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ABSTRACT

Air-purged radiation pyrometers have been installed at
several locations below the mould of a continuous slab-casting
machine. In each secondary cooling zone, slab surface tempera-
tures have been measured under normal and modified water spray

cooling practices.

A one-dimensional heat-transfer model of the casting pro-
cess has been developed, based on the implicit finite-difference
method, and used to convert the measured temperature profiles
into overall heat-transfer coefficﬁénts which incorporate the
effects of both the sprays and rolls. Regression equations have
been detéfmined for each secondary cooling zone which relate

the overall coefficients to the spray water fluxes obtained.

The results of this study indicate that unstable film-
boiling heat transfer occurs in parts of the secondary cooling
system of the machine which was studied. This behaviour re-
sults in a large scatter in the spray heat-transfer coefficients
and slab surface temperatures. The results also indicate that
current spray coo]iﬁg practices may exacerbate surface cracking
problems. Modifications to the present secondary cooling system
are suggested so‘tha% better control of slab surface “temperatures

and better slab quality will be obtained.
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Chapter 1

INTRODUCTION

The continuous casting process is now récognized as the
preferred route for production of many grades of steel slabs.
The rapid acceptance of the process in the past ten years
has been due to the improvements in yield, energy consumption,
product quality, and operating and capital costs which result
from its use. The level of success which has been attained
in the implementation of the process may be attributed to a
considerable amount of engineering work by production, quality
control, and research departments. This has resulted in
reliable standard operating procedures which are now used .

successfully in.daily operations.

The trend now in process development of continuous casting
can be seen in two areas. Firstly, an increasing effort is
being made to 1mprove automation of the process. This may in-
volve implementation of innovations such as extended sequence
casting techniques or automatic metal level control. Secondly,
there is a strong desire to make further quality improvements
in grades currently being cast, and to increase the number of

~grades which can be continuously cast successfully.

]



The second objective can only be attained with a knowledge
of how process variables affect the qua]ity of the steel being
cast. The secondary cooling system is one particular area in
which certain process variables can have a significant effect

on quality.

1.1 Secondary Cooling in Continuous Slab Casting

Heat removal from the strand surface in a continuous slab
casting machine is accomplished in three main stages, as illus-
trated schematically in Figure 1. Molten steel paéses first
into a water Cooléd copper mould, in which a thin skin of
solidified steel forms and subsequently contains the core of
Tiquid metal. Upon exiting the mould, or primary cooling
area, the solidifying strand passes into the secondary cooling
system, or "spray chamber," in which further solidification
and cooling of the strand suffate is promoted by a combination
of direct spraying with water, contact with supporting rolls,
and radiation. Further heat removal occurs in the tertiary
cooling area by a combination of radiation and contact with

containment rolls.

The secondary cooling system of a slab casting machine
comprises several secondary cooling "zones," the number and
tength of which will vary with the particular installation.

The overall water flow rate to each zone is usually contrb]]ed
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Figure 1 ‘Schematic diagram of the main parts of a continuous slab casting machine.



as a function of casting speed, and will vary between minimum
and maximum values according to a particu]ér contfo] equation
and a "set point" which can be selected by the operator. Con-
tinuous slab casting machines usually employ square or conical
spray nozzles to cool the broad and narrow faces of the slab
high in the machfne, but over the majority of the length of
the secondary cooling system spray cooling is normally accom-
plished with wide angle fan spray nozzles which are directed

on the broad faces only.

The spray chamber is of a modular construction, in which
sets of containment rolls and the spray nozzles are attached
to "segments." This facilitates removal of a particular segment
which, fof example, may have a broken or bent roll, and require
replacement by a recently maintained module. Depending on the
particular insta]]ation, and the location in the machine, the
support rolls may or may not be internally cooled by flowing

water.

The main functions of the secondary coo]ipg system are to
complete the solidification and cooling of the slab which began
in the mould, and to ensurevadequate contafnment of the slab
by the support rolls. However, spray chamber design and
operation must also take into account the re]ationships be-
tween secondary cooling practices and the formation of defects.

In particular, crack formation in continuous casting is often



attributable to events which occur in the secondary cooling

system.

1.2 Secondary Cooling and Crack Formation

Continuously-cast slabs are known to be subject to a
variety of types of cracks, which are shown in Figure 2. In
the broadest sense, in order for a crack to form a stress must
exist at a particular location in the S]ab. Whether or not a
crack will form will be determined by the magnitude of the
stress and by the local mechanical properties of the stee]A
at that location. Thus in order to obtain a reasonable insight
into the tendency of a cast slab to crack, a knowledge and
understanding of stress-inducing actions.and the hjgh‘tempera—

ture mechanical properties of steel must be combined.

1 . .
Lankford has reviewed the sources of stresses and strains

in solidifying continuous-cast sections. These are:

ﬁ): mould friction forces

i) thermal stresses

iii) ferrostatic pressure in and beneath the mould
iv) weight of the casting

v) bending forces.

In addition, other factors such as roll misalignment or mould

distortion can interact with those mentioned to cause cracking.
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Defects in continuously cast slabs

1
(2

Transverse, surface
Longitudinal, mid-face
4) Midway

5

(1)
(2)

- (3) Triple-point
(4)
(5) Centreline cracks
(

6) Centre]ine segregation

Figure 2 Schematic drawing of slab section showing

different types of defects.



Factors ii), iii), and indiréct]y, v), are recognized as
areas in which contrb] may be exercised in the secondary cool-
ing system. Thermal stresses exist due to the nature of the
process, in that steep temperature gradients exist through
the thickness of the solidifying skin, and along the axis of
the casting. Non-uniform cooling can result in surface re-
heating below the mould, between successive spray zones or
nozzles, and cause increased local tensile stresses. The
stresses are caused by differentia] thermal expansion when
an expanding reheating region is constrained by a neighbour-
ing colder region. Ferrostatic pressure tends to cause bulg-
ing of the broad face of the slab between rolls which causes
a transverse tensile stress at the surface. Mechanical prob-
Tems such as roll misalignment can aggravate this problem by
causing increased bulging. Unbending of the slab at the
strajghtehing point in curved machines results in longitudinal

stresses on the upper surface of the slab.

The high temperature mechanical properties of steel have

been studied in several wor‘ks.]"5

It has been shown that at
temperature within 40 to 70°C of the solidus temperature,
steel fails in a "brittle" manner. In this region the strain
to fracture is only about 0.2 to 0.3 per cent due to the
presence of liquid films enriched with positive]y-segregated

elements such as phosphorous and sulphur which separate adja-

cent dendrites. The studies have also shown a decrease in



ductility below about 1200 to 1250°C. The amount of decrease
and temperature range over which the change occurs depends on
the composition, cast structure, and previous thermal history.

Recent works’7

has also revealed the existence of a low
ductility region in aluminum-killed and microalloyed steels

at temperatures between 700 and 900°C. This is believed due
to the formation of AuN at grain boundaries, but Nb and V, if
present, may also form nitrides or carbides. Cracks in con-
tinuously-cast seetions of these steels also have been related

to the existence of a coarse-grained zone which extended a

few millimetres below the surface.®

In several pape\r‘s,9'°‘n Brimacombe et al. have assessed
the operating and metallurgical factors that are known to
influence crack formation in Tightvof the high -temperature
mechanical properties of steel and a knowledge of the stresses
generated in the so]idifying shell. Those defects attribut-
able to secondary—éoo]ing practices in continuous slab casting

-1

have been summarized, and are presented in Table I.

Table I shows that, with the exception of transverse
surface cracks, all defects found in continuously-cast slabs
may be caused by bulging.due to ferrostatic pressure. In

12,13 centreline cracks,]z’13

14,16

particular, triple-point cracks,

1,15

radial streaks, and centreline segregation may be



TABLE 1 Defects Related to Secondary Cooling Practice in Continuous Stab Casting -

Defect Type . Cause Other Factors Corrective Action

INTERNAL DEFECTS

Midway cracks Bulging High casting speed Check roll gaps.
Increasing S, C. Increase spray cooling.
‘ Reduce casting speed.
Triple-point cracks Bulging See Ref, 9 Regap rolls.

Centreline cracks Bulging High casting speed Check roll gaps, reduce casting
, speed or increase spray cooling.

Centreline segrega- .
tion Bulging High casting speed As above.

TR

SURFACE DEFECTS ’ S

Transverse cracks AsN precipitation and Steel composition >.02% Adjﬁst sprays to avoid reheating

straightening between A%, >1% Mn, Nb, V - from below 700°C, maintain surface
700 and 900°C. outside 700-900°C range at straightener.
Longitudinal, Overcodling in upper See Ref. 9 Reduce cooling in upper spray zones.

midface cracks spray.zones. Check for bulging.
Bulging .
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attributed to bulging. Although these defects are best con-
trolled by proper containment of the strand, an increase in
spray cooling has been reported to decrease their severity}4’17
Spray cooling affects bulging because it alters the temperature
distribution in the shell and thus the resistance of the shell
to ferrostatic pressure. Recent theoretical work]g has shown
that reduction of the spray heat-transfer coefficient by about
a factor of three increases bulging four-fold near the bottom
of the Tiquid pool. However, it should be emphasized that roll
pitch and roll gaps are of primary importance in controlling
bulging. Within reasonable limits, the use of sprays solely

to 1imit bulging is an indication of defects in the machine

. . 11
design or poor maintenance.

The sprays provide an important
degree of freedom in the prevention of defects such as trans-
verse cracks and this is lost if the sprays must be tied to
bulging control. Thus both aspects must be kept in mind
because inadequate spray cooling can result in excessive

bulging which can accelerate wear of rolls and bearings and

thus cause maintenance difficulties.

Events in the'secondary cooling sysiem are not the major
cause of longitudinal, mid-face cracks, but spraying condi-
tionsiin the upper spray Zones are known to exacerbate the
éracking problem. Brimacombe et a].]o have postulated that

longitudinal, mid-face cracks form when tensile strains in



11
the solid shell, resulting from rapid surface cooling or inade-
quate end-plate taper in the mould, concentrate in local regions
of high temperature near the meniscus or at the level of nozzle-
stream impingement on the broad face. This results in the
formation of subsurface cracks close to the solidification
front. These subsurface cracks may break through to the sur-
face in the mould or upper sprays if the tensile strains are
sufficiently high. Overcooling in the upper spray regions |
can give rise to excessive tensile strésées at the slab sur-
face owing to its lTarger themal contraction relative to inter-
jor regions of the shell which are cooling less rapidly. Uhdef—
cooling results in a hotter, and weaker, shell that is Tless

able to withstand the bulging effect due to the ferrostatic

pressure, and again large tensile stresses are generated at
the slab surface. Steels in the 0.1 percent C range appear
to be particularly sUsceptib]e to longitudinal, mid-face

cr‘acks.9

The Tow-ductility region in microalloyed steels, which
has been mentioned, can result in transverse cracks on the

6,7,8,17 The

surface if 1mpfoper spray practice is emp1oyed.
cracks appear_in slabs containing >0.02% Ag, >1:0%:Mn or Nb

and V, and are often near the corners in oscillation marks on
the upper face. The formation of these cracks has been attri-

buted to axial tension on the upper broad face when unbending

occurs with the surface temperature in the low=ductility range,



700 to 900°C. AgeN precipitation has been found to be enhanced

by cooling-reheating cycles in the same temperature range.6

The approach to avoiding this kind of transverse-cracking

problem has been to ensure that the slab surface temperature

17,19 the:1ow—duct11ity range during

8

is either above’ or below
unbending. Schmidt and Joseffson® found that increased spray
cooling reduéed the probiem, but attributéd.théir success to
the formation of fihefgréined austenite at the slab surface.

6

Nozaki et al.~ found that their “plateau“.cooling pattern,

which employed a lower cooling rate in the upper part of the

12

machine, was effective in reducing longitudinal midface cracks,

in addition to minimizing transverse cracking.

1.3 Design and Control of Secondary Cooling

From the preceding discussion, it is apparent that the
design of the secondary cooling system is an imbortant con-
sideration for the continuous casting of products containing
a minimum of defects. The objective of'high's]ab quality is
preferab1y achieved without compromising productivity or ease
of operatfon. The proper design and operafion of a secondary
cooling system is essentially a problem of choosing and im-
plementing'the desired spray design and maintaining mechanical
tolerances of roll gap and roll pitch. At the same time, the
effects of casting speed and section size must be taken into.

consideration.
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Bm‘macombe20 has provided an example of spray-chamber
design for a continuous billet caster. The design technique

has been summarized,]l and consists of the following steps:

i) Determination of the strand surface temperature
distribution, or cooling rate, that minimizes
the formation of a given defect.

ii) Based on the thermal requirements of i), calcula-
tion of the heat-transfer-coefficient distribution
required in the secondary cooTing system. This
is usually accomplished with the aid of a heat-
flow computer model of the continuous casting
process.

iii) Determination of the optimum spray configuration

and water flux based on empirical relationships.

Once mechanical tolerances for the machine have been speci-
fied, steady-state spray practices may be designed which reason-
ably approximate those desired. Examples of attainment of
desired cooling rates have been given in the prevfoﬁs section,
for the case of prevention of transverse surface cracks. An

illustration of one of these practices is shown in Figure 3.]7

Although the design procedures outlined above are based
on the assumption of steady-state operationlof the continuous

casting machine, development of appropriate control models

allows the same principles to be applied to unsteady-state
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situations. In a high-productivity operation, normal incidents
"suchias start ef cast, ladle or tundish charge, end of cast,

or nozzle blockage make variations in casting speed unavoid-
able. If the desired temperature profile is related to time
below the meniscus, rather than distance, it should, in theory,
be possible to‘provide homogenous cooling of the strand regard-
less of process transients. Control models which have been

21-23 indicate.that spray cooling

developed in this regard
shoU]d be altered, not in proportion to the casting speed, but
according to the time that a given slice of steel has spent

in the machine prior to reaching a given location. Thus if

the desired re]ationship between spray heat-transfer coef-
ficient and time is specified, calculation of the age, or
residence time of a slice passing a particular point will de-

~ fine the desired spray water flux at that location. Baptistaz'3
has determined spray adjustments to be made to a slab caster

during transients caused by casting speed changes, based on

such residence time calculations.

With the application of such models, automatic control
systems may be developed. Several pub]ication521’22’24’25
describe implementation of these systems, and.the resulting
uniformity of temperature profiles and improvements in pro-
duct quality. Control islperformed by a process control

computer which monitors operating conditions and automatically

controls water flows in the secondary cooling system in



response to changes in the operating conditions. In practice
this usually requires on-line surface-temperature monitoring
in order to adjust for any deviations from the temperature

profiles predicted by a heat-transfer mode1,2%>25,26

1.4 Scope of the Present Work

From the precéding sections it is clear that the ability
to design and control the secondary cooling system of a con-
tinuous slab caster is useful, if not essential, for the pro-
duction of steel slabs of high quality. Though such action
may be accomplished through logical application of fundamental
scientific principles, the usefulness of aﬁy design work is
limited by a lack of knowledge of the real behaviour of the
secondary cooling system under operating conditions. Of
particu]af concern is the relationship between the spray heat-
transfer coefficients obtainéd in the operating system and the
spray/casting Variab]es. As shall be shown in the next
chapter, there has been a considerable amount of laboratory
work done in an effort to characterize the behaviour of spray
cooling systems. This work is necessarily idea]ized, and
though useful as an aid in -design and understanding of spray
cooling systems, is 1imfted in its range of applicability to
industrial systems where there are combined spray and roll-
contact cooling mechanisms. The amount of industrial test

work which has been performed is limited, and on]y‘has been

16



applicable to the particular operation on which the measure-

ments have been made.

It was therefore the objective of this work to deterf
mine empirical relationships for, and an understanding of,
the heat transfer occurring in the secondary cooling system
of an operating continuous slab casting machine. The experi-
mental part of this work has invelved measurement of slab
surface temperatures with optical pyrometers. This work was
carried out, under standard and modified operating conditions,
at the No. 1 Slab Caster of Inland Steel Co.'s Indiana Harbor
Nbrks. A heat-flow mathematical model was used to convert the
measured temperature profiles into average heat-transfer co-
efficients, incorporating the effects of both sprays and rolls,
for the secondary cob]ing zones. These coefficients have been
related to the spray and casting variables, which were also

monitored.

17



Chapter 2

LITERATURE REVIEW

Because a sighificant amount of the heat removed in the
secondary cooling system is by spray cooling of the slab sur-
face, and because control of the sprays is the primary means
of surface-temperature control in an operéting slab caster,
it is'important to have an understanding of possible heat-
transfer mechanisms in the spray chamber. Heat transfer occurs
with boiling, of course, in this situation, and it is therefore
useful to know about fundamental boiling phenomena and the
complications that can result during spray cooling by hu]tip]e
nozzles under continuous-casting conditions. It is in this
context that a review is now_given of boiling heat-transfer
phenomena and laboratory studies of spray heat extraction. In
addition, a survey‘of previous industrial studies of the heat
transfer in the secondary cooling systems of continuous casting

machines is included.

