c
c
DIMENSION US(60,10),UF(60,10),US2(60,10),UF2(60,10),DZ(
A10) ,RAMF (60, 10),RAMS (60, 10),C5(60,10),CF(60, 10),ROUS(60
A,10),ROUF (60, 10) ,LMF (60, 10) ,LNF (60, 10) ,LMS(60, 10) .LNS(60
A,10),Q(10),DX(60)
c
c
C****t********#tt****tt*tt*tt*#tt**#t#ttt**##*****************t**i***t#*ttt*#ty
c READ DATA

c**xt***t**t***#*t**tttlt**#tt*t*t*tt**ﬁ##t*#****#*t******t********tt*#******tt
c
C
READ(S5,500) N1,N2,M{,M2,Z1,22,X1,X2,0T
500 FORMAT(414,4F8.4,F10.6)
READ(5,501) UFI,USI,TLIQF,TLIQS,TSOLF,TSOLS, TP, H
501 FORMAT(8F10.5)
READ(5,502) CFL,CSL,ROUFL,ROUSL,RAMFL ,RAMSL HLATF HLATS
502 FORMAT(8F10.5)
READ(5,503) CFS,CSS,ROUFS,ROUSS,RAMFS, RAMSS
503 FORMAT(6F10.5)

c
c
C**************tt******t********tt*************t*******************************
c WRITE DATA
C**************************x***t**********************************#*tt*********
c
c
WRITE(6,2000) Nt,N2,M1,M2,21,22,X1,X2,DT
2000 FORMAT(10H N1 =, 14/10H N2 =, 14
A/10H M1 = , 14/10H M2 =, 14/10H 24 =, F12.6/
A10H 22 =, F12.6/10H X1 = , F12.6/10H X2 =, F12.6
A/10H DT =, F12.6)
WRITE(6,2001) UFI,USI,TLIQF,TLIQS,TSOLF,TSOLS,TP H
2001 FORMAT(10H UFI = , F12.6/10H USI = , F12.6/10H TLIQF = ,
AF12.6/10H TLIQS = , F12.6/40H TSOLF = , Fi12.6/10H TSOLS = ,
AF12.6/10H TP = , F12.6/10H H =, F12.6)
WRITE(6,2002) CFL,CSL,ROUFL,ROUSL ,RAMFL ,RAMSL ,HLATF ,HLATS
2002 FORMAT(10H CFL = , F12.6/10H CSL = , F12.6/10H ROUFL = ,
AF12.6/10H ROUSL = , F12.6/10H RAMFL = , F12.6/10H RAMSL = ,
AF12.6/10H HLATF = , F12.6/10H HLATS = , Fi12.6)
WRITE(6,2003) CFS,CSS,ROUFS,ROUSS,RAMFS,RAMSS
2003 FORMAT(10H CFS = , F12.6/10H CSS = , F12.6/10H ROUFS = ,
AF12.6/10H ROUSS = , F12.6/10H RAMFS = , F12.6/10H RAMSS =
AF12.6)
c
C
C******************t**tt*t****#*********t***********x**********t*****x*t****tt:
o] OUTPUT TIME SET

Ok o ok ok Kk K KR ok sk ok K K ok K K ok ok ko ok ok oKk oKk kK Rk & sk R ROk K ok K K ok K R ok K K R K ok ok ok ok
p .
C

END1=0.30

END1A=END 1+DT

END2=0.60

END2A=END2+DT

END3=0.90

END3A=END3+DT



END4=1.20
END4A=END4+DT
END5=1.50
ENDSA=ENDS5+DT
ENDG6=1.80
ENDGA=ENDG+DT
END7=2.10
END7A=END7+DT
END8=2.40
ENDBA=END8+DT
END9=2.70
ENDSA=ENDS+DT
END10=3.0

END 1OA=END 10+DT
END11=4.0
END11A=END11+0T
END12=5.0
END12A=END124DT
END13=6.0

END 13A=END13+DT
END14=7.0
END14A=END14+DT
END15=8.0
END15A=END15+DT
END16=9.0
END16A=END16+DT
END17=10.0
END17A=END17+DT
END18=11.0
END18A=END18+DT
END19=12.0
END19A=END19+DT
END20=13.0
END20A=END20+DT
END21=14.0
END21A=END21+DT
END22=15.0
END22A=END22+DY
END23=16.0
END23A=END23+DT
END24=17.0
END24A=END24+DT
END25=18.0
END25A=END25+DT
END26=19.0
END26A=END26+DT
END27=20.0
END27A=END27+4DT
END28=21.0
END28A=END28+DT
END29=22.0
END2SA=END29+DT
END30=23.0
END30CA=END30+DT
END31=24.0
END31A=END31+DT
END32=26.0
END32A=END32+DT
END33=28.0
END33A=END33+DT

287
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END34=30.0
END34A=END34+DT
END35=32.0
END35A=END35+DT
END36=34.0
END36A=END36+DT
END37=36.0
END37A=END37+DT
END38=38.0
END38A=END38+DT
END39=40.0
END39A=END39+DT
END40=42.0
END4OA=END4O+DT
END41=44.0
END41A=END41+DT
END42=46.0
END42A=END42+4DT
‘END43=48.0