2.1 Fundamentals of Boiling Heat Transfer

Though boiling heat transfer is complex, considerable
progress has been made in recent years in gaining a physical

understanding of the boiling mechanism from experimental

18
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observations. These experiments are usually performed under
simplistic conditions in which a heated flat plate or wire is
submerged in a stagnant pool of water. Depending on the tem-
perature of the heated surface, various boiling phenomena may
result which influence the heat transfer from the solid to the
water. In the case of a surface of increasing temperature,
the heat flux may be expected to change with surface tempera-
ture as shown in Figure 4.27 At low temperatures, as long as
the témperature of the'surface does not exceed the boiling
point of the 1iquid by more than a few degrees, heat is trans-
" ferred to the adjacent liquid by free convection. The con-

vection currents circulate the superheated 1iquid, and evapora-

tion takes place at the free surface of the liquid.

As the temperature of the surface increases, vapour bub-
bles are formed at various nucleation sites on the surface.
The bubbles becbme larger and more numerous as the temperature
is raised further, unti} they finally rise to the free surface.
In these regimes (regions 2 and 3 in Figurek4), the heat flux i
increases rapidly with ihcreasing surface temperature. The
process in these two regimes is called "nuc]eate-boi]ing."
Intense convection currents are set up in this region due to
the motion of the vapour bubbles which is responsible fdr the
increase in heat flux. In regioh 3, the bubbles begin to

coalesce and evaporation becomes more important. A maximum
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heat flux then is approached because the space between rising
bubble columns is too small to accommodate the streams of liquid
which must move towards the hot surface to replace the evapora-

ted liquid.

A further increase in surface temperature beyond this
point leads ultimately to the formation of a continuous vapour
film between the hot surface and 1iquid. Because the rate of
heat removal is limited then by conduction through the vapour
film, the surface heat flux decreases rapidly. In the case of
an element to which a constant energy is supplied, a rapid
increase of temperature results, wh{ch can lead to “burnout,"
or melting of the e]emenf. If temperature is controlled, a
transition region is entered in which nucleate and stab]e film
boiling can occur a]te}nately at a given location on the heater
surface. The temperatUre above which stable film boiling occurs
is known as the "Leidenfrost point," and is also referred to
as the "critical point" in the heat-transfer literature. The
heat flux at higher temberatures increases due to the increased

importance of radiation heat transfer.

The above discussion, though useful in gaining a physical
understanding of heat-transfer mechanisms, is limited in its
range of applicability, particularly to situations’involving

impingement of water droplets such as in continuous casting.
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In the next section it shall be seen that the Leidenfrost
temperature is much higher for the case of water droplets im-
pinging on a plate than for the case illustrated in Figure 4.
of cfitica] importance is the answer to the question: "Under
what conditions is the Leidenfrost phenomenon stable?" Be1128
has noted that this question quickly reduces to a discussion of
how the Leidenfrost point was determined. Though most workers
agree that film 50111ng becomes increasingly stable relative

to nucleate and mixed modes at increasing surface temperatures,
very Tittle agreement exists between various workers on the
true value of the Leidenfrost point for any gfven set of condi-
tions. The existenée of a thermal resistance, for example,
such as an oxide film on the metal surface, has been shown to
be capable of causing stable film boiling to break down to the
transition hegime.zg The peak heat fluxes attainable in the
transition regime have also been shown to be markedly affected
by surface conditions such as can be caused by oxidation. For
example, it has been found that the peak heat flux attainable
in nucleate boiling can be altered by 100 per cent, depending

on the surface structure of the heater.30

Despite the lack
of real understanding of how these effects are influencing a
particular experiment, the Leidenfrost temperature must be kept

in mind 1in ané]yzing a given set of results.
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2.2 Heat Transfer to Water Droplets Impinging on Hot Surfaces

In order to gain a physical understanding of épray cooling,
early work was undertaken to observe the behaviour of indivi-

dual drops both impinging and resting on hot surfaces.

The objectives of the studies of sessile droplets were
-to model the rates of evaporation and heat transfer to droplets

31,32,33

resting on a hot -surface. The results of Wachters et

31

al showed that the bottom of the droplets assumed a flat

shape parallel to the surface. Moriyama33

was able to predict
heat-transfer rates to single sessile.droplets, and attempted
to extrapolate the model to the case of impinging sprays. How-
ever the assumptions which were necessafy in such an extrapola-
tion weré not an accurate representation of real physical be-
haviour in impinging-spray systems in which droplets interact.

34,35 extended their work to the

Wachters and his coworkers
case of impinging droplets, but found that their models based
on rates of heat transfer to sessile drop1ets3] could not pre-
dict the rate of cooling obtained for the impinging case. This
was attributed to two factors:

i) The drop staysbin the vicinity of the hot surface

for a relatively short time before rebounding.

i) The models of the previous work assumed that the

droplets were of a spheroidal shape. For the



24

case of impinging droplets at the temperatures

studied (up to 400°C) the spheroidal state was

not obtained.
The heat transfer due to the impact of a single drop has also
been studied by several other workers. McGinnis and Ho]man36
found that the efficiency of cooling is affected by the angle
of impingement of the'drop, but pointed out that the effects of-
droplet 1nteraction, and the mechanism of droplet disintegra--
tion: upon impacting the surface were not understood. Photo-

37 in the second regard pointed to

graphic studies by Pederson
fhe existence of three heat-transfer regimes during impact,
which were labelled as "wetting,". "transition," and "non-
wetting." These regimes are thought to correspond to the
nucleate boiling, transition, and film boiling regions,
respectively, which were discussed previously. . In the regime
termed "wetting," the drops spkead out and contact the hot
surface, and evaporation takes place mainly by nucleate boiling
within the drop. In the "nonwetting" state, the droplets
spread out and vaporize suddenly upon striking the surface,

ahd then break up into smaller droplets which rebound. Lower
rates of heat transfer were found in this reg1me, and the rate
increased when the speed of impact of the drops increased.
Toda38 has attempted to model the heat transfer which occurs
during impingement and vaporization of an impinging drop in

the non-wefting regime. ‘The schematic process sequence is

illustrated in Figure 5.39
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The complexity of the heat-transfer process involved 1in
spray cooling is now apparent. The process of heat transfer
to even single droplets impacting a hot surface involves boil-
ing heat transfer coupled with the dynamics of the droplets.
Boiling heat transfer under simpler conditions is still not
completely understood, and when the additional complication
of droplet dynamics is added the problem becomes intractable.
In this light, attempts to characterize the behaviour of real
spray systems based on the idealized models presented thus far
would seem unrealistic. Accordingly, the majority of work re-

ported has been empirical.

2.3 Laboratory Studies of Spray Cooling

There has been a large number of investigations carried

40-59 and a wide

out on the spfay cooling of hot surfaces,
range of results has been obtained. Often the results of dif-
ferent investigations .are conflicting, and a lack of informa-
tion regarding the experimental conditions makes meaningful
comparisons impossible. There are many experimental factors.

that can influence the results of a particular series of experi-

ments, which may be enumerated as follows:

i) The general type of spray cooling experiment,
i.e. transient or steady-state. |

ii) The means of determining surface temperature, i.e.
pyrometer measurements or calculated from results

of an imbedded thermocouple.
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iii) The initial temperature of the sprayed surface.

iv) The type of material and surface condition of
the sprayed surface.

V) The orientation of the sprayed surface with
respect to the spraying nozz]e,‘and to the hori-
zontal plane.

vi) The surface area of the sprayed surface, and
whether heat-transfer results are correlated to
water fluxes averaged over the sprayed area, or
to peak values of water flux.

vii) The typé of spray nozzle and its distance from
the surface which influence the characteristics
of the.water spray, i.e. spkay pressure, water
flux, impact velocity and size of droplets.

viii) Spray water temperature.

The studies which have been'performed are summarized in Tables
ITa and IIb, for the case of transient and unsteady-state
measurements, respectively. The results of the experimental
investigations, in which re]afionships are given between heat-

transfer coefficients and water flux, are plotted in Figure 6.

Transient measurements are carried out by allowing the
surface temperature of the plate to fé]] as the surface is
sprayed. The temperature-time profile obtained from measure-
ments by pyrometer or imbedded thermocouple are used to deter-

mine the rate of heat extraction at the plate surface by
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with water flux as reported in various laboratory

studies of spray heat extraction.



TABLE 11a  Summary of Studies of Hleat Extraction in Sprays - Transient Measurements
pirection - Initial Spréy Spray
Investigator & Nature of the of Temperature | Nozzle Fluxes Comments
Reference No. Heated Surface Spraying °C Type 1/ms
(;augler40 Horizontal upper face of | Downwards 400 Full cone 716 t0 3,7 h = 3.695 ;‘0.33 + 10%
chrome plated copper 1/8 GG 1 Increasing droplet momentum increases h.
cylinder heated in a 1/8 GG 3001.4 “Heat transfer to each drop decreases 2s
furnace. Surface area W increases. Film boiling for T »250°C.
1.2 sq._cm. _ S
Coman" Same 3s Gaugler Downwards 900 Full cone Up to 57 Increasing W increases h and moves
) 1/8 GGS critical point to higher temperatures.
Auman et a1.42 Moving ‘horizontal AISI Downwards 1100 Full: cone Up to 217 Increasing ] increases h.
stainless steel slab, an Critical temp 650°C.
furnace heated. fan Jet. Nucleate boiling increases h fourfold.
Area 300 sq. cm.
Lambert and Cylindrical nickel Horizontal 800 Only spray pressure of 0.098 MPa
Economopoulos probes. Area 3.1 sq.cm. reported. Results similar to that of
Gaugler.
Hoogendoorn a4 Horizontal AlSI 321 Downwards 350 to Full cone 0.6 to 25 Increasing W and d.rop velocity increases
and Den Hond stainless steel plate, 1000 - critical temperature, to as much as 900°C
furnace heated. : Scatter + 20%. Critical temperature un-
Area 269 sq. cm. v affected when spraying horizontally, but
h {s slightly less.
Shimada and45 Horizontal low carbon Upwards and 930 Full cone 1 to 50 hﬂaﬂ"ﬂ-bTw) 0.65¢n<0.75 for W>.08 l./mzs
Mitsutsuka steel plate, heated in downwards : .
a resistancé furnace. simultaneously. n is dependent on furface tempezarature
Area 484 sq. cm. 0.005¢<b<0.008 for W = 10.3 2/m"s
h decreases as T" increases.
Critical temperature 500 - 600°C for
i = 0.98 t/m’s. '
Hitsutsuka'® See Ref. 45 h= 1.57 60551 - 0.0075 1)
Sugitani et al.” Vertical stainlesé steel | Horizontal 1000 to Full cone Up to 60 h is a strong function of ‘rs even above
plate heated in'a resis- 1200 and flat jet

tance furnace. Surface
area 500 sq. cm,

700°C.
Critical point about 1000°C for

W=6.7 !./mzs, much above 1000°C for
W>20 t/mzs. :

6¢



TABLE I1a  Summary of Studies of Heat Extraction in Sprays - Transient Measurements {continued)

Direction Initial Spray Spray -
Investigator & Nature of the of Temperature | Nozzle Fluxes Comments
Reference No. Heated Surface Spraying °C Type t/ms
48 h is a function of T, even above 700°C.
Etienne et al. Polished surface of a Downward 700 to Full cone 1.5 to 50 S
) platinum rod, heated by 900 h increases as Tg decreases..
a resistance wire wound Scatter increases as Tg decreases
_around it, Surface area T ‘has 1ittle effect below 5 t/mls.
0.79 sq. cm, s p 2
‘ Ts has Yarge effect above 10 £/m"s.
Q = -87.7 + N13.5 %3 +125(900°¢)
q =-356.0+ 492.4 4018 + 171(800°C)
Q =-793.4+ 492.4 ﬂ°'4 +25%(700°C)
No effect of nozzle type or distance
(except when very close).
Flat jets 1to15 T_has 1ittle effect on h below 4 !/mzs.
. S
At 900°C,
ford =8cn Q= 182.4+77.200-%3 s 122
ds-n cm )
‘ for d =20cn Q= 80.0+218.840-81 5121
ds' 35cm
Mizikar49 Vertical AISI 304 stain- | Horizontal 1800 Full cone 0 to 20 Critical point 560°C. Radiation included’
less steel plate, heated 1/4 GG 10 in h. Increasing spray pressure increases
in a resistance furnace. 174 GG 6.5 h for the same W. No effect of impinge-
Area 161 sq. cm, 3/8 GG 15 ment angle. h increases with increasing
droplet momentum,
h = 0.0776W + 0.22 {0.276 MPa)
h = 0.0 + 0.22 {0.620 MPa)
Sasaki et al.so 18-8 stainless steel Horizontal 700 to Full cone - 1.67 to 41.8| Temperature measured with pyrometer.
plate heated in resis- sprayed on 1200 and h decreases with increasing Tg.
tance furnace. both sides. fan jet No effect of nozzle type, pressure, or

distance.
h decreases slightly with increasing T".

h = 708 ¥0-75 1;‘-2 +0.116

o€



TABLE 11a  Summary of Studies of Heat Extraction in Sprays - Transient Measurements {continued)

furnace.
Area 5.1 sq. em.

Direction - Tnitial Spra Spray -
Investigator & Nature of the of Temperature | Nozzle Fluxes Comments
Reference No. Heated Surface Spraying °C Type £/m?s
gamberger et al.%! | Nonferrous materials Various, 10t0100 | h=0.1405 0,07/KC exp/0.0049 T
Ni, Az, Cu. depending _ P +28 $
on material, + hradiation
Large scatter in results at low
temperatures.
Prabhakar°® fertical AISI 04 Hordzontal 1100 Full cone 4 to 36 Correlations of form h = ai" ¢ 25%
stainless steel, heated an -
in gas or induction flat jet n = 0.23 to 0.65 depending on temperature

h 1s surface temperature dependent for
temperatures greater than 800°C, up to
1000°C. No effect of spray pressure or
nozzle type. Scatter increased as tem-
perature decreased. Unstable film boil-
ing in all experiments.

h increased by water flowing down surface

LE



TABLE IIb  Summary of Studies of Heat Extraction in Spi‘ays - Steady-State Measurements

moist air in furnace.

spraying at
90° to plate

1200

Direction Initial - Spray Spray
Investigator & Nature of the of : Temperature | Nozzle Fluxes Comments .
Reference No. Heated Surface Spraying °C Type £/m2s
Junk52 Resistance heated Horizontal Oval Correlations not given.
flattened steel pipes. Heat flux increases.with pressure
Area 83 to 207 sq.cm, of spray.
Stable film boiling.
Mueller and Reststance heated Horizontal 700 to Full cone 0.3t09 Droplet velocities 10 to 35 m/s.
Jeschard3 steel plates. Area 1200 and : Scatter & 13%. ,
25 to 65 sq. cm. flat jet h is a function of drop velocity.
h = 0.01 v + (0.107+6.8x 10" %)
h is independent of Ts.
Film boiling in studied range, unstable
below 700°C.
No differcnce between nozzle types.
Bolle andgy o Resistance heated flat | Downwards 500 to Fan 1t07 h = 0.423 W0+5% & 173 627¢T c927°C
Moreau™"* AISI‘30$ stainless 1000 SET
steel plate. \ = 0. °
Area 128 sq. cm. Upwards As above 0.8 to 2.5 h=0.360 W 727<Ts<1027 [
15% less than spraying downward.
Urbanovk:h58 Specimen heated in Plate at 45% Up to Flat jet 12% error in h,
to horizontal,

h dependent on spray ‘distribution in
- impact area.

h {increases as spray angle decreases.’

h decreases with increasing distance
“from specimen.

A



33

solution of the applicable heat-conduction equation. Steady-
state measurements are carried out by supplying a hot metal

sample with an energy input equivalent to that extracted from
ﬁthe sample by the impinging spray. The measured value for the
energy 1ﬁput and the sample temperature allow the calculation

of surface heat fluxes and the heat-transfer coefficients.

Because details of experiments are not always given, it
is difficult to evaluate directly the effect of each factor on
the results reported. All workersAagreé that incréasing the
droplet momentum in the spray, either by increasing the droplet
size or velocity, increases the heat-transfer coefficient.
They are also in agreement that at constant droplet size and
velocity, 1ncrea§ing the water f]ux‘to thé surface increases
the heat-transfer coefficient. The heat-transfer coefficient
depends on the water flux raised to a power n where n has been
found to be between 0.2 and 1.0. Other factors that have been
reported to influence the spray heat-transfer coefficient are
the spray water témperature and the temperature of the sprayed

surface.

45,46 50

Mitsutsuka et al. and Sasaki are the on]y'workers
to have found an effect of water temperature on the spray heat-
transfer coefficients. Their results are given in Figure 7,
which shows that Mitsutsuka reports a strong dependence on the

water temperature while the dependence reported by Sasaki is
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marginal. Other workers do not report having studied the
effect of water temperature. Thus the extent to which the
spray water temperature affects the heat-transfer coefficient

is not clear.

Perhaps the most important, and interesting variable, is
the temperature of the sprayed surface. AS has been discussed
previously, different boiling regimes and heat-flow rates
exist in different ranges of solid temperature. Of particular
interest is the Leidenfrost temperature, below which heat-
transfer coefficients are found to be strongly. temperature
dependent. The important fact that emerges from the litera-
ture is that the Leidenfrost temperaturé itself 1s dependent
on the magnitude of the local spray water f]ux.41’44’47’50
This dependence, as reported by several workers, is shown in
Figure 8. The critical temperature is shown to increase with
spray water flux, and may be as high as 8001to 900°C for water

49’53’54f55 have found stable

fluxes of 20 &/mzs. Othér workers
film boiling to bé the operating regihe for all wéter fluxes

at temperatures.much lTower than these (i.e. 500-600°C). In
contrast, Prabhakar56 found fransition boiling to be the opera-
ting regime at all Water fluxes greater than 2 z/mzs,.for
temperatures as high as 1000°C. In genera], it is apparent
that the film boiling mode prevails in steady state measure-

ments, whereas unstable film boiling occurs in the transient

measurements at high values of water flux even for temperatures
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47,48,50,51

exceeding 700 - 800°C, except in the case of

Mizikar.%?

The surface=temperature dependence of the heat-transfer
coefficient has been summarized in Figure 9, from various
studies of spray.heat extraction. In this figure, the vari-
ability of reported values of critical temperature is again
seen. THe strong depehdence of the heat-transfer coefficient
on surface temperature in the transition bof]ing regime is
also apparent. Hdogendoorn44 for example, Has found va]ués
for the heat-transfer coefficient of 0.250'to 1.500 kW/mzK at
high temperatures, whereas below the Leidénfrost temperatures
the values reached 4.000 to 6.000 kW/mzK and weréTEss affected
by the water flux.

Prabhakar56

has pointed out that it is necessary to have

a consistent)approach to the calculation of spray water fluxes
in ordef to make meaningful comparisons. This is because the
water flow distributioh over the area sprayed by a particular
nozzle is not uniform. As illustrated in Figure 10,56 the
spray flux distribution from a %U8020 nozzle exhibits a plateau
in the centre of the éprayed area. Obviously the peak water
flux of such a spray distribution can be much greéter, depend=
ing on the nozzle characteristics, than the average water flux
over the sprayed area. Values of heat-transfer coefficient at

a particular point would be correlated to average values which

are somewhat less than the peak values. This has the effect
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~ Heat fransfer coefficient (kW/mzK)

Surface temperature (°C)

Line @ O . A A ® O @ m- 6 0 OO0 v VYO ® a@ P B
Ref. 47 47 52 62 62 63 63 43 44 44 44 44 60 5050 50 6161 58 56
W 6.7 23. ' 0.6 3.0 13. 25. 3.8 7.8 15. 20, 1.6 5.0 2.3 9.0

- Other 0.2 0.4 0.6 11 32 o0.1 ‘ '

mPa mPa mPa (v) mPa
Figure 9 Variation of spray heat-transfer coefficients with

surface temperature, from various studies of spray

heat extraction.
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of shifting any plotted relationships upward. Figure 11, which
is taken from the fitted curves of Prabhakar at 800°C, indi-
cates an upward shift of as much as 40 per cent when the same
data is fitted to averaged, rather than to peak water fluxes.

A summary of the method used by various investigators for
determination of water fluxes is given in Table III. However
comparison of the method used with the results plotted in

Figure 6 does not produce a clear correlation.

The only other factors which have been reported to have a
possible effect on measured values of the spray heat-transfer
coefficient are the direction of spraying and the presence of

a water film. Bolle and Mor‘eau55

reported that the heat-trans-
fer coefficient, when spraying upwards, is 15 per.cent less
than that when spraying downwards. Prabhakar56 noted that the
presence of water flowing down a vertical measuring plate can
also increase the heat-transfer coefficient. Since the data

of Sasaki,50

lies in the middle of the results reported by
other workers (Figure 6), it is not evident that his measure=
ments, utilizing optical pyrometers, were affecteéd by the
measurement téchnique. The onTy works that appear to grossly

59

deviate from those reported by others, are Kojima, and Shimada

45 The high values of Kojima are for a surface

and Mitsutsuka.
temperature of 700°C. His reported values at 900°C lie in the
range of the othef works p16tted; thus the high values at
lower tempef&ture are Tikely due to unstable film boiling.

’
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TABLE II1I

Basis for the Determination of Water Fluxes by

Various Investigtors of Spray Heat Extraction

(from Prabhakar

56)

i
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Investigator

Basis for the Calculation of Water
Fluxes

Mitsutsuka45’46
Etienne et a1.48
Auman42 ‘
Hoogendoorn et a1.48
Mizikar®d

fSugitani et a1.47'
t.Junk52

Muller and Jeschar53

"Bolle and Moreau

54,55

Average, over the sprayed area

Average, depending on nozzle position,
for veejet nozzles

Average, over the sprayed area
unknown collector

Peak water fluxes,
area

Peak water fluxes, 6 mm'dia. collectors

Peak water fluxes, 6 mm dia. collectors

Peak Water fluxes, unknown collector
area

2 2

Peak water fluxes, 120 mm“ to 600 mm

collector area
Peak water fluxes, 40 mm x 20 mm
collectors
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Other details of the experiments in which these values were
determined are not given. The gross deviations reported by
Shimada and Mitsutsuka may be due to a number of effects. In
particular, plain carbon steels were used in the experiments,
and these stee]s»tend to scale easily. Table IIa also indicates
that the plate was sprayed from top and bottom simu]taneous]y,
and the reported'resd]ts are for specific temperature dif-
ferences. Thus results reported for cooling from 930 to 500°C
may result in erroneously large values of heat-transfer co-
efficients at 930°C, due to the sensitivity of the spray heat-
tran§fer coefficient to surface temperature in the Qnstab]e

film boiling region.

The reported scatter of the results in the literature
ranges from 13 to 25 per cent for a particular investigatioa.
The scatter 1s'genera11y found to increase as temperature
decreases, as might be expected with the onset of unstable

film boiling at lower temperatures.

The complexity of the heat-transfer process during spray
cooling of hot surfaces is evident. Though‘the data which has
been reported is useful in the general design of continuous
casting machines, its limitations with respect to slab caster
~secondary cooling systems must be recognized. To begin with,
the spray chambér does not have water uniformly distributed

over the entire surface of the slab in a particular zone. The
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water is sprayed at high local fluxes in narrow transverse
strips throughout the length of the secondary cooling system.
For this reason, factors such as the effect of water flux on
Leidenfrost temperatufe must be kept in mind. Furthermore,

the majority of laboratory measurements have been made under
idealized conditions frequently using oxidation-resistant
metals such as stainless steel to minimize uncontro]]ab]e
effects of surface oxides. However the real surface of a
continuous]y—cast slab at high temperature is heavily oxidized,
often to the extent that areas of semidetached scale exist on
the slab surface. The true effect is not known, but conceiv-
ably the surface condition may influence the mechanism and
magnitude of heat transfer. The particular configurations

of the secondary coo]ing systems of continuous casting machines
also vary. These concerns have provided the incentive to
characterize the heat transfer in operating machines through

in-plant measurements.

2.4 Industrial Investigations of Secondary Cooling

The heat-transfer mechanisms in the sécondary cooling

system of .a slab casting machine are indicated in Figure ]2.6]
There are well defined regions where the water spray directly
impinges on the slab surface, and where the éontainment rolls

are in direct contact with the s1ab._ Between these regions,

the behaviour is less clear. A]berny6] has suggested that
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the impinging spray drops rebound after impact and then accumu-
late in a pool above the roll. The amount of water which accumu-
lates, if any, is questionable, however, as improper alignment
or irregularities on the slab surface will allow it to drain.
These conditions will also influence the thermal contact resis-
tance between roll and slab and thus influcence the amount of
heat transferred to the roll. Radiatiqn heat transfer, of

course, occurs throughout the secondary cooling system.

The number of industrial investigations of seCondary cool-
ing is nét large. The situations which have been studied vary,
in that various combinations of machine type and measurement
technique are possible. A summary of these measurements is
presented in Table IV. Numerical results of dverage heat-
transfer coefficients obtained for secondary cooling systems are
shown in Figure 13. In general, there have been two approaches:
to obtain average results based on in-plant measurements of
strand surface temperatures, or to combine measurements of heat
‘transfer to rolls with laboratory measurements of spray cooling

in order to obtain an overall characterization of heat flow.

The in-plant measurements of surface temperature have been

carried out using either pyrometric devices®>19-48,57,60-63,,

thermocoup]es.59,64,65

Although thermocouple measurements
provide.a useful indication of the real temperature excursion

of a particular slab surface element as it passes through the
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Figure 13 Variation of averaae heat-transfer coefficient with average spray

water flux, as reported in 1ndustr1a] studies of secondary cooling.
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TABLE 1V

Summary of Industrial Measurements of Heat Extraction in Secondary Cooling

Average
Investigator & Type of Type of Location of ~Spray/Roll “Spray
Reference No. Machine Measurement Measurements Configuration Flu§es Comments
. : 1/més
Alberny et 31.60.61 centrifugal, | 2 colour 9 measurement points{ 4 zones Up to 56 h increases with increasing Wtoa
0 mm pyrometers throughout machine separated by certain value of ¥ and then stays con-
rounds at entrance and exit| -guide rolls. stant beyond this value.
of each cooling zone| Full cone
0.5 to 7.8 m below nozzles.
meniscus
Benoit et a1.52 centrifugal 2 colour § measurement points| 4 zones 0-17 h increases linearly with .
90-160 mm pyraometers 2 sets of guide ) Achieved large increase in average
rounds rolls h through air-water atomisation.
1/4 and 1/8 HHSQ > 200°C variation in measured temperatures
nozzles, 60 mm at same locations.
set back. - -
Nozaki6 slab pyrometer At]unbending point Spray/ro}l Altered form of Mitsutsuka's equation
only combinations. v0.55,,_
Fan sprays. h=1.57W (1 0'0075Tw)/“
: a = 4, based on in-plant measurement.
Ak fmenko et al.57 slab " pyrometer At exit from Spray/roll 1.5t 6 h increases 1inearly with W.
secondary cooling combinations. Average h determined for entire secondary
z0ne. Skid cooling. cooling system, .
' h is greater for skid cooling than roll.
Samotlovich slab W-Rh. Thermocouple block Fan sprays 0 to 2.5 h determined by solution of inverse
et a1.64 themocgt{lples added]todmouw N boundary problem
imbedded in in-| travelled throug Y
terior and:sury machine with slab. h increases Tinearly with W.
face of strand. _
Alberny et a] 63 slab 2 colour 6 measurement points| Fan spray/roll 0 to 4.4 Linear temperature profile assumed between
Birat et al. § pyrometers 3.3 to 29 m below combinations. measurement points., -
and meni Single and h increases as W', wheren< 1
infrared eniscus. nultiple spray S .
pyrometers nozzles. h 1s higher at lower temperatures.

h increased by using multiple nozzles at
same flow rate. C

h decreases with increasing use of a nozzle

Contributions to heat removal:

28% radiation
17% conduction to rolls
16% direct spray impact

39% water flowing down surface.
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TABLE IV  Surmary of Industrial Measurements of Heat Extraction in Secondary Cooling (continued)

T Average
Investigator & Type of Type of Location of Spray/Roll Spray Comments
Reference No. Machine Measurement Measurements Configuration F]wztes
2/mes
Kojima et a1.59, slab Thermocouple Welding gun at first | Fan and oval Cooling/reheating cycles of 100 to 200°C
welded to roller apron, sprays. between and under spray nozzles..
slab surface Industrial measurements agreed with
laboratory work of Mitsutsuka and Sasaki.
Weisinger et 51.65 slab NiCr/Ni Inserted low in Segmented Heat transfer to rolls is larger lower in
thermocouple machine, exact support rolls, in machine,
pressed into location not given cooled " by In sprayed areas, contribution is
slab surface exf.’ernal sprays. 297 radiation
26% roll contact
29% direct spray impact
16% convection
Etienne et a1.48 slab optical 10.2 m and 15.6 m Applied laboratory measurements in sprayed
pyrometer below meniscus region and average heat flux outside spray-
ed areas to obtain verification of tempera-
. tures with heat flow model,
Used thermo- Rolls 5.3, 7.5 and Internally water Evaluated combined heat loss due to con-
couples to 17 m below miniscus cooled rolls vection to running water and contact with
determine ' the rolls, Re;ults:
heat loss to - i 2
support rolls Q=125 kw/m2 , ¥ >§ t/m"s
by 1n{;erna1’|y Q=10 ka2 , T¢H<S
circulating = Y
water Q 90 kW/m“ , Wel
Heat removed by rolls {increases deeper in
. machine.
" Diener et al.“ slab Rolls Rolls 6.3, 7.8 Rolls not inter- Flow of heat to rolls is small high in the
: instrumented and 10.7 m nally water machine. Flow 1s greater low in machine
with below meniscus cooled. where ferrostatic pressure is larger,
thermocouples Various spray See Figure 14.
configurations.
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secondary cooling system, pyrometer measurements would seem
more appropriate in obtaining an accurate temperature measure-
ment at a particular location. Thermocouples imbedded in the
strand surface may be inaccurate in providing a "real" tempera-
ture becauﬁe the thermocouple could be measuring the tempera-
ture of a point a small distance below the surface in addition
to the temperature of the spray water or rolls which may
contact it. Proper compensations for surface emissivity and
absorption of energy by water and steam make surface tempera-

ture::measurements:by pyrometer more viable.

The most extensive pyrometric measurements of surface

60,61 and Birat62

temperatures have been carried out by Alberny
on centrifugal casting machines producing round'sections.
These studies employed 2-colour pyrometers located at several
locations throughout the secondary cooling system. It should
be noted, however, that the casting machines studied by these
workers have only a few containment rolls. These are located
between spray zones so that the results reported would not
refer to combined spray/roll heat transfer. In addition, the
operating temperatures in these machines are expected to be
higher than in a slab machine where bulging can be a problem.

Figure 13 shows that heat-transfer coefficients obtained are

lower than those reported for other machine types.

0f the reported measurements carried out on slab casters,
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only those of A]berny63are rigorous. The studies of Nozaki6

and Akimenko57 indicate that measurements were performed at
the unbending point just outside the spray chamber. Nozaki's

equation modifies the form of Mitsutsuka's equation46

through
the use of an accomodation coefficient based on the in-plant
measurement at the straightener. Because, as noted, Mitsutsuka's
laboratory results are much higher than those reported by other
workers, the use of the value o = 4 (see Table IV) to obtain
agreement with the measured'temperatures seems arbitrary. The
measurements of Akimenko57 enabled calculation of an average
heat-transfer coefficient for the éntire secondary coo]fng
system and were related to an overall average water flux. This
approach does not provide an understanding of the real behaviour
of the slab as it passes through the various spray zones. The

63

work of Alberny " attempts a more detailed characterization,

but measurements were not carried out above 3.3 m below the

meniscus or for average water fluxes greater than 4.4 2/m25.

The results of the measurements reported above again
reveal that h increases with ﬂn, where n.varies from 0.55 to
1.0._ In these industrial systems it is difficult to character-
ize specific effects due to nozzle type, spray pressure, etc.,
and it has generally been considered that water flux is the

63 does

main influencing variable in the correlation. Alberny
report that the heat=transfer coefficient is higher at lower

surface temperatures, but does not quantify this observation



52

through correlations. Alberny also found that the heat-trans-
fer coefficient increased when multiple spray nozzles were used
to provide the same water flow rates, and that h decreased with
increased time of use of a particular nozzle. The latter oPser-
vation is presumably due to nozzle plugging. Unfortunately
the reported correlations do not provide the data obtained from
individual experiments, and thus the amount of scatter in the
results is not known.