Cc

c

C**************t**#t*t*#****i******************ti********t****tt*t***********t*

C DIMENSION OF SYSTEM

C************t****t*#*t*t***t**X**t*******t****t*****#******ttt****t*****t*t***

c

c

M21=M1+M2
N1O=N1-1
N11=N1+1
N2 1=N1+N2
M1O=M1-1
Mi1=M1+1
T=0.0
IF(M1-N1) 800,801,800
800 WRITE(6,850)
850 FORMAT(1HO,20H M1=N{ NOT EQUAL )
GO 7O 1500
801 CONTINUE
DO 200 M=1{ M1
200 DX(M)=X1/FLOAT(M1)
DO 202 N=1,N1
202 DZ(N)=SQRT(Z1**2/X1*(X1-DX(1)*FLOAT(N-1)))
A-SQRT(Z1**2/X1*(X1-DX(4)*FLOAT(N)))
DO 201 M=M1,M21
201 DX(M)=X2/FLOAT(M2)
DO 203 N=N14{,N21
203 DZ(N)=Z2/FLOAT(N2)
C
c
c*t*tt****t*tt***#tt*i********t*ﬁ****t**t*****#*t*t***t**t*t*t*t*tt**ﬁtttt**ttt
c INITIAL CONDITION ETC.
Ct***tt***#**tt****ti*#t***t#****t#******tt*******************t*i*t***t********
c
c
DD 205 N=1,N21
DO 205 M=1 ,M21
UF(M,N)=UFI
US(M,N}=UST
LMF(M ,N)=0



C
C

205

560
561
563
564
570
575

565

599
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LNF(M,N)=0

LMS(M,N)=0

LNS(M,N)=0

CF(M,N)=CFL

CS(M,N)=CSL

ROUF (M, N)=ROUFL

ROUS(M,N)=RDUSL

RAMF (M,N)=RAMFL

RAMS(M,N)=RAMSL
CFF=HLATF/(TLIQF-TSOLF)+CFL
CSF=HLATS/(TLIQS-TSOLS)+CSL
ROUFF=(ROUFL+ROUFS)/2.0 .
RAMFF=(RAMFL+RAMFS)/2.0
ROUSF=(ROUSL+ROUSS)/2.0
RAMSF=(RAMSL+RAMSS)/2.0
GXF=RAMFL*DT/(CFL*ROUFL*DX{(1)**2)
GXS=RAMSL*DT/(CSL*ROUSL*DX(1)**2)
GZ1F=RAMFL*DT/(CFL*ROUFL*DZ(1)*%2)
GZ2F=RAMFL*DT/(CFL*ROUFL*DZ(N11)**2)
GZ2S=RAMSL*DT/(CSL*ROUSL*DZ(1)**2)
GZ3=RAMSL*DT/(CSL*ROUSL*DZ(Nt11)**2)
IF(GXF-0.5) 560,570,570

IF(GX$-0.5) 561,570,570
IF(GZ1F-0.5) 563,570,570
1F(GZ25-0.5) 564,570,570
IF(G23-0.5) 565,570,570
WRITE(6,575)

FORMAT (1HO,46HG 1S MORE THAN 0.5, CANNOT PERFORM CALCULATION)
GO TO 1500

CONTINUE

GO TO 710

T=T+DT

€% %k ok ok ok ok ok ko sk ok Ok Kk koK 3k sk sk ok ko ok ko ok koK ok ook ok ok ok sk ok ok ok ok 3k ok ok ok ke 3k ok ok ok ok ok ok Ok sk ok K K K ok K kK ok ok K K Ok K 3k ok kK ok ok ok K %

C

PROFILE OF HEAT FLUX (NOTE ; M1=N1=3)

CHrEE A kxR E R R A RR AR KA AR AR R A KRR F R AR KA R KK AR R KRk kkokkokk ok ok kok kR kR ok ko kok ko kkokok k%%

Cc
C

710

701

702
703

705

706

707
720

CONTINUE

XHV=0.05

DZZ1=DZ(1)*(XHV/(XHV+2 .5%DX(1)))
DZZ22=D2Z2(2)*(XHV/(XHV+1.5*DX(1)}))
DZ2Z3=DZ(3)*(XHV/(XHV+0.5*DX(1)))
IF(T-12.0) 701,701,705
Q01=-1.0*(60.0-5.5786*T+0.46889*T**2-0.01583*T**3)
QQ2=QQ1*(Z1+22)/(D221+DZ22+DZZ3+22)
DO 702 N=1,N1
Q(N)=(XHV/(XHV+(3.5-N)*DX(1)))*QQ2
DO 703 N=Nt1,N21

Q(N)=QQ2

GO TO 720
QQ1=-1.0*%(60.0-4.0389*T+0. 19717*T**2
A-4.4139E-03*T**3+3 ,5889E-05*T**4)
QQ2=Q0Q1*(21+22)/(D221+DZZ2+D223+22)
DO 706 N=1,N1
Q(N)=(XHV/(XHV+(3.5-N)*DX{1)))*QQ2
DO 707 N=N11,N21

Q(N)=QQ2

CONTINUE
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C

C

L e L P e
C HEAT FLUX CALCULATION IN EACH TYPE OF NODE

ct******************t*****t***t****#*******t*********:&********tt*********tw****
c
c
C
1 CONTINUE
DO 999 N=1,N21
DO 999 M=1,M21
38 IF(N-1) 39,39,40
39 IF(M-1) 26,26,27
26 CALL SUB1(DX(M),DZ(N),DZ(N+1) ,RAMF(M+1,N) RAMF(M,N),
ARAMF (M, N+1) ,UF(M,N) ,UF(M,N+1) UF(M+1,N),QF ,Q(N))
US(M,N)=0
GD TO 991
27 IF(M-Mt1) 31,32,32
31 CALL SUB1OQA(DX(M),DZ(N),DZ(N+1),RAMF(M-1,N),RAMF(M,N), RAMF (M N
A+1) ,RAMF(M+1,N) ,UF(M,N),UF(M-1,N),UF(M,N+1),
AUF (M+1,N),QF)
US(M,N)=0
GO TO 991
32 IF(M-M11) 33,34,35
33 CALL SUB11A(DX(M),DZ(N),RAMF(M,N) RAMF(M-1,6N), K RAMS
A(M,N),UF(M,N) ,UF(M-1,N),US(M,N) ,H,QF)
CALL SUB12A(DX(M),OX(M+1) ,DZ(N),DZ(N+1) ,RAMF(M N), RAMS(M N+1),
ARAMS(M,N) ,RAMS(M+1 ,N) ,UF(M,N),US(M,N),US(M,N+1) ,US(M+1,N) H,QS)
GO TO 990
34 CALL SUB13A(DX(M-1),DX(M).DZ(N),DZ(N+1),RAMS(M-1,N), RAMS(M
A,N),RAMS(M+1 N)},RAMS(M,N+1) ,US(M,N), US(M-1,N), US(M,N+1),
AUS(M+1,N),H,QS)
UF(M,N)=0
GO TO 992
35 IF(M-M21) 62,63,63
62 CALL SUB14A(DX(M) DZ(N), DZ(N+1) RAMS (M-1,N),RAMS(M
A,N),RAMS(M+1,N),RAMS(M N+1) ,US(M,N),US(M-1, N) US(M,N+1),
Aus(M+1,N).H,os)
UF(M,N)=0
GO TO 992
63 CALL SUB1SA(DX(M),DZ(N),DZ(N+1),RAMS(M-1,N),RAMS(M
A,N),RAMS(M,N+1) ,US(M,N), US(M-1,N) US(M,N+1),TP H,QS)
UF(M,.N)=0
GO TO 992
C
C**#**t*******_***t#****t***t***t**t**********t********t*******t*#****t**ﬁt*ttt*
C
40 IF(N-N10) 70,70,80
70 IF(M-1) 71,74,72
71 CALL SUB17(DX(M) DZ(N-1),DZ{N),DZ(N+1) ,RAMF (M N+1), RAMF(M N),
ARAMF (M+1 ,N) ,RAMF(M,N-1) ,UF(M,N-1) UF(M,N) ,UF(M,N+1) ,UF(M+1,N),
AQF ,Q(N))
US(M.N)=0
GO TO 991
72 1F(M-3) 73,74,75
73 CALL SUB11(DX(M),DZ(N-1),DZ(N) RAMF(M,N-1), RAMF(M,N),RAMF(M-1,N),
ARAMS(M,N) ,UF(M,N-1) ,UF(M,N) , UF(M-1,N),US(M,N) H,QF)
CALL SUB12A(DX(M),DX(M+1),DZ(N).DZ(N+1),RAMF(M N),
ARAMS(M,N+1) ,RAMS(M,N),
ARAMS (M+1,N) ,UF(M,N) ,US(M,N) US(M,N+1) ,US(M+1,N) H,QS)
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GO TO 990
74 CALL SUB16A(DX(M),DX(M+1),DZ(N-1),DZ(N),DZ(N+1),RAMS(M,N-1),
ARAMS (M ,N),
ARAMS(M-1 N),RAMS(M+1,N) ,RAMS(M,N+1) ,US(M,N-1) ,US(M.N), US(M-1,N),
AUS(M,N+1) ,US(M+1,N),QS)
UF(M,N)=0
GO TO 992
75 IF(M-M21) 76,77,77
76 CALL SUBSA(DX(M-1),DX(M),DX(M+1) DZ(N-1),DZ(N),DZ(N+1),
ARAMS(M-1 N),RAMS(M N),
ARAMS (M+1,N) ,RAMS(M,N-1) ,RAMS(M,N+1) ,US(M N-1),US(M,N) US(M-1,N),
AUS(M,N+1) ,US(M+1,N),QS)
UF(M,N)=0
GO TO 992
77 CALL SUB23A(DX(M),DZ(N-1),DZ(N),DZ(N+1),RAMS(M-1,N),RAMS(M N),
ARAMS (M ,N-1) ,RAMS(M N+1) ,US(M ,N-1) US(M,N),US(M-1,N),
AUS(M,N+1) ,TP,QS)
UF(M,N)=0
GO TO 992
c
C***tttt**t***tt****tt**t****************t***t****tttt*tttt*t**tt**t********&**
c
80 IF(N-N11) 81,90, 100
81 IF(M-2) 82,83,84
82 CALL SUB18(DX(M),DZ(N-1),D0Z(N),RAMF(M,N~1),RAMF(M N) RAMS(M,N),
AUF(M,N-1) ,UF(M,N) ,US(M,N) ,H,QF ,Q(N))
CALL SUB12A(DX(M),DX(M+1),DZ(N),DZ(N+1),RAMF(M,N) RAMS(M N+1),

ARAMS(M,N),
ARAMS(M+1 ,N) ,UF (M ,N) US(M N}, ,US(M,N+1),US(M+1,N) H,QS)
GO TO 990
83 CALL SUB1G6A(DX{M),DX(M+1),DZ(N-1) ,DZ(N),DZ(N+1) 6RAMS(M,N-1),
ARAMS (M, N),