Etienne et a1.48 and Diener et a1.66_have studied the
heat transfer to rolls in the secondary cooling systems of slab

48 were internally water

casters. The rolls in Etienne's study
cooled, so that water temperatures entering and exiting the
roll were measured to obtain an indication of the total heat
removed. These measurements were combined with laboratory
measurements of spray heat extraction and surface temperature
measurements using pyrometers to obtain values for the "aver-
age" heat flux in thé non-sprayed strips in the secondary
coo]ing'system. This value was found to be-primari]y a
function of the water flux, as indicated in Table IV. Measure-
ments'at roll locations 5.3, 7.5, and 17 m below the meniscus
indicated that heat transfer to rolls is greater lower in the

machine. Diener66

obtained direct temperature measurements,
using thermocouples, in rolls which were not internally water
cooled. The heat transferred to the rolls was found to be

very low high in the machine, but in agreement with the
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findings of Etiene et a1.,48 measurements at 6.3, 7.8 and 10.7

m indicated that the heat transfer to the rolls increased with
distance below the meniscus. This is attributed to the in-
creased ferrostatic pressure deep in the machine. The peak
values of heat transfer were also influenced by the roll/spray
configuration. The average flow of heat between successive
roll centres is shown as a fUnction of distance below the

meniscus in Figure 14, as reported by Diener et al,
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Chapter 3

EXPERIMENTAL

In ordér to characterize heat transfer in the secondary
cooling system, measurements of slab surface temperatures were
required. These measurements were carried out on the No. 1
Slab Caster of Inland Steel Co. An infrared pyrometer system
manufactured by Vanzetti, Inc. was procured by Inland Stee]
for the purpose of making the measurements. This chapter
describes the measurement system, the conditions under which

the measurements were made and the procedures followed.

3.1 Theory

fThemeasuramentof surface temperatures by pyrometric
techniques depends on the fact that the radiant emissions from
a hot surface vary in a predictable way with temperature,
wavelength, and surface emissivity. The emissive power of a
theoretically perfect emitting surface is described by Planck's
Radiation Law:

£y = cqA  Lexp(c,/AT)-11" (1)

where T is the absolute temperature in degrees K. For surface
temperatures up to several thousand degrees and for wavelengths

less than several micrometers, this equation may be written as:

55
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Ey = c]A'S/eXP(cz/AT) (2)

For a non-blackbody surface, an emissivity value, €, is intro-
. duced which reduces the emission by a given amount at each

wavelength:

E; = ec1x'5/exp(c2/xT) (3)

From this formula, curves may be drawn which relate the emis-
sive power to wavelength and temperature. These are shown in

67 ‘For "greybody" surfaces,

Figure 15 for blackbody surfaces.
which.have wavelength-independent emissivities less than unity,
the curves would be shifted downward by a factor equa] to_the

emissivity. The curves have other shapes in the case of wave-

length-dependent emissivities.

The maximum emission occurs at a wave]ength,_xmax,bgiven
by Wien's displacement Tlaw:
A T = 0.2898 cm-K : (4)

max

The total amount of radiation from a blackbody surface varies
over broad spectra with the fourth power of absolute tempera-

ture, according to the Stefan-Boltzmann Taw:
E = oT (5)

where ¢ is the Stefan-Boltzmann constant. _In narrow wave-
length bands the general form of this équation-for a non-

blackbody is
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E = ecTn : (6)

Taking the differential of Equation 6 and dividing by E leads
to:

_d_E- =
E

1 1.de + dT (7)
n ‘n e T

Thus as n becomes higher the sensitivity of temperature reso-
lution to errors in the assumed value of emissivity is def
creased. Also the amount of radiant emission is more sensi-
tive to values of the temperature of theemitter. If radiant
emission is measured in wavelength bands at or shorter than
the peak wavelength, n can have values of 16 or_greater.68
Thus an instrument.mgasurihg at wavelengths near the visible
portion of the spectrum will have high accuracy and low sensi-
tivity to emissivity fluctuations. The most common radio-
metric methods which have evolved for measurement of surface
temperatures are'the total radiance, the spectral radiance,
the peak wavelength, and the spectral radiance ratio methods.
The Vanzetti measurement system employs the spectral radiance

method in which the measurement is restricted to a defined

wavelength interval.

3.2 Vanzetti Measuring System

The Vanzetti Thermal Monitor System used in this study
is an infrared radiation pyrometer, which utilizes fiber

optics to transmit the radiation emitted from the target to a
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radiation detector and electronic ¢onsole. The fiber-optic
assembly consists 6f a fiber-optic bundle and a long quartz
rod, encased in a protective stainless steel tube. The entire
assembly is air-purged in order to provide cooling for the
fiber-optic bundle, and to maintain an air curtain to keep

the quartz tip (which sights on the target) clean. A sche-
matic diagram of the fiber-optic assembly is presented in

Figure 16.

The fiber-optic bundle is connected to the infrared
radiation detector which converts the incoming radiation to
an electrical signal. The system utilizes a silicon detector
which responds to radiation in the 0.7 to 0.97 um wavelength
band. This results, as discussed previously, in high ‘temper-
ature resolution with low sensitivity to errors in surface
emissivity setting.' This range is also outside of the absorp-

tion bands of water vapour.

The electronic console consists of filters, gain adjust-
ments, and switching circuitry to allow the use of up to six
radiation detectors and fiber-optic assemblies with one
Thermal Monitor. The controi panel of the unit contains a
power supply, a peak detector with automatic reset, a current
amplifier, an emissivity control and a digital temperature

readout.
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The specifications of the system are listed in Table V.69

In operation, the radiation emitted from the target is col- '
lected by the quartz tip, whose field of view is approximately
60°, and transmitted through the fiber optics. The radiatioﬁ
is filtered to the desired wavelength band before reaching

the infrared sensing unit, which contains the silicon detector
and a 400 Hz tuning-fork oscillator located between the detec-
tor and the incoming radiation. The detecior converts the
modulated infrared signal into a 400 Hz electrical signal
which is passed through an A.C. preamplifier. The amplified
electrical signal is then transmitted to an A.C. to D.C.
converter which generates a D.C. signal proportional to
temperature. The measured temperature is then displayed on

the control panel of the Thermal Monitor.

The Thermal Monitor unit used in these experiments was
provided with a linearized temperature range of 650 to 1400°C.
The system was calibrated by the manufacturer prior to ship-
ment, and calibration checks were performed prior to its use.
This aspect will be detailed in a subsequent sectioﬁ. In
order to test the capability of the system to provide accurate
temperature measurements, evaluations of éystem accuracy,
drift and sensitivity to emissivity error, were performed70
prior to undertaking this study. System accuracy and drift

were found to be within + 1.5 per cent of the actual tempera-

ture, and at operating temperatures expected in normal



TABLE V System Specifications of the Vanzetti Thermal Monitor

Signal Processing
Capability

Emissivity Adjustment
Multichannel Capability

Fiber Optic Detector
Head Assembly

Control Capability

Feature Details Specification
Size Electronic Console 13.5 x 48.3 x 39.4 cm. 5.4 kg
Detector Head 6.9 x 10.2 x-14.5 cm. 0.8 kg
Thermal Electronic Console 20°C + 10°C ambient
Environment
Detector Head 30°C + 20°C ambient
Fiber optics and lens cell| 150°C max. ambient
Target Resolution for
Temperature Blackbody 1% of reading or better
‘Response Time 109. mSec
power Consumption 50 watts (max)
'Options Display Digital Panel Meter
Linearization Linearized Module, °C
A Linear 1 mV/°C output
't Output 4 to 20 mA DC

0.to 10 sec Peak Sense and Hold
Range .05 to 1.0

6 channe]s

Environmentally Sealed

Responds to radiant energy from
0.7 to 0.97 micrometers

None
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operation a chamge of 0.2 in surface emissivity gave an error

in temperature measurement of only 20°C.

3.3 Intand Steel No. 1 Slab Caster

The No. 1 Slab Caster of Inland Steel Co. is a two-strand,
curved-mould machine of DEMAG design, and has a radius of
curvature of 12.2 m. A schematic diagram of the secondary
cooling system of the machine is shown in Figure 17. The
secondary cooling system comprises 9 independent cooling zones
- Zones 1, 2, 3-top, 3-bottom, 4-top, 4-bottom, 5-top, 5-
bottom, and "Narrows." The broad faces of Zones 1 and 2A
employ square spray nozz{es whereas the remaining zones employ
fan-type spray nozzles. In addition Zone 2'has cone-type
sprays distributed down the narrow face. The nozzles in Zone
2 differ in such a way that 44 per cent of the water goes to
region 2A, 25 per.cent to region 2B, and 31 per cent to
region 2C. The lengths of the cooling zones and type of

nozzles employed in each are given in Table VI.

The range of steel grades cast during the experimental
period of this study is presented in Table VII. These are
nearly all low-carbon grades for deep-drawing, automotive
applications. One:gradé of 0.14 per cent carbon was cast
in addition to a microalloyed steel containing Cb, but the

527-XX class made up a large majority of the steel cast.
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Figure 17 Schematic diagraonf the secondary cooling system of the Inland Steel

No. 1 Slab Caster.
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TABLE VI  Secondary Cooling Sysfem Confiquration at Inland Stee] No. 1 Slab Caster -

Zone Length, m Nozzles ,
Number No. Per Row Type Set Back, Spacing,
- cm cm '
1 0.34 70 16 Square 11.4 8.9
1 - Narrows 1.77 16 8 . Cone 18.4 10.2
(down 1ength)
2-A 0.4 74 17° 1/4 HHSQ (Square) 8.9 8.9
(2 rows) . _ :
- B 0.41 12 3 302125 (Fan) 17.8 53.3
(2 rows) ‘ .
-C 0.95 24 3 302125 (Fan) V7.8 53.3
(4 rows)
3-Top 5.99 20 1 302125 (Fan) 58.4 -
- Bottom 20 1 302125 = (Fan) 58.4 -
4 « Top 4.94 13 1 302125 (Fan) 58.4 -
- Bottom 13 ] 302125 (Fan) 58.4 -
5 - Top 867 27 1 Soa123  (Fan) 58.4 -
- Bottom 18 1 302125 (Fan) 58.4
' . 302125
- Top 14.43%% 38 1 8US060 (Fan) 58.4 -
- Bottom 29 1 302125 (Fan) 58.4 -

*Prior to April 5, 1981
**After April 5, 1981
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TABLE VII

Grades - Inland Slab Caster

Steel
, o Composition (%) -

GRADE C Mn P S 54 Cu Ni Sn | Mo | Al Ch

527-08 .06 .28/ .015 .023 01 12 .10 .02 .06 .05 .040/ -
max .34 max max | .max max max max | max - { -max | .060

521-08 .06 | .28/ | .05 | 020 0| 2| .0 .02 | .06 | .05 |.o040/ | -
max .34 . | max max max max max max max [ max. | .060

528-01 .08/ ' .34/ .015 .023 .01 .12 .10 .02 .06 .05 .040/ -
.09 .40 max max | max max max ~max max | max .050

516-07 .05 | .37 | .05/ |.0e0| 5| 2| a0 .02 | .06 | .05 |.0807 | -
max .45 .08 max .25 max max . max max max .100

580-01 .14/ | .40/ {.010 .023 .20/ .12 .10 .02 .06 .05 .040/ -
.14 .50 max max .25 max max max max max. |.060...1. . ..

823-01 .06 .35/ .05/ .020 .01 .12 .10 .02 .06 .05 .045/ v.018/
max .45 .07 max max max max max max max .055 .023
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Normal secondary-cooling practice at the No. 1 Slab Caster
stipulates a minimum and maximum overall volumetric flow rate
for each zone, between which the water flow rate varies as a
function of casting speed for a given "set-point" which is
set by the operator according to standard practice. Table
VIII indiéates the general secondary-cooling practices used

for the various steel grades cast at the No. 1 Slab Caster.

It should also be noted that the containment rolls ‘in
Zones 1 to 4 are internally water cooled. Zone 5 lies out-
side the "spray chamber," and rolls are not 1nterna11y water
cooled. The machine regularly casts 235 mm thick slabs of
width 762 to 1168 mm (Strand 1) and 1219 to 1753 mm (Strand
2).

3.4 Installation of.Equipment for In-Plant Measurements

Due to the hostile and dangerous environment in the
secondary cooling system during continuous-casting operation,
access to the spray chamber—:and nearby areas is restricted.
This precludes the use of electronic or recording equipment
in the vicinity of the spray chamber. In addition, as Table
V indicates, the ambient environment for safe operation of
the infrared pyrometer system must be protected. With these
considerations 1in mind, the experimental configuration indica-

ted in Figure 18 was implemented.
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Figure 18 S‘chematic diagram of the Thermal Monitor Syétem

installation.



TABLE VIII Secondary Cooling Practices at the Inland Slab Caster
Zone Flow Rate, &/min (Pressure at Flow Rate, MPa)
Standard Practice Cb Practice Modified Cb Practice
" Grades 527-xx, 521-xx Grades 826-03, 528-01 Grades 823-01, 523-01
"762-1168 mm wide | 1219-1676 mm wide 516-07, 580-01
1 - Set. 568 568 568 568
Min. 454 454 568 568
Max 795 795 568 568
2 - Set. 1325. (.345) 1325 (.345) 1325 (.345) 1325 (.345)
Wide Min. 947 947 ) 947 947
Face Max. - - - -
3 - Set. 833 {.448) 1136 (.965) 833 (.448) 833 (.448)
Top Min. 454 : 454 ' 454 454
& Bottom 'Max. 1181 1181 1181 . 1181
4 - Set. 416 (.345) 757 (1.068) 416 (.345) 416 (.345)
Top _Min. 284 : 284 . 284 284
& Bottom Max. 769 769 769 769
5 - Set. 492 947 (.690) 492 .341
Top Min. 492 492 492 N
& Bottom Max. 1075 1075 492 k13|
Note: Standard practice, Mould powders are (994, P327 (high heat flux)

Modified practice, Mould powders are P389

(low heat flux)
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The Vanzetti system was well suited to these requirements.

The fiber-optic cables could be run from the probe tips located
inside the spray chamber to a box which waé mounted just
outside the chamber. Here the detector, heads and air pressure
regulators were mounted. The detector heads and fiber-optic
cables were supplied with the air purge connected to a nearby
valve. This configuration also allowed gain adjustment of

the detector head during in-situ calibration checks. The
electrical signals from the detector heads were run through
conduit to the electronic console located in the protected,
air—conditiohed pulpit on the main floor of the shop. The
linearized signal from the electronic console could be tapped
to provide continuous temperature recordings on chart recorders.
Casting speed and water flow-rate signals sfmi]ar]y were input
to the recorders. This location also allowed continuous
ebservation of the casting operation so that observations could

be noted on the recorders and in the log book.

A detailed representation of the probe installation is
presented in Figures 19 and 20. Figure 19, which shows the
case of Zone 3, is representative of the Zone 3 and 4 measure-
ments. A mounting bracket with a pivoting head was designed,
and could be clamped to the top or bottom of the desired
segment. The probe could be secured in a sleeve which could

be rotated to sight at the desired location. Measurements in
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Figure 19

Fibre optic
¢~ cables

‘Stainless steel
clad probes

Schematic diagram of the Vanzetti probe
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" installation in Zone 3 of the MNo. 1 Slab Caster. '



Mould

Figure 20

«+—Mould table

\\_Fibre optic
cables

Schematic diagram of the Vanzetti probe

installation in Zone 2 of the No. 1'S1ab Caster,
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Zones 3 and 4 were made at a location 10 to 15 cm from the
centreline of the broad face. The configuration of the adja-
cent spray nozzle did not allow the probe to be sighted at

the centreline. An attempt was made to ensure that the probe
tip was as close to the slab surface as possible. This nor-
mally meant that the tip was less than approximately 6 cm

from the §1ab surface. Measurements in Zones 3, 4 and 5

were carried out with the spray nozzle adjacent to the measure
ment point capped, in order that the sighting location of the
probe with respect to the impingement point of the spray did

not cause variability in the measured temperatures.

Figure 20 shows the configuration employed in the Zone 2
measurements. Because Zones 2A .and 2B consist of only 2 rows
of nozzles, it was thought that capping these nozzles would
have a significant effect on the spray heat transfer. Accord-
ingly, the nozzles in Zone 2 were not capped and the surface
temperatures were measured in the spray-impingement area. The
bracket design employed in the Zone 2 measurements allowed
the probe to be attached direct]y to the nozzles, and so it

was assumed that the measurement point was constant with
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respect to the spray-impingemernt area. A1l Zone 2 measurements

were carried out at the centreline of the broad face.

3.5 Data Collection Procedures

In order to ensure maximum utilization of man hours and



eqdipment during the vafying schedules of a high-productivity
operation, collection of data was performed on a 24-hour con-
tinuous basis. This required standardized procedures in terms

of equipment maintenance and experimental method.

3.5.1 Pyrometer Calibration and Maintenance

Before the Thermal Monitor was received by Inland
Steel, the Vanzetti system was calibrated by the manufacturer
so that a linearized output could be obtained in the expected
vange of temperatures. Gain adjustments on the Thermal Monitor
unit then aI]bweduser‘ca]ibration of the sysfem with a black-
body radiation source. However because of the hostile and
dirty conditions in plant, and the need for rapid calibration
checks during normal'operation, a blackbody source is not suit-
able for routine work. Accordingly, the manufacturer provides
a portable reference 1ight source With_which in—situ cali-
bration checks may be performed. Thebprocedure in maintain-
ing pyrometer calibration was thus to perform initial cali-
bration of all measurement probes using a standard blackbody
calibration soufce at a temperature near the middle of the
Tinearized range. The calibrated pyrometers were then used
to determine the "reference temperature" of tbe portable 1light
source. The radiant energy from this source is provided by a
12-volt tungéten filament lamp. Lamp brightness from this

source is regulated in order to eliminate voltage variations
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from the rechargeable nickel-cadmium batteries.