ARAMS(M-1 ,N),RAMS(M+1,N) ,RAMS(M ,N+1) ,US(M,N-1),US(M,N) US(M-1,N),
AUS(M,N+1) ,US(M+1,N),QS)
UF(M,N)=0
GO TO 992
84 IF(M-M21) 85,86,86
85 CALL SUBSA(DX(M-1),DX(M),DX(M+1),DZ(N-1) DZ(N).DZ(N+1),
ARAMS(M-1 ,N) ,RAMS(M,N),
ARAMS (M+1,N) ,RAMS(M ,N-1) ,RAMS(M ,N+1) ,US(M,N-1),US(M,N) ,US(M-1,N),
AUS(M,N+1),US(M+1,N),QS)
UF(M,N)=0
GO TO 992
86 CALL SUB23A(DX(M),DZ(N-1),DZ(N),DZ(N+1),RAMS(M-1,N), ,RAMS(M,N),
ARAMS(M,N-1) ,RAMS(M ,N+1) ,US(M,N-1) ,US(M,N) US(M-1,N),
AUS(M,N+1),TP,QS)
UF(M,N)=0
GO TO 992
c
C***t*******Attt********tt**t***********************tt*t****t*t****************
c
80 IF(M-1) 91,91,92
91 CALL SUB19(DX(M),DZ(N-1),DZ(N),DZ(N+1) ,RAMS(M N-1) ,RAMS(M N),
ARAMS(M+1 ,N),RAMS(M,N+1) US(M,N-1),US(M,N),US(M,N+1) ,US(M+1 N),
AQS,Q(N))
UF(M.N)=0
GD TO 992
92 IF(M-M21) 93,94,94
93 CALL SUBS5A(DX(M-1),DX(M),DX(M+1),DZ(N-1),DZ(N),DZ(N+1),
ARAMS(M-1,N),RAMS(M,N),
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ARAMS(M+1,N) ,RAMS(M,N-1) RAMS(M,N+1) ,US(M,N-1),US(M,N), US(M-1,N),
AUS(M,N+1) ,US(M+1,N),QS)
UF (M, N)=0
GO TO 992
94 CALL SUB23A(DX(M),DZ(N-1),DZ(N),DZ(N+1),RAMS(M-1,N), RAMS(M,N),
ARAMS(M,N-1) ,RAMS(M ,N+1) US(M ,N-1) US(M,N), US(M-1,N),
AUS(M,N+1),TP,QS)
UF(M,N)=0
GO TO 992
c
C*************#******tt:kxt*t****t****tt****t*t*****************t**tt*t**ttt***t*
c
100 IF(N-N21) 101,110,110
101 IF(M-1) 102,102,103
102 CALL SUB24(DX(M),DZ(N-1),DZ(N),DZ(N+1),RAMS(M+1,N),RAMS(M, N), K RAMS
A(M N-1) ,RAMS(M N+1) ,US(M,N-1) ,US(M,N),US(M,N+1) ,US(M+1,N),QS,Q(N))
UF(M,N)=0
GO TO 992
103 IF(M-M21) 104,105, 105
104 CALL SUBSA(DX(M-1),DX(M),DX(M+1),DZ(N-1),DZ(N),DZ(N+1) ,RAMS(M-1 N)
A,RAMS(M,N),
ARAMS (M+1,N),RAMS(M,N-1) ,RAMS(M N+1),US(M,N-1) ,US(M,N) , US(M-1,N),
AUS(M,N+1),US(M+1,N),QS)
UF(M,N)=0
GO TO 992
105 CALL SUB23A(DX(M),DZ(N-1),DZ(N),DZ(N+1),RAMS(M-1,N),RAMS(M N),
ARAMS (M ,N-1) ,RAMS(M N+1) ,US(M,N-1) ,US(M,N), US(M-1,N),
AUS(M,N+1),TP,QS)
UF(M,N)=0
GO TO 992

C
(C % o ok ok ok ko ko ko kK K ok ok ok R ok ok ok R K ok K ok ok ok ok ok ok ok ok ok ok sk ok ok ok ok ok ks ok ok ok sk ok ok ok ko K oKk R K K K kK K R R
C
110 IF(M-1) 111,114,120
111 CALL SUB20(DX(M),DZ(N-1),DZ(N),RAMS(M+1 ,N) ,RAMS(M,N) RAMS(M,N-1),
AUS(M,N-1) ,US(M,N),US(M+1,N),QS,Q(N))
UF(M,N)=0
GO TO 992
120 IF(M-M21) 121,122,122
121 CALL SUB21A(DX(M-1),DX(M),DX(M+1),DZ(N-1),DZ(N),RAMS(M-1 N),
ARAMS (M,N) ,RAMS(M+1 N),
ARAMS (M ,N-1),US(M,N-1) ,US(M,N),US(M-1,N), US(M+1,N),QS)
UF(M,N)=0
GD TO 992
122 CALL SUB22A(DX(M),DZ(N-1),DZ(N),RAMS(M-1 ,N) RAMS(M,N),RAMS(M . N-1),
AUS({M,N-1) ,US(M,N}) US(M-1,N), TP,QS)

UF(M,N)=0
GO TO 992
[
C
G ok o ok ok K R K R K KR K K KR KR K K ok Rk ok K K K R ok Kk K K R K OK R Kk kK ok R K R K R R ok K R kK K Kk
C NEW TEMPERATURE CALCULATION