Initial operation of the Thermal Monitor system in the
spray chamber showed a gradual drop in measured temperatures
over a period of several casts. This was attributed to foul-
ing of the probe tips and in subsequent measurements the tips
were cleaned between each cast with "Q-tips" andbabgrease—free
solvent. This resulted in short-term reproducibility of tem-
perature measurements without the need to perform continuous
ca]ibration.checks. Calibration checks were perfokmed when
ddwhetime:aITowed,'approximateiy every 2 to 3 days. Calibra-
tion drift during these time intervals was less than 15°C when
the probe tips were regularly cleaned. The drift that did
occur is presumably due to the introduction of defects in the

fiber-optic cable during normal operation.

3.5.2 Water Flow Measurement and Control

During these experiments‘the objective was to
study effect of the spray-water variables on the amount of
heat transferred fn the secondary Cooiing zones. Because 1it-
tle control was possible over nozzle type and orientation dur-
ing the experimental period, the approach was to vary the
water flow-rate to each secondary-cooling zone in turn, when
the measurements were being carried out on that zone. For
example, when probes were located in Zone 3 the water flow-

rate set-point of Zone 3 would be set at 3 different values
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for a duration of 2 to 3 heats per set-point during a normal

6 to 8 heat cast. The chosen values of set-points were such
that the maximum range of flow rates could be obtained for

the particular zdne, under constraints imposed by the valving
systems in operation and the co-operation of the foreman. The
normal "speed-=tie" préctice was in operation during the experi-
ments, which did provide minor fluctuations in the actual water
flow rates obtained, except for the cases in which a throt-
tling, slide-gate metering nozzle was being tésted on the
tundish. It should be noted at this point that, excépt in
cases where drastic speed f]uctuationsvwere occurring due to
.events-such as nozzle-plugging and rodding of the tundish,

the temperature recordings obtained during normal operation
were not different in character than those obtained during
throttling s]ide-gate use. In the cases where drastic speed

fluctuations did occur, the data was not'used,

Three indications of the actual water flow rate obtained.
were used. The most reliable were the continuous recording
obtained on a multi-pen recorder and that stored in the on-
Tine computer. Unfortunately these two data sources were not
available during all casts and the observations of the metal-
lurgical observer on the Slab Caster "heat sheets" had to be
used in some éases. Since the Tatter cannot be regarded as
a reliable indication of the true water flow rate for a parti-

cular set-point and casting speed, composite plots were drawn
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from the three data sources to provide relationships between
casting speed and water flow rate at the various set-points
during the experiments. The accuracy of the flow rates thus

obtained is discussed in Chapter 5.

3.6 The Scale Problem

Prior to undertaking this project, it was recognized that
some error could be introduced to the measurement of slab sur-
face temperatures due to the presence of scale on the slab

surface.”’74 72,73

Recent publications by Mairy and Ramelot
have claimed that destaling of the slab surface is necessary
before the measurement point. Initial visual observations

and pyrometer measurements at the In]ahd slab caster indicated
that the extent of scale present on the slab surface was much

greater on Strand 1 than Strand 2.74

The reason for this be-
haviour was not clear. Nevertheless, some work was conducted
by Inland Research in attempting to develop a descaling de- :..

75 The results of the test work performed with this de¥

vice.
viée were inconclusive, and further experimentation was
abandoned due to the extreme difficulty encountered with its
operation. However, surface-temperature profiles measured on
Strand 2 under normal operating conditions did not indicate
the large temperature fluctuations which Maify and Ramelot

claim are due to the presence of semi-detached scale on the

slab surface. Accordingly, it was decided that accurate
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temperature measurements could be obtained on Strand 2 with
the current pyrometer system and its "peak-picking" capability.
The work reported in this thesis proceeded under those cir-

cumstances, on the inside radius of Strand 2.

After the experimental portion of this thesis was com-
plteted, the DESCATHERM (Trademark of C.R.M.) system was
obtained by Inland Research and tested on the inner radius

76 The results, which are presented in Appendix

of Strand 2.
B, indicated that under the test conditions the descaling de-
vice did not have a significant effect on the temperatures

measured.



Chapter 4

MATHEMATICAL MODEL

In order to relate the surface-temperature measurements
performed in the experimental part of this thesis to heat
fluxes and heat-transfer coefficients, it was necessary to
develop a mathematical heat-transfer model of the continuous
casting process. A one-dimensional model was chosen fdr this
purpose since the measurements had been carried out in fhe
vicinity of the centreline of the broad face. where corner

effects would be negligible.

4,1 Mathematical Model Formulation

Heat transfer in a continuously-cast slab may be descri-

bed by the one-dimensional unsteady-state heat-conduction

(2NKATY = oty T> | (8)
ax ) \ox et

If K is assumed constant over small time intervals, this equa-

equation:

tion becomes

K ’3727> o on AT (9)
ix? ot
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Solution of this second-order partial=differential equation re-
quires: knowledge of one initial condition and two boundary
conditions. For the case of continuous casting, the initial

condition is:

t = 0, T = Tpour for all x (10)

The two boundary conditions may be determined by considering
continuity of heat transfer at convenient interfaces. Thus

at the surface of the slab:
-K 3T~ = Q for all t (11)

When convective heat transfer is being considered, the surface
heat flux, Q may be expressed as the product of a heat-transfer
coefficient and a temperature difference between the slab sur-

face and surrounding medium:
Q = h (T, -T,) | (12)

If radiation is also present the surface heat flux becomes:

4

I 4
Q = h (Tg - T) +eo (T, - T,

(13)

The second boundary condition may be determined by con=-
sideration of heat transfer across the midplane of the slab
thickness. If symmetry of heat transfer to each broad face
is assumed, the net rate of heat transfer across the midplane

is 0, so that:
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3T = 0 for all t (14)
I X

Solution of the differential equations for heat conduction
has in the past been accomplished by analytical and numerical
methods. The numerical methods have proved themselves to be
the most Qersati]evin the solution of solidification problems
because theyvpermit use of varying boundary conditions, re-
lease of latent heat over a broad freezing range and tempera-
ture-dependent thermophysical properties. Of the various
numerical meth&ds, the explicit and implicit finite-difference
techniques have been employed widely in casting applications.
The implicit method has an advantage in that it is free of‘a
stability criterion that restricts the independent choice of

77 For

time and distance intervals in the explicit technique.
the purposes of the present work, which involved a large
number of computer runs of the mathematical model, this was

justification for use of the implicit finite-difference method.

4.2 Derivation of the Finite-Difference Equations

- The most élegant solution of the unsteady-state, heat-
conduction equation involves the approximation of the partial
differentia}s of Equation 9 by the use of Taylor series.77
Though the derivation of the finite-difference equation; in
this way is more rigorous in that the order of the errors in
the approximation is known, identical equations can be derived

4
by performing a simple heat balance for each node.



If a one-dimensional section through the sTab thickness
is divided fnto elements or nodes containing a nodal point at
the centre of each (Figure 21), heat balances on the interior
nodes may be derived; Similarly heat balances may be derived
for half nodes at the surface and midplane as shown. In the
absence of heat generation or consumption, the law of con-

servation states:

Rate of heat input - Rate of heat output

= Rate of heat accumulation (15)
or

.. - 9 = Aq (16)

in T Tout TR

The finite-difference approximation incorporating Fourier's
Law of heat conduction leads to, for the general case of an

interior node 1i:

N I | N2 B B U 1
A To q-- To\ - KoA/T.-To \= (A Ax)pCp T, - T, (17)

AX AX At

Ky

Here T] refers to unknown nodal temperatues at the end of a
particular time step and Ti refers to the known temperature of
node i at the beginning of the time step. The thermal con-
ductivities have been calculated as the average values between

adjacent nodes, where

a) K, = K, + K, b) K2 = Ki + K, (18)
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Figure 21 Mathematical model node convention.



Equation (17) may be arranged to give:

TASNA: Tyt K]+K£\/’At T iy =T (19)
oC N(ax)?2 oC Ax) Ax)

The heat balance for the surface half node is

1 1 . .~ p. 1 '
K]A TS"]-TS - qO = pcp A ﬁ-)i S TS (20)
AX 2 At
Rearranging, »
. 1T _
+ K K1Y + 1)TS-—TS— 2._3_ (21)
pC (AX) oC AX)2 pCpAX

- In this derivation the surface heat flux 1s'approx1mated by

ijts value at the beginning of the time step. .For the case of

the midplane half node, the heat balance is:

;- ] - -l = ’ 1 -
0 = KA/ To = Ty oCp fRMXNT, - T (22)
AX 2 At .

Rearranging

K, 2/2 8t + 1 T - (23)
oty \(8%)° (8x)*

Because each of the equations which have been derived contain

at least two unknown temperatures, none can be solved inde-
pendently. However,when all the equations are written down
a simple system of n linear equations in n unknowns results.

If we define
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A=Ky oot (24a)
. -
A
on (ax)
B = K, at (24b)
2
A
pCp (ax)
C=1+A4+8B (24¢)
D=1+2x A (24d)
E=1+2x8 (24¢)

the following tridiagonal system of equations is obtained:

1 _
ETy _TZBT1 fo
1 o )
A ho
1 T gl = f
ATy o+ (T - BTy Fiog
1 1 1 . o
- AT *CTy BTy = f; (252)
1 1 1 _
________________ AT i B T hia
1 1 _
- AT, + CT! | - BT - f
1 1 _
- 2AT{  + DT - £,
where :
o 25b
f T -2 43€>(1 (25b)
Ky
fi = T1, i=0,°°",s-1 (25¢)

This system of equations is easily solved by Gaussianm elimina-

tion. Comparison of model-predicted temperatures with an
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analytical solution to Equation 8 showed very good agreement
for the case of a slab of initial uniform temperature with
constant surface boundary hondition and thermophysical proper-

ties.

- 4.3 Characterization of Input Conditions

An important aspect of mathematical model formulation is
the manner in whfch thermophysitallproperties and boundary con-
ditions are handled. In particular characterization of the
thermal conductivity of the liquid and the release of latent
heat must be considered. Turbulent mixing in the liquid pool
makes it difficult to assign proper values to the thermal con-
ductivity. The‘release of latent heat is generally accompli-
shed by utilizing an artifically large value of heat capacity
in the region between the liquidus and solidus temperatures.
Fortunately it has been shown that the éxact form of the latent
heat re]ease78 and the exact value of the thermal conductivity20
employed in the liquid pool do not affect the calculated tem-
perature field significantly. Thus the'éffective thermal con-
ductivity in the liquid pool has been estimated from the litera-
ture to be sevén times the actual thermal conductivity of the
Tiquid metal at the particular temperature. The latent heat
has been evolved as a linear function of temperature between
the 1liquidus and solidus temperatures. The values of thermo-

physical properties used in this study are given in Table IX.



TABLE IX Thermophysical Properties Used in the Heat-

Transfer Calculations

879 to 1477
727 to 879
<727

Property Range,_?c Value
Liquidus Temperature, — 1516
| oc
Solidus Temperature, — 1477
°C
Thermal Cpndugtivity, >1516 . 260
RW/M°C 879 .to. 1516 .017 + .000012 T
<879 .064 - .000043T
.:Heat Capacity, >1516 .690
J/g°C ' 1477 to 1516 8.540

.540 --.0000941 T
7.200 - .007531 T
-1.900+ .00586 T

Density, kg/m3

7530.
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The surface boundary conditions in the present work are
evaluated as heat fluxes. The heat flux in the mould is calcu-

79 in which slab moulds

lated from the results of Samarasekera
were instrumented with thermocouples.. The relationships be-
tween surféce heat flux and time in the mould are shown in
Figure 22 for both low and high heat flux mould powders. This
data is regarded as more accurate for locations not far from
the meniscus than data which has been reported previously,

based on mould water temperature increase. Below the mould,

the total heat flux is given by Equation 13

4.4 App]ication of the Model to the Present Work

The usual application of mathematical models of the con-
tinuous casting process has been to predict the steady-state
temperature distribution of the strand for a prescribed set of
operating and boundary conditions. In the secondary cooling
zones, the normal procedure has been to ca]cq]ate an average
heat-transfer coefficient for a particular zone based on the
water flux in the zone. Mathematical mode1s are also capable
of catculating the des%red heat-transfer coefficient profile
through the secondaryvcoo11ng system based on an input tem-
perature profile which may prevent the formation of a parti-

cular defect.H

In the present work, a different approach has been taken.

The calculations were performed by a trial-and-error method
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in which a constant heat-transfer coefficient was applied
over the entire secondary cooling zone under investigation.
The heat-transfer coefficient was determined for particular
experiments by obtaining agreement between predicted and
measured surface temperatures at the top and bottom of the
zone. This approach was deemed necessary in order to calcu-
late average heat-transfer coefficients that would actually
predict the measured temperatures. If the heat-transfer co-
efficient is assumed constant over the entire zone, the:surface .
temperatures at the top and bottom of the zone will uniquely
determine thé temperature profile togethef with the value of
the heat—transfer coefficient. An iterative technique would
be necessary in order to simultaneously calculate the surface
temperature profile and a constant heat-transfer coeffi;ient
that would result in the measured temperature at the bottom

of the zone.

In order to reduce the number of computer runs in the
present study, theoretical composite diagrams were drawn
which relate heat-transfer coefficients to measured values

of casting speed and temperature for each zone.



Chapter 5

RESULTS OF IN-PLANT MEASUREMENT

The experimental work has resulted in the acquisition of
a large amount of data. The characteristics of the data (e.g.,
homogeneity of temperature traces, reliability of the measured
flow rates) from each zone varies. Therefore in order to en-
sure uniformity of data analysis, and in order to attach
significance to the variability of the data collected, standard
techniques were developed. The purpose of this chapter is to
discuss these techniques and to document the results of the

in-plant measurements.

5.1 Treatment of Casting Speed and Temperature Data

In order to minimize fluctuations in the surface-tempera-
ture recordings that could be caused by the hostile measuring
environmént or intermittent surface scale, the 10-second peak-
sense-and-hold feature of the Thermal Monitor System was utili-
zed. This is an option provided with the Vanzetti system
which maintains a maximum measured temperature reading for 10
seconds (or less, if desired), or unti]aﬁhigheriémpeﬁaﬁHVEii
measured (see Table V). The 10-second peak-sense-and-hold
feature was used during all measurements except when it was

desired to observe the local fluctuations caused by process
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transients and the possible presence of scale. The peaks

of the.temperature traces, as discussed in Chapter 3, were con-
sidered to provide an accurate measurement of the true slab-
~surface temperature; Consequently, a statistical analysis

was performed of the peaks of the temperature traces. This
enabled the reporting of a mean value, and standard deviation,

of peak temperature for the measurement period.

During normal casting operation, the metal level in the
mould was maintained by operator adjustment of the casting
speed. This results in a step-type characteristic of the
casting-speed traces. The magnitude of the step changes is not
large during usual operation, and thus periods in which small
casting speed variations occurred were regarded as “"steady-
state." A statistical analysis of the plateaux in the casting
speed traces during steady-state operation was performed.

Means and standard deviations were determined for each period

from which temperature measurements were used.

The values of temperature and casting speed are presented
in the Table of Appendix A. Means and etandard deviations of
both variables are reported for each experiment. The steady-
state period during which the reported measurements were made

was usually 5 to 10 minutes.



5.2 Flow Rate Determination

In order to relate the temperature data to specific water
f}uXes, water flow rates were monitored. Values were read
from magnetic and differential flowmeters provided for normal
shop operation. As discussed previously, it was necessary to
draw composite plots of water flow rate versus casting speed
for each set point used in each zone. This was because chart
recordings and on-line computer monitoring were not available
for all casts. The relationships are presented in the figures
of Appendix A. Because the readings of the metallurgical
observer were not regarded as reliable, the chart-recorded and
computer-stored dataIWere used to determine the relationships
shown. The scatter obtained from these sources was within 38
to 58 ®/min of the results given. Nearly all the readings of
the metallurgical observer wefe.found to be within the same
range. This gave rise to a maximum expected error of approxi-
mately 13 per cent in the case of the lowest flow rates in
Zone: 5, and 5,56 and 7 per :cent respectively for Zones 2, 3

and 4.

The water flow rates theoretically obtained are given by
the "speed-tie" equation:

F =‘FC(—0.50 + 0.030(CSP)) (26)

It should be noted that the relationships given in Appendix A
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differ from the theoretical values of water flow rate determined



by the above equation. The average water fluxes which are
reported were determined by dividing the overall flow rate to

the zone by the surface area of the entire zone.

-
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Chapter 6

CALCULATED RESULTS AND DISCUSSION”

6.1 Sensitivity of the Calculations to Previous Thermal

History

The calculation of heat-transfer coefficients from the
measured surface temperatures required use of the mathematical
;heat-transfer model which has been described ih.Chapter 4. In
order to calculate the heat-transfer coefficient corresponding
to a particular set ef measuréments, the boundary conditions
for the sécondary cooling system were Qaried.to obtain the
desired slab Surféce temperature.at the entrance'aﬁd exit of
each spray zone.. Thus prediction of the correct temperatures
at the top and bottom of Zone 4, for example, required choosing
the appropriate boundaky conditions,in Zones 3 and 4. However,
| the boundary conditions for all zones prior to the one under
study also must be given to fhe model. It'Was therefore of
concern that inaccurate knowledge of the thermal history of the
strand would cause 1naccuracies in determining the "true" heat-
transfer coefficient of a given spray zone. This possibility

was studied systematically.

The effect of the pouring temperature of the steel on the
model predictions was first considered. During the experi-
mental period‘repofted tundish temperatures ranged from 1535 to
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1568°C. A statist1¢a1 analysis of tundish temperatures mea-
sured during the ekperimenta] period resulted in a mean tem-
perature of 1550 + 12°C to a 95 per cent confidence level. The
range of reported temperatures resu]teg in_mode14pred1cted
temperatures with maximum errors of +10, +5, andti3°C for Zones
2, 3, and 4, respectively. Because these deviations are ap-:
proximaté]y constant over the length of each zone, and because
calculated heat-transfer coefficients are determined by tem-
peratures measured at both the entrance and exit of the zones,
these deviations are not considered significant. In parti-
cular, Zone 2, which is most affected by an error in tundish
temperature“inpﬂt;is also more sensitive to the temperature
measured at the top of the zone, as discussed in the next
section. Thus the calculated values of heat-tranéfer coeffi-
cients are less sensitive to tundish temperature than are the
predicted temperatures. A pouring temperature of 1550°C

was used in all simulations.

The procedure for evaluating the effect on the heat-
transfer coefficient of a given spray zone of thermal history
in preceding cooling zones is illustrated by considering the
particular case of Zone 3. In order to evaluate the effect
of thermal history on the temperature profile in Zone 3,
three different temperatures at the entrance to Zone 3 were
selected, and the model was run for each for a wide range of

temperatures at the top:of:Zone Zan;ittwaSpfoundithatfwhén

temperatures at the entrance to Zone 2C were varied by +100°C



the temperatures at the exit of Zone 3 varied by a maximum of
+6°C for a_giVen température at the.top of Zone 3. The sensi-
tivity became less as entrance temperatures in Zone 3 dropped
below 1000°C. Therefore it was concluded that predicted tem-
perature profiles and calculated heat-transfer coefficients
are not significant1y affected by the thermal history of the

slab prior to its entering Zone 3.

Similar checks showed that the predicted temperature pro-

files in Zones 4 and 5 are less sensitive to thermal history
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than the profile in Zone 3. The sensitivities of exit tempera-

‘tures in Zones 2B . and 2C to entrance temperatures in Zones 2A
and 2B was similar to the case of Zone 3. Though the next
section will indicate that heat-transfer coefficients calcula-
ted in Zone 2 are more sensitive to temperature than those of
the other zones, the fact that temperatures were measured
sfmu]taneous]y over the entirety of Zone 2 means that the
thermal history is known. Thus heat-transfer coefficients
calculated simultaneously for Zones ZA,AéB,.and 2C will be
uniquely determined. ~Thus it may be concluded that results

reported in the-remainder of the present work are not signi-

ficantly affected by the "unknown" thermal history of the slab.

6.2 Theoretical Relationships Between Heat-Transfer

Coefficients and Temperatures

The trial-and-error method for the calculation of
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heat-transfer coefficients necessitated a means of obtaining

a good initial approXimation“ of a particular value for parti-
cular experimental conditions and measurements. The approach
taken to solve this problem was tovdetekmine the relationships
between the average heat-transfer coefficient and the exit
temperature of the slab for each secondary cooling zone. These
relationships are shown graphically for different casting speeds
in\Figurés 23 to 28. Thus for given measured values of casting-
speed and slab-surface temperatures at thé entrance and exit

of a particular zone, it is possible to éstimaté the appropri-
ate heat-transfer coefficient from these figures. Also, Fﬁgdres
23 to 28 may be used to evaluate the sensitivity of the heat-
transfer coefficient to the measured values of temperature. A"

7 worthy point of note is that the heat-transfer coefficient is
much more sensitive to surface temperéture at the end of a zone
than to either the casting.speed or the temperature at the top
of the zone.  The sensitivity is dependent on both the position
of the zone (i.e., distance below the meniscus) and the zone
length. Thus heat-transfer coefficients for Zone 2 are more
sensitive to the measured values of temperature than those of

Zones 3 or 4.

6.3 Approach ‘to:Calculation of ‘Average-Heat-Transfer

Coefficients for Zone 2

S]ab-surface temperatures in Zone 2, as has been mentioned,
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were measured in the spray-impingement area. Because it was
expected that_there would be large differences between the
amount of heat extracted in the sprayed and the non-sprayed
areas, these measureménts were not considered suitable for
direct determination of average heat-transfer coefficients.
This was furthef complicated by the fact that the measure-
ment points were not at the "boundaries" between Zones 2A, 2B
or 2C. The boundaries in Zone 2 are considered in the present
modelling work to be at the point of roll contact between

nozzles of the different zones.

The approach to calculating heat-transfer coefficients
in Zone 2 was thus to initially determine local heat-transfer
coefficients in the spray-impingement area. This was accom-
plished by forming many "Subzones" in each of which the heat
flux could be independently evaluated. The local heat-
transfer coefficient in the spray-impingement area was deter-
mined by varying the boundary condition to achieve the desired
temperature at the centre of the pyrometer sighting area. In
the non-sprayed areas, the temperature rises due to the much
smaller heat fluxes obtained in the presence of only radiation,
roll contact, and convection to water running down the surface.

48 66 indicate

The works of Etienne et al. and Diener et al.
that the amount of heat removed by convection and roll contact

in’the non-sprayed areas is very small this high in the machine.
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In fact, preliminary calculations based on these works indicate
that heat fluxes in the'non-sprayed areas would be about 5 per
cent of those in the sprayed areas. Approkimate]y one-hgaglf of
this 5 per cent would be due to radiation. Thus the exact
characteiizdfion,dfheat transfer in the non-sprayed areas is
not significant in determining the overall temperature profile,
or the value of the local heat-transfer coefficient. On this
basis, the predictedbprofile determined from the local heat-
transfer coefficient in the sprayed area and radiation heat
transfer in the non-sprayed area was used to estimate the
temperatures at the entrance and exit of each zone. These
calculated temperatures were then used, assuming a smoothed
'profile as in the calculations of the dthér zones, to deter-
mine the "average" heat-transfer coefficient of Zones 2A, 2B
and 2C. This approach has allowed an 6vera]1 correlation be-
tween average heat-transfer coefficient and average water flux
for each zone to be 6btained. It has also allowed comparison
of values of local heat-transfer coefficient determfned from
these industrial measurements to those obtained in laboratory
studies. Furthermdre, the existence and significance of the
local temperature profile as the slab passes through regions
of varying cooling intensity has been brought out. These

points will be discussed in detail later.
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6.4 Correlations Between-Heat4Transfer Coefficients and

Spray'Water*FTukes'

Heat-transfer coefficients were calculated for each experi-
ment and related to the pertinent operating parameters by use
of the procedures discussed in the previous sections. The numeri-
cal results of these calculations are presented in Tables X to
XV. Tab]es,X,vXI and XII give the casting conditions, measured-
surface temperatures of the slab at the start and end of the
zones, and calculated average heat-transfer coefficients for
Zones 3, 4 and 5, respectively. Tables XIII, XIV and XV give
similar data for Zones 2A, 2B and 2C. 1In the latter tables
the -Tocal heaf—transfer coefficients, calculated temperatures
at the top and bottom of the zone, ana corresponding average
heat-transfer coefficiehts are given, in addition to the rele-

vant operating data.

The eXperimenta] limitations of this work. did not allow
independent study of spray variables such as spray pressure,
nozzle type or nozzle setback for a particular zone. Any
effect that may have been due to differences in these variables
betWeen the different secondary coo]ing zohes was not discern=
able. The observable spray-related differences in heat;tranéfer
coefficients that‘were determined could be attributed entirely
to the spray water flux obtained in the different zones. .The

effect of variables such as spray pressure, nozzle setback and



TABLE X Zone 3 Measured and Calculated Results
Cast Casting Average Temperature,- °C -Average Average
Speed Water Flux Heat Transfer Heat Flux
. 2 Entering "Exiting Coefficient 2
(m/min) {t/m<s) Zone . Zone (kW/m2K) M/m€)
9732 1.34 0.94 917 964 .225 .332
' 1.27 1.05 891 945 .235 .33
1.33 1.57 947 915 .283 .367
1.48 2.00 916 866 364 .416
9737 1.42 1.65 1041 926 .288 .385
9738 1.52 1.19 1050 950 273 .383
9757 1.40 1.62 994 854 " .374 .423
_ 1.40 1.97 1000 800 .480 .477
9757 1.44° 1.17 1003 1024 172 .314
9760 1.25 1.03 920 949 .229 .329
1.35 1.57 946 934 4263 .357 .
1.36 1.96 970 892 .320 .391
9763 1.57 1.26 1043 1045 .165 .319
1.36 1.58 1038 953 .246 .357
1.56 2.03 1047 903 .340 .423
9974 1.49 1.2 819 993 .200 .314
1.44 1.66 832 926 .279 .359
9777 1.51 1.22 825 981 .217 .326
1.55 1.79 803 934 .281 .362
1.51 2.01 814 911 :306 .375
9781 1.39 1.13 857 962 .228 .331
' 1.47 1.70 881 918 .296 .376
1.40 1.97 821 862 .351 .393
9786 . 1.38 1.12 839 827 .409 .423
9787 1.49 1.21 824 - 906 L300 .377
9788 1.37 1.1 839 - 993 .190 .337
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TABLE XI Zone 4 Measured and Calculated Results
Cast Casting Average Temperature, °C Average Average
Speed Water Flux - Heat Transfer Heat Flux
S Entering Exiting Coeffigient 2,
{m/min) {(2/m°s) Zone Zone (kW/meK) MW/m<)
9810 1.52 1.52 785 778 414 .376
1.73 1.52 812 795 415 .389
1.52 1.33 882 905 .227 .291 -
9851 1.33 1.52 903 748 481 .426 -
1.46 1.62 868 866. .263 .307
1.42 1.27 857 898 .217 .253
9856 1.52 1.00 942 942 195 .284
9857 1.56 1.52 923 877 .277 .330
1,60 1.38 898 951 -.180 .276
9858 1.54 1.52 912 873 .276 .324
1.52 1.33 896 896 241 .302
9859 1.49 1.52 842 751 .488 .426
) 1.42 1.27 860 835 306 .326
9860 1.45 0.96 945 937 .194 .282
9861 1.40 0.93 958 955 .169 .267
9862 . 1.57 1.52 928 894 .259 .321
1.35 1.23 922 900 223 .289
. 1.48 0.98 897 907 .223 .291
9863 1.38 0.91 927 957 .158 .252
9901 - 1.44 0.95 814 914 .184 .248
8902 1.73 1.52 861 788 .450 .419
" 1.48 1.30 872 796 .397 .383
1.60 1.05 849 851 .298 .325
9903 ©1.63 1.52 872 763 .497 .444
1.22 1.15 844 900 .187 .249
1.47 1.52 864 712 .589 .482
9906 1.60 1.52 905 805 404 .397
1.59 1.52 . 8717 783 446 415
1.56 1.35 888 81 .380 .379
9907 1.65 1.52 890 819 .378 .381
1.30 1.46 831 786 .374 - .354
1.49 1.52 811 767 44 .395
1.38 1.24 850 862 .250 .291
9910 1.49 1.52 1016 819 .389 .408
1.43 1.27 1022 858 .310 .363
1.46 0.97 1018 895 . 266 L340
9911 1.47 1.52 912 736 .544 .468
1.52 1.33 846 734 .534 .453
1.52 1.00 755 802 .536 .336
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Zoné 5 Meaéured and Calculated Results

JABLE XII
Cast Casting Average Temperature, °C Average Average
Speed Hater Flux S Heat Transfer Heat Flux
( 5 » Entering Exiting Coeffigient 2
m/min) {2/m°s) lone lone {kW/méK) {MW/m<)
0288 1.45 0.87 862 844 .215 .255 -
1.44 0.95 807 835 .219 .250
0299 © 1,55 0.95 s 771 .338 .320
1.52 0.95 764 762 .338 3N
0314 - 1.53 0.95 696 761 .320 .287
1.57 0.95 687 760 .322 .287
0317 2 1.30 0.45 779 787 .268 .269
o 1.45 0.57 779 807 .262 .2n
0401 1.30 -0.27 843 865 .168 .223
0402 1.47 0.27 922 873 - .192 .254
0403 1.60 0.58 807 836 .238 .266
" 1.46 0.58 797 818 .250 .267
0404 1.51 0.57 789 857 .194 .236
: 1.34 0.56 783 825 .218 .243
0406 1.57 0.47 754 841 .216 . 245
1.37 0.48 ° 765 838 .200 .232
1.61 0.58 715 . 836 .233 .259
0417 1.45 0.53 768 815 .247 .261
. 1.49 0.58 768 798 .279 .280
0449 1.61 0.58 853 819 .273 .292
1.45 0.58 808 796 .284 .287
0451 1,61 0.58 ‘870 810 .295 .303
1.60 0.58 813 812 .277 .289
0452 1.40 0.27 950 807 .280 ".300
0453 1.44 - 0.53 769 797 2273 .276
1.42 0.58 726 787 272 .266
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TABLE XIIT Zone 2A  Measured and Calculated Results
Cast | Casting Local Measured Local Heat| Calculated Temperature Average Average Average
Speed | Water Flux Temp., Transfer °C) _ Water | Heat Transfer Heat
2 Coefficient [ Entering Exiting Flux Coeffigient Flux,
{m/min){ (a/m%s) {°¢) (kW/mK) Zone Zone (2/m?s) {ki/mK) i /m)
9950 1.32 15.00 746 3.170 841 712 7.85 1,600 1.304
9951 1.33 15.09 741 4.850 933 704 7.90 2.580 1.972
1.57 16.79 844 2,450 932 877 8.79 1.170 1.119
9954 1.55 16.64 821 3.400 934 820 8.1 1.630 1.453
9966 1.46 16.02 710 4.450 754 697 8.39 2.280 1.642
1.40 13.45 737 4,080 846 725 7.04 2.094 1.607
1.53 18.47 758 3.660 850 755 9.67 1.905 1.519
9567 1.66 11.88 848 1.980 859 907 . 6.22 1.027 0.990
1.47 13.76 793 2.790 855 815 7.20 1.410 1.209
1.53 16.52 761 3.480 833 762 8.65 1.820 1.457
9968 1.40 15.56 786 3.000 873 796 8.14 1.498 "1.268
1.46 17.88 . 761 3.500 838 757 9.67 1.830 1.456
9970 1.34 13.20 798 2,250 828 847 6.90 1.100 0.983
1.47 16.06 787 3.070 874 796 8.41 1.550 1.307
1.48 18.03 731 4,600 842 713 9.44 2.280 1.719
99N 1.51 13.95 780 3.150 840 790 7.30 1.590 1.317
1.43 15.79 788 3.024 867 800 8.27 1.500 1.270
1.46 17.88 737 4.570 838 697 9.36 2,450 1.810
9972 1.47 11.14 782 3.080 854 793 5.85 1,550 1.292
1.49 13.81 772 3,350 841 778 7.23 1.663 1.362
1.50 16.31 744 3.540 820 752 8.54 1.875 1.473
9973 1.33 13.16 768 3.180 834 769 6.89 1.637 1.324
1.53 16.52 765 3.450 835 766 8.65 - 1.790 1.439
1.52 18.34 788 3.080 854 798 9.60 1.550 1.301
9974 1.45 1.1 865 1.550- 841 950 5.81 0.775 0.794
1.40 13.45 854 1.610 847 948 7.04 0.767 0.787
1.48 16.16 766 3.420 830 770 " 8.46 1.710 1.379
9976 1.52 16.45 790 3.000 882 811 8.6 1.480 1.2
1.57 18.81 835 1.990 847 908 9.85 0.974 0.939
9977 1.60 14.30 787 3.050 850 794 7.49 1.618 1.351
1.60 17.00 793 3.170 863 802 8.90 1.570 1.327
1.53 18.47 756 3.740 ‘855 752 9.67 1.935 1.540
9978 1.45 1.1 176 3.120 843 783 5.81 1.610 1.327
1.54 16.58 767 3.470 834 767 8.68 1.780 1.430
1.61 13.95 . 755 3.800 841 749 7.30 1.925 1.519
9980 1.44 13.64 849 1,670 841 928 7.14 0.843 0.837
1.49 16.24 789 3.060 859 807 8.50 1.483 1.261
1.48 18.03 763 3.560 842 765 9.44 - 1.770 1.424
9982 1.47 11.14 827 2.140 854 879 5.85 1.050 0.978
1.57 14.20 750 4.000 847 743 7.44 2.033 1,595
1.54 16,58 770 3.390 841 m 8.68 1.765 1.426
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TABLE XIV - Zone 2B Measured and Calculated Results