C***********xk*tt**t*itt****i**t*tt**it***t*******t************i******tttt******
990 UF2(M,N)=UF(M,N)+2.0*DT*QF /(CF(M ,N)*ROUF(M,N)*DX{M)*DZ(N))
US2(M,N)=US(M,N)+2 O*DT*QS/(CS(M,N)*ROUS(M,N)*DX(M)*DZ2(N))
GO TO 999
991 UF2(M,N)=UF(M,N)+DT*QF/(CF(M,N)*ROUF(M,N)*DX(M)*DZ(N))
US2(M,N)=US(M,N)
GO TD 9299
992 US2(M,N)=US{M,N)+DT*QS/(CS(M ,N)*RDUS(M,N)*DX(M)*DZ{N))
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UF2(M,N)=UF(M,N)

GO TO 9299

999 CONTINUE

C

C
c**‘***********t*****‘t*‘*X***ﬁ******“*"**t*#*******ﬁ*********l‘*******#t*t**
C TEMPERATURE CHANGE

% % ok ok ok ok K A KK K ok K Kok ok ok KoK ok ok K K K K ok K K K o oK o o ok ok o Rk kKK K K K KK K K K K K K K K R KK KK K K ok kK K
C

C

DO 150 N=1,N21
DO 150 M=1,M21
UF(M,N)=UF2(M,N)
150 US(M,N)=US2(M,N)
DO 175 N=1,N{
DO 175.M=1,M21
IF(LNF(M,N)) 175,199,175
199 IF(UF(M,N).GT.TLIQF) GO TO 175
IF(LMF(M,N)) 173,474,173
174 UF(M,N)=TLIQF-CFL*(TLIQF-UF(M,N))/CFF
CF(M,N)=CFF
ROUF (M,N)=ROUFF
RAMF (M,N)=RAMFF
LMF(M,N)=1
173 IF(UF(M,N).GT.TSOLF) GO TO 175
ROUF(M,N)=ROUFS
CF(M,N)=CFS
RAMF(M,N)=RAMFS
LNF(M,N)=1
175 CONTINUE
DO 275 N=1,N21
DO 275 M=1,M21
IF(LNS(M,N)) 275,299,275
299 IF(US(M,N).GT.TLIQS) GO TO 275
IF(LMS(M,N)) 273,274,273
274 US(M,N)=TLIQS-CSL*(TLIQS-US(M,N))/CSF
CS(M,N)=CSF
ROUS(M,N)=ROUSF
RAMS (M,N)=RAMSF
LMS(M,N)=1
273 IF(US(M,N).GT.TSOLS) GO TO 275
ROUS(M,N)=ROUSS
CS(M,N)=CSS
RAMS (M, N)=RAMSS
LNS(M,N)=1
275 CONTINUE
c
c
C****t********************t********t****t*tt**t**t*i**i**************t**tti****
c OUTPUT
Ct*********************#*****i*tt**k***#tt#*i*****it************x***t***t*t***t
c
IF(T-END1) 599, 1000, 8001
9001 IF(T-END1A) 1000,9002,9002
8002 IF(T-END2) 599, 1000,9003
9003 IF(T-END2A) 1000, 8004,9004
9004 IF(T-END3) 599, 1000, 8005
8005 IF(T-END3A) 1000,9006,9006
8006 IF(T-END4) 598, 1000, 9007
9007 IF(T-END4A) 1000,9008,9008



9008
8008
9010
9011
9012
8013
8014
9015
9016
9017
9018
9019
9020
9021
9022
9023
9024
9025
9026
9027
9028
9023
9030
9031
9032
9033
9034
8035
9036
9037
9038
9038
9040
9041
9042
8043
9044
9045
9046
9047
9048
9043
9050
9051
9052
8053
9054
9055
9056
8057
9058
9059
9060
206 1
9062
9063
9064
9065
9066
9067

IF(T-ENDS) 599, 1000,9009
IF(T-ENDSA) 1000,9010,9010
IF(T-END6) 599, 1000,9011
IF(T-END6A) 1000,9012,9012
IF(T-END7) 599, 1000,9013
IF(T-END7A) 1000,9014,98014
IF(T-END8) 599, 1000,9015
IF(T-END8BA) 1000,9016,8016
IF(T-END9) 599, 1000,9017
IF(T-END9A) 1000,9018,9018
IF(T-END10) 599, 1000,9019
IF(T-END1OA) 1000,9020,9020
IF(T-END11) 599, 1000,9021
IF(T-END11A) 1000,9022,9022
IF(T-END12) 599, 1000,9023
IF(T-END12A) 1000,9024,9024
IF(T-END13) 599, 1000,98025
IF(T-END13A) 1000,9026,9026
IF(T-END14) 599, 1000, 9027
IF{T-END14A) 1000,9028,9028
IF(T-END15) 598, 1000, 8029
IF(T-END15A) 1000,9030,9030
IF(T-END16) 599, 1000,9031
IF(T-END16A) 1000,9032,9032
IF(T-END17) 599, 1000,9033
IF(T-END17A) 1000,9034,9034
1§ (T-END18) 599, 1000,9035
IF(T-END18A) 1000,9036,9036
IF(T-END19) 599, 1000,9037
IF(T-END1SA) 1000,9038,9038
IF(T-END20) 599, 1000,9039
1F(T-END20A) 1000,9040, 9040
IF(T-END21) 599, 1000,9041
IF(T-END21A) 1000.8042,9042
IF(T-END22) 599, 1000,9043
IF(T-END22A) 1000,8044,8044
IF(T-END23) 599, 1000,9045
IF(T-END23A) 1000,9046,8046
IF(T-END24) 599, 1000,9047
IF(T-END24A) 1000,9048,9048
IF(T-END25) 599, 1000,9049
IF(T-END25SA) 1000,9050, 8050
IF(T-END26) 599, 1000,9051
IF(T-END26A) 1000,9052,9052
IF(T-END27) 599, 1000,9053
IF(T-END27A) 1000,9054,9054
IF(T-END28) 599, 1000,9055
IF(T-END28A) 1000,9056,9056
IF(T-END28) 599, 1000, 9057
IF(T-END29A) 1000,9058,9058
IF(T-END30) 599, 1000, 9059
IF(T-END30A) 1000,9060,9060
IF(T-END31) 599, 1000,9061
IF(T-END31A) 1000,9062,9062
IF(T-END32) 599, 1000,9063
IF(T-END32A) 1000,9064,9064
IF(T-END33) 599, 1000,9065
IF(T-END33A) 1000,9066,9066
IF(T-END34) 599, 1000,9067
IF(T-END34A) 1000,9068,9068
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9068
8068
9070
9071
9072
9073
9074
8075
9076
9077
2078
9078
9080
9081
9082
9083
9084
1000

300

295

IF(T-END35) 599, 1000, 9069
IF(T-END35A) 1000,9070,9070
IF(T-END36) 599, 1000,9071
IF(T-END36A) 1000,9072,9072
IF(T-END37) 599, 1000,9073
IF(T-END37A) 1000,9074,9074
IF(T-END38) 599, 1000,8075
IF(T-END38A) 1000,8076,9076
IF(T-END39) 599, 1000,9077
IF(T-END39A) 1000,9078,9078
IF(T-END40O) 599, 1000,9079
IF(T-END40OA) 1000,9080,8080
IF(T-END41) 589, 1000,9081
IF(T-END41A) 1000,9082,9082
IF(T-END42) 599, 1000,9083

IF(T-END42A) 1000,9084,9084

IF(T-END43) 599, 1000, 1000

CONTINUE

WRITE(6,300) 7,Q(1),Q(2).Q(3).Q(4).0(5),Q(8)

FORMAT(10H TIME =,F10.7/10H Q(1) =, F10.5/10H Q(2) =,
AF10.5/10H Q(3) =,F10.5/10H Q(4) =, F10.5/10H Q(5) =,
AF10.5/10H Q(6) =,F10.5)

301

WRITE(6,301)
FORMAT(SH U-1 ,5H U-2 ,5H U-3 ,5H U-4 ,5H U-5 ,5H U-6 ,5H U-7

A,5H U-8 ,5H U-9 ,5H U-10,5H U-11,5H U-12,5H U-13,5H U-14,5H U-15,5
AH U-16,5H U-17,5H U-18,5H U-19,5H U-20,5H U-21,5H U-22,5H U-23)

3350
350

302

DO 350 N=1,6

WRITE(6,3350) (UF(M,N),M=1,23)

FORMAT(23F5.0)

CONTINUE

WRITE(&,302)

FORMAT(S5H U-1 ,5H U-2 ,5H U-3 ,5H U-4 ,5H U-5 ,5H U-6 ,5H U-7

A,5H U-8 ,5H U-9 ,5H U-10,5H U-11,5H U-12,5H U-13,5H U-14,5H U-15.,5
AH U-16,5H U-17,5H U-18,5H U-19,5H U-20,5H U-21,5H U-22,5H U-23)

3510
351

1500

O0O0O0O0000

DO 351 JU=1,6

WRITE(6,3510) (US(M,J),M=1,23)
FORMAT(23F5.0)

CONTINUE

IF(T-END43) 599, 1500, 1500
STOP

END
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SUBROUTINE
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SUBROUTINE SUB1(DX1,DZ21,DZ2,RAM21,RAM11,RAM12,U11,U12,U21,Q,Q10)
RAM=(RAM11+RAM21)/2.0

Q2=Q10*DZ1

Q3=DX1*(U12-U11)/(DZ22/(2.0*RAM12)+DZ1/(2.0*RAM11))
Q4=RAM*DZ1*(U21-U11)/DX1

Q=Q2+Q3+Q4

RETURN

END

SUBROUTINE SUBSA(DX0,DX1,DX2,DZ0,DZ1,DZ2,RAMO1,RAM11,RAM21,RAMIO,



ARAM12,U10,U

A11,U01,U12,U21,Q)

RAM1=(RAMO1+RAM11)}/2.0

RAM2=(RAM21+RAM11)/2.0
Q1=DX1*(U10-U11)/(DZ0O/(2.0*RAMI0O)+DZ1/(2.0*RAM11))
Q2=RAM1*DZ 1*(UO1-U11)/(DX0/2+DX1/2)
Q3=DX1*(U12-U11)/(DZ2/(2.0*RAM12)+DZ1/(2.0*RAM11))
Q4=RAM2*DZ1*(U21-U11)/(DX1/2+DX2/2)

Q=Q1+Q2+Q3+Q4

RETURN

END

SUBROUTINE SUB10A(DX1,DZ1,D22,RAMO1,RAM11 RAM12, 6RAM21,
AU11,U01,U12,U21,Q)

RAM1=(RAMO1+RAM11)/2.0

RAM2=(RAM12+RAM11)/2.0

RAM3=(RAM21+RAM11)/2.0

Q2=RAM1*DZ1*(UO1-U11)/DX1
Q3=RAM2*DX1*(U12-U11)*(DZ21/2.0+D22/3.0)/((DX1/6.0)**2+
A(DZ2/3.0+DZ21/2.0)**2)
Q4=30.0*DX4*DZ1*RAM3*(U21-U11)/(25.0*DX1*%24DZ1**2)
0=Q2+Q3+04