Cast Casting Logal Measured | Local Heat Calculated Temperature Average Average Average
Speed Water Temperature Transfer °C Water Flux | Heat Transfer Heat Flux

Flux COe,ffigient Entering Exiting 2 Coeffi;éient 2

{m/min) (2 /m?) (°C) {ki/m<K) Zone Zone (2/m°) (kW/m<K) {MW/m°)

9950 1.32 16.00 723 4.870 772 758 4.46 1.380 1.077

9951 1.33 16.09 725 4,400 704 m 4,49 1.230 0.95)

1.57 17.9 731 7.800 877 nz2 4,99 2.165 1.646

9954 1.55 17.75 742 6.000 820 766 4,95 1.680 1.344
9966 1.40 14,35 763 2.720 725 853 4,00 0.725 0.630

1.46 17.09 739 2.330 697 850 4.1 0.648 0.555

1.53 19.70 752 4,380 755 790 5.49 1.210 0.975

9967 1.66 12,67 877 2.950 907 933 3.53 0.762 0.786

1.47 14.68 804 2.960 815 B Yk 4.10 0.788 0.733

1.53 17.62 761 4,050 762 804 4.91 1.120 0.923

9968 1.40 17.70 768 4,340 796 797 4,63 1.175 0.977

1.46 19.07 720 5.750 757 3 5.32 1.645 1.233

9970 1.34 14.08 807 3.180 847 868 3.93 0.820 0.765

1.47 17.13 773 3.770 796 817 4,78 1.080 1.080

1.48 19.23 702 5.300 n3 . 738 5.36 1.480 1.094

9N 1.51 14.88 806 2.530 790 908 4.15 0.650 0.626

1.43 16.84 795 3.030 800 867 4.70 0.793 0.772

1.46 19.07 710 4,820 697 745 5.32 1.360 1.006

9972 1.47 11.88 873 0.920 793 1019 3.32 0.275 0.350

1.49 14,73 842 1.290 778 . . 994 3.9 0.370 0.418

1.50 17.39 788 2.350 752 © 887 4,85 0.643 0.592

9973 1.33 14.04 770 3.380 769 v 826 3.91 0.930 0.793

1.53 17.62 765 3.900 766 812 4.9 1.080 0.900

1.52 19.56 715 7.300 798 n2 5.45 1.965 1.462

9974 1.45 11.85 894 2.540 950 963 3.30 0.635 0.701

1.40 14.35 877 3.000 948 918 4.00 0.775 0.798

1.48 17.23 ns 5.580 770 . 748 4,81 1.535 1.180

93.76 1.52 17.54 762 5.090 811 778 4,89 1.395 1.134

1.57 20.06 742 7.800 908 n3 5.60 2.165 1.657

9977 1.60 15.25 865 1.290 794 999 4.26 0.358 0.418

1.60 18.13 839 2.100 802 944 5.06 0.565 0.579

1.53 19.70 768 3.440 752 832 5.49 0.940 0.800

9978 1.45 11.85 860 1.000 783 1018 3.30 0.265 0.339

1.51 14.88 817 1.340 749 n 4.15 0.360 0.393

1.54 17.68 818 1.800 767 944 4.93 0.485 0.496

9980 1.44 14.55 990 0.670 928 1093 4,06 0.202 0.362

1.49 17.32 886 1.000 807 1020 4.83 0.298 0.377

1.48 19.23 809 1.870 765 940 5.36 0.459 0,501

9982 1.47 11.88 957 0.725 879 . 1on 3.32 0.220 0.341

1.57 15.15 838 0.650 743 1017 4,23 0.198 0.266

1.54 17.68 849 1.000 mn 1008 4,93 0.275 0.340
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Zone 2C Measured and Ca]cu;lated Resulfs

TABLE XV
Cast Casting Lotal Measured Local Heat Calculated Temperature Average Average Average
Speed Water | Temperature Transfer (°c) Water Flyx | Heat Transfer | Heat Flux
Flux2 . Coefficient Entering Exiting 2 Coefﬂ%ient 2
{m/min) | ( 2/m"s) {°c) (kW/m2K) Zone Zone (2/ms) (kM/m2K) (MW/m€)
9550 1.32 9.92 821 0.850 758 1060 2.39 .150 .254
9951 1.33 9.98 790 2.400 177 971 2.40 .390 .444
1.57 11.11 747 2.500 712 961 2.67 .397 .429
9967 1.66 7.86 922 1.800 933 1062 1.66 .300 .436
1.47 9.10 792 4.230 873 868 2.19 .690 .674
1.53 10.93 775 3.500 804 903 2.63 575 574
9968 1.40 10.29 847 1.230 797 1046 2.48 .225 .329
9970 1.34 8.72 79 3.800 868 884 2.10 .625 .626
1.47 10.63 849 1.320 849 1047 2.56 .240 .348
1.48 11.93 3 3.700 738 863 2.87 .608 .561
99N 1.51 9,22 798 4.120 908 884 2.22 .675 .676
1.43 10.45 807 3.150 867 936 2.52 .510 .556
1.46 11.83 743 3.300 745 896 2.84 .520 .506
9972 1.47 7.37 845 4,200 1019 893 1.78 .685 714
1.49 9.13 780 5.620 984 809 2.20 .965 .872
1.50 10.79 768 5.030 887 809 2.60 915 .808
9973 1.33 8.70 789 2.980 826 927 2.09 .485 .516
1.53 10.93 773 3.600 812 897 2.63 .595 .590
1.52 12.13 .750 1.920 712 978 2.92 .328 .374
9974 1.45 7.35 858 3.440 963 943 1.77 .562 .630
1.40 8.89 869 2.700 98 . 974 2.14 .461 .545
1.48 10.69 754 2.980 748 919 2.57 .485 .492
9976 1.52 10.88 750 3.850 778 875 2.62 .625 .598
1.57 12.45 749 2.500 ns3 953 3.00 410 .437
9977 1.60 9.46 798 4,680 999 872 2.28 .760 .766
1.60 11.25 776 5.150 944 838 2.Nn .865 .810
1.53 12.22 753 5.000 832 818 2.94 .870 .768
9978 1.45 7.35 847 4.070 1018 1016 1.77 .380 .503
1.51 9,22 809 4.410 971 872 2.22 710 N2
1.54 10.97 780 5.280 944 820 2.64 .910 .827
9980 1.44 9,02 938 3.200 1093 984 2.17 .505 .628
1.49 10.74 853 3.940 1020 916 2.58 .635 .688
1.48 11.93 857 2.750 940 977 2.87 440 .525
9982 1.47 7.37 906 3.410 1071 966 1.78 .540 .645
1.57 9.39 826 4,700 1017 861 2.26 .775 N
1.54 10.97 189 5.960 1008 802 2.64 1.020 .916

L1l
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nozzle type was thus considered to be incorporated in the spray

water fluk.

The variables other thén water flux, that the literature
indicates " may affect the heat-transfer coefficient, are spray
water temperature and slab surface temperature. It was also
thought possible that slab width might cause an effect because
wider slabs tend to bulge more and would pefhaps lose more
heat to the rolls. The influence of spray water temperature
could not be assessed because under steady-state conditions
the temperatuke was nearly constant at 27°C. ft was found
that the steel grade, stab width and slab surface temperature
did not affect the heat-transfer coefficient. It should be
noted that in the latter case the surface temperature referred
to is that at the entrance to the zone under study. Although
the surface temperature at the top of the zones did not in-
fluence the heat=transfer coefficient, this does not mean that
there is no effect of surface temperature anywhere in the
secondary cooling system. It is conceivable that if the local
temperature fluctuations the slab experiences as it passes
through regions of direct spray-impingement, roll contact and
convection cause the temperature to drop below thé Leidenfrost
temperature intermittently, there will be a surface tempera-
ture effect. However under the éonditions of this study it is
not possible to quantify this effect in terms of measured

values of temperature at the entrance of the zones. This is
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an important point and will be discussed in detail later.

Attempts to correlate the heat-transfer coefficients to
spray water flux were carried out using linear and logarithmic
regressions. It was found that the best fit was obtained
when the data from all zones was correlated by linear regres-
.5ion. The regression line and data are p1o£ted in Figure 29.
The regression equation for the entire data set wés found to

be
h = 0.084 + 0.187-W + 50%, r2 = 0.75 (27)

Figure 29 also shows the range of water flow rates that were

attained in each zone.

Correlations were also obtained from the data sets for
individual zones. The data and regression lines of Zones 3,
4, 5 and 2 are shown in Figures 30, 31, 32 and 33 respectively.
In these zdnes, the best correlations obtained between average

heat-transfer coefficient and average water flux were as

follows:
Zone 3 h = 0.2130%-06% 4259 | 22 g.e0 . (28)
Zone 4 h = 0.2124'-42% +40% , r2= 0.31 -(29)
Zone 5 h = 0.182 + 0.122 W +25% , r°= 0.31  (30)
Zone 2A h = 0.2744°-83¢ +40% , r2= 0.21  (31)
Zone 2B h =-1.279 + 0.474W  +50% , r2= 0.35  (32)
Zone 2C . - No correlation found o
Zone 2 = 0:080 + 0.188K .360% 5 ¥2=-0.60. - (33)

(overall)
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The equations given above refer to average values of heat-
transfer coefficient and water flux for each zone. The values
of heat-transfer coefficient reported are exclusive of radia-

tion.

The local heat-transfer:coefficients that were obtained
in the spray-impingement areas of Zone 2 were also plotted
versus local water flux. Figure 34 shows the result, from

which it is evident that no correlation was found.

The heat-transfer model also enabled determination of the
average heat flux in the zdne_for each run that was made. The
heat f]uX'incorporates the effect of all heat-transfer mecha=:
nisms. This was correlated fo the average water flux in the

experiments by the equation: \

Q = 0.187 + 0.139 W ~*35% , r2 = 0.79 (34)

The data and regression line are shown in Figure 35.

It should be noted that the convention of adopting error
bands in this work rather than confidence limits is not with-
out mathematical justification. One of the standard assump-
tions in conventional analysis of regression equations is that
the residual error of the dependent variable is independent

80

of the value of the independent variable. On the basis of

this assumption, standard errors of the regression coefficients,
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confidence intervals, F-tests, etc., may be calculated. Obser-
vation of Figure 29 indicates that this assumption is not valid
in -this studyf The Durbin-Watson d-statistic enables statisti-
cal tests for serial correlation to be performed. A Durbin-
Watson test of the present data set at a 5 per cent level of
significance gave s1gn1f1cant evidence of pos1t1ve serial

correlation. Thus the use of confidence 1htervals is not justi-

fied.

6.5 Adequacy of the Regression Equations

Although several regression equations have been derived,
no indication haé yet been given of the "best" representation
of the real behaviour of the secondary cooling systém. The rz
value of the overall regression eduation is a good criterion,
but a matter of concern is the ability of the overall equation
to predict the heat-transfer coefficients and temperatures of
the slab in the individual zones. A further point of concern
is the ability to rationalize the scatter that was observed in
the data. Valuable information may be extracted if the charac-
teristics of each equation are considered. The first point
to note is that the scatter resuliting from the measurements 1is
different in each zone. Secondly, the overall regression equa-

tion‘appears to predict the behaviour of individual zones ac-

. curately only under certain water flow-rate conditions.
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The latter point can be seen by comparing plots of the
individual and overall regression equations, Figure 36. In
some instances the magnitudes of the predicted heat-transfer
coefficients agree (Zones 2A, 2C and 2B at higher flow rates,
Zone 4 at high flow rates). In other cases, the response of
the heat—transfer coefficient to changes in water flux approxi-
mately agrees for the individual and overall equations (Zones
2A, 3). The difference between the overall and individual
equations possibly results from the statistical analysis.
Figure 29 shows that over 80% of the range of water flow rates
obtained was for Zone 2i Consequently, the results from Zone 2
have a proportionate]y ]arge effect on.the overall regression
‘equation. This may obscure the results obtained for Zones 3,

4 and 5. The behaviour of these zones, however, is very im-
portant because they comprise a large part of the secondary
cooling system. Thus the individual regression equations and
scatter corresponding to each may have real significance, and

require further attention.

In order to gheck the ability of the overall regression
equation to prediét the real behaviour of fhe secondary cooling
system, the surface temperatures measured during the experi-
ments wefe compared to the predicted values and the expected
scatter (+ 50%). Figure 37 shows the calculated surface-
temperature profile for a slab cast under standard operating

conditions at 1.52 m/min, as well as the maximum expected
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deviation due to the + 50% scatter associated with the overall
regression eqqation.. It is seen that the magnitude of the ex-
pected error in temperature measurement is approximately uniform,
despite the fact the magnitude of the expected error in the
_heat-transfer coefficient is larger at larger values of heat-
transfer coefficient. This is because the sensitivity of the
temperature to heat-transfer coefficient is less in Zone 2, as
Figures 23 to 28 indicate. In Zone 2, a larger temperature
gradient obtains through the solidified shell, because the slab
surface is closer to the solidification front. Therefore heat
is transferred to the slab surface at a greater rate and more
heat must be removed from the surface to obtain a given reduc-
tion in surface temperature. However, the predicted scatter
band is still large (about 200°C). The range of measured
temperatures in Zones 3, 4 and 5 is also shown in Figure 37

and evidently is not as large as the range predicted. It .5 :..
should be noted that two scatter bands are shown at the 4/5

and 5/6 positions,* which correspond to the measurements in
Zone 3 (left side) and Zone 4 (right side). Three scatter
bands are shown at the 0/1 position; These correspond to
calculated 0/1 temperatures determined from temperatures
measured in the spray-impingement region in Zone 2 (1eft),

actual 0/1 measurements in Zone 2 experiments (centre), and

*Notation of the form 4/5 indicates a position between seg-«
ments. For example, 4/5 refers to the position between o
Segment 4 and Segment 5.
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Zone 3 experiments (right). The predicted temperatures in
Zone 2 are seen to lie in the centre of the actual 'scatter:bands
and.'the.actual and!the regression - predicted scatter bénds
approximate]y correspond. However in Zone 3 and much of

Zone 4, actual témperatures 1ie above the predicted values,
and the scatter is much less than predicted. Similarly, in
Zone 5 the measurements exhibit less scatter and are equal

to or slightly Tess fhan those predicted by the overall re-
gression equatibn. These findings'agree with the observations
made earlier about the locations of the individua] regression

equations with respect to the overall equation (Figure 36).

Therefore it seems clear that the overall regression
equation cannot accurately predict the behaviour of the indi-
vidual secondary cooling zones. If there is a real dif-
ference in the behaviour of each zone, there should be a
phenomenological cause. Because the range of water flow
rates obtained in Zones 3 and 4 overlap, it is possible,
for a given water flow rate, to test if the differences in
heat-transfer coefficient obtained in each‘zone are statisti-
cally significant. A t-test was performed and it was found
that the mean value of héat-transfer‘coefficient at the
highest water fluxes in Zone 4 is significantly different
than the mean value in Zone 3 ét the same water flux. This

result, and the comments associated with the predicted and
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measured temperatures of Figure 37, lead to the conclusion
that the individual regression equations for each zone provide
the best represehtation of heat extraction in the secondary
cooling system. Because the scatter was large and the cor-
relation poor for Zones 2A, 2B and 2C, a single equation has

been used to represent the overall behaviour.of Zone 2.

Figure 38 shows the predicted temperature profile for
normal operating conditions using the individual regression
equations fdr‘each zane. The ekpected scatter predicted by:
the regression equations and the scatter of measured temperature
is é]so indicated. The real behaviour is more adequately
predicted in this figure than in Figure 37. It is therefore
conc]udedbthat Equations 28, 29, 30 and 33 are the best kepre—
sentation of the behaviour of the secondary cooling system

of the Inland Slab Caster.

The fact that the heat-transfer coefficients are affected
differently by water flux in each secondary'cooling zone points
- to the possible existence of a phenomenological difference in
the spray-cooling meéhanism. A dissimi]ab heat-flow mechanism
may also explain the difference in scatter that;wasvobtained in
each zone. In order to obtain an estimate of the possible
phenomenological contribution to the total scatter observed in
individual zones it is useful to account systematically for

the-error caused by known error sources.
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6.6 Analysis of Experimental Error

6.6.1 Sourcésrof Scatter

Su;face—temperature measurements such as those
reported here are subject to numerous sources of experimental
error. A resultant error in a calculated heat-transfer co-
efficient is a manifestation of the error in the temperature
measurement from which it was obtained. The possible causes

of measurement error are:

: i) Error in the Vanzetti measurement system.
ii) Presence of semi-detached scale on the slab
surface.
iii) Inaccuracy of water flowrate determination.

iv) Casting speed determination.