RETURN

END

SUBROUTINE SuB11(0X1,DZ0,DZ1,RAM10,RAM11 RAMO1,RAMS U10,U11,U01,

AUS11,H,Q)
RAM1=(RAM10+RAM{1)}/2.0
RAM2=(RAMO1+RAM11)/2.0

Q1=DX1*RAM1*(U10-U11)*(DZ20/2.0+DZ1/3.0)/((DX1/6.0)**2+(DZ1/3.0+

ADZO/2.0)**2)
Q2=30.0*DX1*DZ 1*RAM2* (UO1-U11)/(25.0*DX1**2+DZ1**2)
Q3=(2.0*DX1*DZ1*(US11-U11)/SQRT(DZ1**2+DX1**2))/(SQRT(DZ1**2+

ADX1**2)/

A(12.0*RAM11)+1.0/H+SQRT(DZ1**2+DX1**2)/(12.0*RAMS))
Q=Q1+Q2+Q3
RETURN
END

SUBROUTINE SUB11A(DX1,DZ1,RAM11,RAMO1,RAMS Ut1,U01,
AUS11,H,Q)

RAM2=(RAMO1+RAM11)}/2.0
Q2=30.0*DX1*DZ1*RAM2*(UO1-U11)/(25.0*DX1**2+DZ1**2)
Q3=(2.0*DX1*DZ1*(US11-U11)/SORT(DZ1**2+DX1**2))}/(SQRT(DZ1**2+
ADX1%**2)/
A(12.0*RAM11)+1.0/H+SQRT(DZ1**2+DX1**2)/(12.0*RAMS))

Q=Q2+Q3

RETURN

END

SUBROUTINE SUB12A(DX1,DX2,DZ1.DZ2,RAMF,RAM12 RAM{11{,RAM21,
AUF11,U11,U12,U21,H,Q)

RAM1=(RAM12+RAM11)/2.0

RAM2=(RAM21+RAM11)/2.0
Q2=2.0*DX1*DZ1*(UF141-U11)/SQRT(DZ1**2+DX1**2)/(SORT(DZ1**2+
ADX1%%2)/(12.0*RAMF )+1 . O/H+SQRT(DZ1**2+DX1**2)/(12.0*RAM11))
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Q3=RAM1*DX1*(U12-U11)*(DZ22/2.0+DZ1/3.0)/((DX1/6.0)**2+(D21/3.0
A+DZ2/2.0)**2)

Q4=(DZ1*(DX1/3+DX2/2)/((DX1/3+DX2/2)**2+(DZ21/6)**2))
A*RAM2*(U21-U11)

Q=Q2+Q3+Q4
RETURN
END

SUBROUTINE SUB13A(DXO,DX1,DZ1,D22,RAMO1,RAM11,RAM21 ,RAMI2,
AU11,U01,U12,U214,H,Q)

RAM1=(RAMO1+RAM11)/2.0

RAM2=(RAM21+RAM11)/2.0
Q2=(DZ1*(DX0/3+DX1/2)/((DXO/3+DX1/2)**2+(DZ1/6)**2))
A*RAM1*(UO1-U11)
Q3=DX1*(U12-U11)/(D22/(2.0*RAM12)+DZ1/(2.0*RAM11))
Q4=RAM2*DZ1*(U21-U11)/DX1

Q=Q2+Q3+Q4

RETURN

END

SUBROUTINE SUR14A(DX1,DZ1,DZ2,RAMO1T,RAM11 RAM21,RAM12,
AU11,U01,U12,U21,H,Q)

RAM1{=(RAMO1+RAMI1)/2.0

RAM2=(RAM21+RAMi1)}/2.0

Q2=RAM1*DZ1*(U0O1-U11)/DX1
Q3=DX1*(U12-U11)/(DZ2/(2.0*RAM12)+DZ1/(2.0*RAM11))
Q4=RAM2*DZ1*{U21-U11)/DX1

Q=Q2+Q3+Q4

RETURN

END

SUBROUTINE SUB1SA(DX1,DZ1,DZ2,RAMO1,RAM11 RAMI2,
AU11,U01,U12,TP H,Q)

RAM={RAMO1+RAM11)/2.0

Q2=RAM*DZ1*(UO1-U11)/DX1
Q3=DX1*(U12-U11)/(DZ2/(2.0*RAM12)+DZ1/(2.0*RAM11))
Q=Q2+Q3

RETURN

END

SUBROUTINE SUB16A(DX1,DX2,020,021,DZ22,RAM10,RAM11 RAMO1,RAM21,
ARAM12,U10.U11,U01%,U12,U21,Q)

RAM1=(RAM10O+RAM11)/2.0

RAM2=(RAMO{+RAM11)/2.0

RAM3=(RAM21+RAM11)/2.0
Q1=RAM1*DX1*(U10-U11)*(DZ1/2.0+D20/3.0)/((DX1/6.0)**2+
A(DZO/3.0+DZ1/2.0)**2)
Q2=30.0*DX1*DZ1*RAM2*(UO1-U11)/(25.0*DX1**2+DZ1**2)
03=DX1*(U12-U11)/(DZ2/(2.0*RAM12)+DZ1/(2.0*RAM11))
Q4=RAM3*DZ1*(U21-U11)/(DX1/2+DX2/2)

Q=Q1+Q2+Q3+0Q4

RETURN

END

297



SUBROUTINE SUB17(DX1%,D020,DZ1,DZ2,RAM12,RAM11, RAM21 RAM1O,
AU10,U11,U12,U21,0Q,Q10)

RAM1{1=(RAM12+RAM11}/2.0

RAM2=(RAM21+RAM11)/2.0
Q1=DX1*(U10-U11)/(D20/(2.0*RAM10)+DZ1/(2.0*RAM11))
Q2=Q10*DZ1
Q3=RAM1*DX1*(U12-U11)*(D21/2.0+DZ2/3.0)/((DX1/6.0)**2+
A(DZ22/3.0+D21/2.0)*%*2)
Q4=30.0*DX1*DZ1*RAM2*(U21-U11)/(25.0*DX1**2+D21**2)
Q=Q1+Q2+Q3+Q4

RETURN

END

SUBROUTINE SUB18{(DX1,DZ0,DZ41,RAM10,RAM11,RAMS U10,U11,US11,H,0Q,
AQ10)

RAM=(RAM10+RAM11)/2.0
Q1=DX1*RAM*(U10-U11)*(DZ20/2.0+DZ1/3.0)/((DX1/6.0)**2
A+(DZ1/3.0+DZ20/2.0)**2)

02=Q10*D2 1
Q3=(2.0*DX1*DZ1*(US11-U11)/SQRT(DZ1**2+DX1**2))/(SQRT(DZ 1**2+
ADX1**2)/(12.0*RAM11)+1 . O/H+SQRT(DZ1**2+DX1**2)/(12.0*RAMS))
0=Q1+Q2+Q3

RETURN

END

SUBROUTINE SUB19(DX1,020,DZ1,DZ2,RAM10,RAM11,RAM21,RAMI2,
AU1O,U11,U12,U21,Q,.Q10)

RAM1{=(RAM10+RAM11)/2.0

RAM2=(RAM21+RAM11)/2.0
Q1=RAM1*DX1*(U10-U14)*(D21/2.0+DZ20/3.0)/((DX1/6.0)**2+(DZ20/3.0+
ADZ1/2.0)**2)

Q2=Q10*DZ1
Q3=DX1*(U12-U11)/(DZ22/(2.0*RAM12)+DZ1/(2.0*RAM11))
Q4=RAM2*DZ1*(U21-U11)/DX1

Q=Q1+Q2+Q3+Q4

RETURN

END

SUBROUTINE SUB20(DX1,DZ0,DZ1,RAM21,RAM1{, RAMIO,UI0,U11,U21,0Q,Q10)

RAM=(RAM21+RAM11)/2.0
Q1=DX1*(U10-U11)/(D20/(2.0*RAMI0)+DZ1/(2.0*RAM11))
Q2=Q10*DZ1

Q4=RAM*DZ 1*(U21-U11)/DX1

Q=Q1+Q2+Q4

RETURN

END

SUBROUTINE SUB21A(DX0O,DX1,DX2,D20,0Z1,RAMO1,RAM11,RAM21 ,RAMIO,U10,

AU11,U01,U21,Q)

RAM1=(RAMO1+RAM11)/2.0

RAM2=(RAM2 1+RAM11)/2.0
Q1=DX1*(U10-U11)/(DZ0/(2.0*RAM1I0)+DZ1/(2.0*RAM11))
Q2=RAM{*DZ1*(UO1-U11)/(DX0/2+DX1/2)
Q4=RAM2*DZ1*(U21-U11)/(DX1/2+DX2/2)

Q=Q1+Q2+Q4

RETURN
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END

SUBROUTINE SUB22A(DX1,DZ0,DZ1,RAMO1,RAM11,RAMIO,U10,U11,U01,TP,Q)
RAM=(RAMO1+RAM11)/2.0
Q1=DX1*(U10-U11)}/(DZ0O/(2.0*RAM10)+DZ1/(2.0*RAM11))
Q2=RAM*DZ1*(U0O31-U11)/DX1

Q=Q1+Q2

RETURN

END

SUBROUTINE SUB23A(DX1,DZ0,DZ1,DZ2,RAMO1.RAM11,RAM10,RAM12,U10, U111,
AUO1,U12,TP,Q)

RAM=(RAMO1+RAM11)/2.0
Q1=DX1*{(U10-U11)/(DZ0/(2.0*RAM10)+DZ1/(2.0%*RAM11))

Q2=RAM*DZ 1*(UO1-U11)/DX1
Q3=DX1*(U12-U11)/(DZ2/(2.0*RAM12)+DZ1/(2.0*RAM11))

Q=Q1+Q2+Q3

RETURN

END

SUBROUTINE SUB24(DX1,020,DZ1,DZ2,RAM21 ,RAM11,RAMIO,RAM12,U10.U11,
AU12,U21,Q,Q10)

RAM=(RAM21+RAM11)/2.0
Q1=DX1*(U10-U11)/(DZ20/(2.0*RAMIO)+DZ1/(2.0*RAM11))

Q2=Q10*DZ1

Q3=DX1*(U12-U11)/(022/(2.0*RAM12)+DZ1/(2.0*RAM1{1))
Q4=RAM*DZ1*(U21-U11)/DX1

Q=Q1+Q2+Q3+Q4

RETURN

END
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Fig. A1 Typical nodes and their number of subroutines in

computer program for the calculation of temperature
distribution at the meniscus
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Fig. A2 Typical nodes and their number of subroutines in

computer program for the calculation of
nonuniformity of shell profile in the mould.