Other factors which have been noted to affect the

measured values of temperatureS]

are temperature distribution
across the slab, and unsteady casting operation. However
since an effort was made during this work to measure tempera-
tures at the same Tocation with respect to the slab centre-
line, and at steady-state-conditions (i.e., not during process
transients or during the first heat of the cast), these are
not major influencing factors. Also, there are no inside/

outside radius effects since all measurements were obtained

on the inner radius.

The actual value of the temperature that is measured
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may be influenced by other factors. These are:

i) Machine considerations.

ii) Boiling heat-transfer mechanism.

The first factor includes such prob]ems'as bent or plugged
spray nozzles, and differences in alignment and resulting roll
contact when different segments are in the machine. The geo-
metry of the machine itself, which includes ¥oll size and noz-
zle setback, may influence heat transfer in éomp1icated ways
that are not easily discernable. The second factor is highly
variable in nature and is comp]icatedAfgrther by the local

temperature fluctuations between sprayed and non-sprayed areas.

6.6.2 Accountability of Error

The maximum expected error in the regressionsugf
the heat-transfer coefficient may be determined from the maxi-
mum expected deviation of temperature due to measurement error.
A summary.of the analysis is presented in Tab]é XVI. The maki—
mum expected errors in temperature measurement are shown for
each error source and zone, and are summed and converted to an
expected maximum error in heat-transfer coefficient. It should
be noted that the maximum error will be propagated such that
temperature is reduced, because the effects of calibration
drift and scale will be only to reduce the measured temperature.

The percentage decrease in calculated h due to accumulated



TABLE XVI Summary of the EstimationAof Maximum Expected Errors

Factor Zone 2A | Zone 2B | Zone 2C Zone .3 Zone 4 . |.Zone 5
Error in Vanzetti System
(7,°C)
- system accuracy 13 13 13 13 13 13
- calibration drift 15 15 15 15 15 15
Error due to scale :
(T,°C) . 5 5 5 5 5 5
Effect of casting speed
resolution error 4 4 4 4 4 4
(Taoc) N
Effect of water flow rate
error associated with 7 7 7 b 13 6
casting speed error
(1,°C)
Effect of error in water
flow-rate determination 17 16 12 8 23 6
(T,°C)
Total tem?erﬁture error 61 60 56 50 73 49
°C
Total ervor in h
(kM/m2K) 270 265 150 65 145 70
Percentage error in h
- low.W, 22 38 37 30 - 32
-~ high W 14 24 23 19 40 23

81
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measurement error therefore will be less than the percentage

increase.

The Vanzetti measurement error is composed of the system

.accuracy (+ 1.5%)70

and the maximum drift between successive
calibration checks (Section 3.5.1). The error due to scale
presence on Strand 2 is estimated from investigations per-

74 and the results of the descaler

formed prior to this study
test (Appendix B). Casting-speed error results from the
limitations in reso]ying the Speed acéufate]y on the chart re-
corders. The expected effect of’casting-speed error on the
temperature was determined from Figures 23 to 28. The error
in casting speed has an error in water flow rate associated
with it. The regression equations were used to estimate the
effect on the heat-transfer coefficient and Figures 23 to 28
were used to determine the resultant temperature error. The
“error due to inaccuracies in the water f]dw-rate determination

itself were estimated similarly. The percentage error in h

varies accbrding to the actual value of h in these calculations.

The maximum expected scatter dué to measurement error
can be compared to the scatter aétua]]y observed in order to
determine the significance ofymachiné facto%s and boiling
heat transfer. The expected scatters of 19-30. periéent,

40 ‘per cent and 23-32 percent agree favourably with the 25
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per=cent, 40 per cent and 25 per-cent:actually obtained about
the regression lines for Zones 3, 4 ana 5 respectively. The
actual scatter of up to 60 per cent obtained in Zone 2 is not
~as easily accounted fér by the causes discussed thus far.

This would indicafé that machine factors or boiling heat trans-
fer are playing an important role in the observed behaviour of
Zone 2. The effect of machine considerations is difficult to
assess. Because the measurements in Zone 2 were carried out in
the local spray impingement area the effect of a plugged noz-
zle adjacent to the measurement point would be to increase

the measured temperature, the extent of which would be deter-
mined by the extent of plugging. The heat-transfer coefficient
determined therefrom is then much lower and the calculated
temperatures and overall heatjtransfer coefficients for fhe
entire zone wo&]d actually be‘represenative of a lower overall
average flow=-rate. This is further complicatedby the fact that,
although the average heat-transfer coefficients were not deter-
.mined to be largely affected by previoué thermal history for
"smoothed" temperature profiles, the effecfs_qf local error

on the local heat-transfer coefficient are more pronounced.
Thus, for example, if a plugged nozzle hds_resu]ted in an
erroneously high calculation of temperature at the exit of

Zone 2A, the resulting Tlocal héat-tkansfer coefficient in

Zone 2B will be higher, assuming that the measured temperature

in Zone 2B 1is correct. The effect is then propagated so that
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the calculated temperature at the end Zone 2B is erroneously

Tow.

The overall contribution of plugged nozzles to the scat-
ter obtained in Zone 2 is impossible to determine quanti-
tatively. However, nozzle specifications usually indicate the
particle size above which the nozzle orifice is Susceptib]e to
plugging. It must be presumed that the nozzles have been
selected and the plant water QUa]ity has been specified to
keep nozzle plugging to a minimum. In addition, a test-rig in
the maintenance section of the slab-caster complex is used to
check for nozzle plugging before the segment is placed in the
machine. Furthermore, Figure 33 indicates that the points
from the measurements in Zone 2 aré uniformly scattered within
the + 60% range. This might not be eXpected from nozzle plug-
ging considerations. A large number of these points are above
the predicted regreééion values, which is not easily accounted
for by nozzle plugging. Thus the possible effects of boiling

heat transfer merit further attention.

6.7 Significance of Boiling Heat Transfer

Overa]] consideration of the literature: and the results
presented to this point suggests that the boi]ihg heat-transfer
mechanism could be of.fundamenta1 importance in explaining
the effects observed. The first important point to recall is

that the Leidenfrost temperature is known to be a function of
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the water flux (Figure 8). The predicted temperature pro-
files of Figures 37 and 38 indicate that the surface tempera-
ture of the slab can be in the vicinity of the cfitica] tem-
perature if sufficiently high water flow-rates are obtained.
The smoothed temperature profiles and average water fluxes
would indicate that this is not the case. However, these do
not give a true picture of events in the regions of spray
impingement. It may be recalled that the secondary cooling
system is arranged such that water is sprayed between rolls

at high fluxes or narrow transverse strips of the slab sur-
face. Thus the 1oca1 water flux in the spray-impingement area
is higher than the average water flux over ‘the entire zone.
This should already be evident from the results of Zone 2
shown in Figures 33 ‘and 34. Secondly, this behaviour results
in temperature fluctuations as the slab passes through the
various cooling regions illustrated in Figure 12. This be-
haviour has been'verified by thermocouple measurements,sg’65

and was in fact used in performing the Zone 2 calculations.

A fufther rationalization of the observed behaviour of
the secondary cooling system may be accomplished by studying
these effects in detail. In order to do this, smoothed pro-
files were predicted using Equations 28, 29 and 33. The ap-
proach was to determine a detailed "real profile" approxima-

tion that would predict the same temperature at the end of a
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particular zone as predicted by the smoothed profile. This

is cdmp]icated by the heceSsity of characterizihg the heat-
transfer rate in the non-spréyed’areas. The exact behaviour
is difficult to assess because of the variable effects of
water accumulation on the rolls and roll contact. However,
it is clear that the heat-transfer coefficients in the non-
-sprayed areas will be considerably less than those in the
sprayed areas. Thus the appfoach has been to apply a local
spray heat-transfer coefficient in the sprayed area and an
approximate combined coefficient in the nonQSprayed area to
account for roll contactband water drainage and accumulation.
The latter has been estimated from the works of Etienneet'a1ﬂ8
and Diener et a1.66v(see Table IV and Figure 14). Fortunately,

the exact va1ue of the.coefficient in the non-sprayed area is

not significant.

The results of these calculations are shown in Figure
39 for the case of Zone 3. The casting speed is 1.52 m/min
and two possible average heat-transfer coefficients have been
selected. The temperature at the entrance of the zone is on
the lower range of those actually measured at the 0/1 loca-
tion. Both the estimated detailed and smoothed profiles are
shown. That the smoothed profile corresponds to the peaks of
the predicted detailed profile is a consequence of having

the spray nozzles capped. A check under both conditions
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showed that the overall heat extracted in the zone was only

4 per cent greater in the case of the detailed pFofi]e. In
order to investigate the possible presence of unstable film
boiling heat transfer, an estimate of the Leidenfrost tempera:
ture at the local spray water flux obtained is indicated.

This has been determined from the results of Hoogendoorn et
a].,44 which is the only work that specifically studied the
effect of spray water flux on the critical temperature (Fig-
‘ure 8). The spray characteristics (.1:- 1 mm droplet.diaméter
and 15 m/sec spray velocity) of Hoogendoorn's study are re-
presentative of the spray variables on the slab caster. The
influence of surface characteristics is difficult to ascer-
'Iain, as noted in Chapter 2, but. the onlyApossible effect -
.would be to increase the temperature below which unstable film

boiling occurs.30

In the absence of detailed knowledge of
the surface effects, it is worthwhile to make comparisons
based on the results of Hoogendoorn:. It is seen that even

at an average heat-transfer coefficient slightly above the
maximum predicted by the regression equation for Zone 3,

the lowest temperature obtained in the spray-impingement area
(770°C) is higher than the Leidenfrost temperature predicted
from Hoogendorn's fesu]ts at the local spréy water flux
obtained (735°C). Three general effects of the water flux
should furthermore be noted. Firstly, the effect of increas-

ing the average (and local) water flux both decreases the

“trough" temperature and raises the critical temperature.
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Thus there are dual effects which tend to increase the pos-
sibility of the onset of unstable film boiling if, for example,
higher water flow rates than expectedbare obtained. Secondly,
the minimum temperatures predicted are actually much lower (up
to 150?C) than the peak temperature corresponding to the
"smoothed" profile. Thirdly, the effect of decreasing water
flux is also to decrease the magnitude of the local 6sc111a-
tions. For example, the effeqt of decreasing average water
flux from 2.25 to 1.43 z/mzs is to decrease the total fluctua-

tion from approximately 150°C to 110°C.

Figure 40 shows profiles for Zone 4 which have been
obtained similarly. It is seen tﬁat the minimum temperature
obtained (725°C) is again higher than the predicted critical
point (700°C) at the highest flow rates obtainable. The
magnitude of the Tocal temperature oscillation ranges from
120°C at 1.52 z]mzs to 100°C at 1.36 z/mzs. Attainable water
fluxes in Zone 4 as low as 0.9 x/mzs were not investigated.
The local oscillations in Zone 5 were not investigated either,
but:since water fluxes are generally Iower it is assumed that
the temperéture fluctuations are less and well above the esti-

mated critical point.

The calculations for Zone 2 lead to different conclusions.
Figure 41 shows that only at the lowest flow fates obtainable

are the minimum temperatures above the estimated Leidenfrost
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point. This is because of the very high lTocal water fluxes in
the spray-impingement areas. The high predicted values of
Leidenfrost temperature produce strong evidence for the exis=
tence of unstable film boiling at overall water fluxes in

Zone 2 in excess of 3!84.z/m25.' Once this boiling mode com-
mences, erratic temperature profiles are to be expected be-
cause spray cooling is effectively "out of control.f This 1is
because at the lower surface temperatures, the heat extraction
rate increases rapidly with decreasing temperature (Figure 9),
and is also more strongly influenced by local surface condi-"
tions. ATl predictions would therefore be invalidated due to
the uncertain nature of the boiling phenomenon. The predicted
temperature oscillations “in Figure 41 are also seen to be as

high as 200°C in the upper portion of Zone 2.

A theoretical analysis of the real behaviour of the
secondary cooling eystem'is now possib]e.- It must be realized
that this is dependent on the validity of certain assumptions,
such as the correlations of Hoogendoorn, being applicable.
However, under operating conditions for the casting of normal
grades, it seems fairly certain that unstable film boiling and
large Tocal.temperature fluctuations are occurring in Zone 2.
The large amount of scatter obtained in Zone 2 can perhaps be
rationalized on this basis, keeping in mind the other con-
siderations which have been mentioned (i.e. nozzle plugging

or roll misalignment). The fact that the observed scatter in
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Zone 3 is totally accountable by assuming maximum measurement
error, is in agreement with the calculatéd profile which shows
stable film boiling to be prevalent throughout the zone. The
results from Zone 4 are more difficult to exp]afn. Although
the total scatter obtained is in agreement with that predicted,
this.is partTy a cohsequence of the large predicted temperature
measurement error due to errors in determination of water flow-
rate (see Table XVI). The reason for this large effect is the
higher sensitivity of the heat-transfer coefficient for Zone 4
to water flux, as indicated by Equation 29; The large slope

of the regression equation for Zone 4 is mainly due to the up-
ward spread of data points at higherlflow-rates in Zone 4 (see
Figure 31). The fact that this behavioﬁr occurs is perhaps in-
dicative of the anset of unstable film boiling in Zone 4 at the
higher flow-rates. Though this is not predicted by Figure 40,
the predicted femperature minimum and crftica] point are close
enough at the end of the zone that unexpected irregularities in
casting speed or water flow-rate could be suffﬁciént to cause
the transition to occur. In particular, a.lack of uniformity
in spray water distribution from the fan spray nozzle will
certainly result in a higher real local water flux in the
vicinity of the slab centreline where the measurements were
made (see Figure 10); The actual ._Leidenfrost temperature will
be higher in this case than predicted. The presence of oxide

on the surface may also increase the critical temperature
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sUfficiently'tQ be above the measured value. Furthermore these
effects may only be sufficient to cause unstable boiling at the
lower temperatures near the end of the zone (e.g., under the
last two or three spray nozzles) and thus not have as drastic
effect on the overall heat-transfer coefficient as in Zone 2.
Thus "mixed mode" heat transfer may be possible in Zone 4, in
which the mechanism passes from stable film boiling at the
start of the zone to unstable fiTm boiling at the end of the
zone. The scatter bénd at the 5/6 position.in Figure 38,

which tends to be s]ightiy above the smoothed curve predicted
by Equation 29 supports this hypothesis. .The only other pos-
sible explanation of the results in Zone 4 would be the presence
of some unexpected measurement error, such as Vanzetti probe
misalignment. To complete the analysis, it would appear that

Zone 5 experiences stable film boiling at all times.

6.8 Comparison of Results with Previous Works

6.81. Average Heat-Transfer Coefficients

In order to obtain a comparison of the results of
the current work with those previously reported, the indivi-
dual regression equations were plotted with the results pre-
vioUs]y shown in Fiqgure 13. The result is shown in Figure 42.
The agreement with previously reported works for slab casters

6,19,63,64

is good. The results of this study are similarly .
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above the results reported for centrifugal casters.60’6]’62

Comparison with the latter is difficult because of a lack of
information on the spray characteristics in these machines.
However it is likely that the centrifugal casters employ lower
local water fluxes which are more uniformly distributed bver
the entire length of the secondary cooling zone. Thus although
the overall éverage water flux is the same, the cooling inten-
'sity at a particular location is less and an event such as

unstable film boiling is unlikely to occur.

Because good agreement is obtained with the. reported works
on.other slab casters, it is reasonable to suggest that unstable

film boiling is a matter of concern in all slab casting opéra-

tions. Although the results of Nozaki et a1.6

19,63

and Alberny et
al indicate that h is proportional to water flux raised
to a power n, where n< 1, their studies do not extend to the
very high range of water fluxes. In fact the upper value of
water flux is not reported by Nozaki et al., but it is un-
likely that very high values were rea]izéd since his correla-
tions are for surface temperatures meaéured only at the

straightening point and presumably are correlated to water

fluxes averaged over the entire secondary cooling system.

19,63

The results of Alberny et al. can best be compared

to those of the present work. Again, water fluxes exceeding

2

about 4 2/m”s were not investigated. This is perhaps because



coefficients in the upper spray zones were correlated to the
average water flux over the entire upper part of the machine
within 3.3 m of the meniscus. Average water fluxes over the

entirety of Zone 2 in the present study did not exceed about

5 z/mzs. If this were the case, the slightly higher results of

Alberny could be due to unstable film boiling, discussed
earlier, if the water fluxes were "averaged" to Tower values
over the upper spray zones. However, it 1s.not clear why

the heat-transfer coefficients reported by Alberny are higher
even at very low wéter fluxes. - The geometry of the continuous
casting machine (i.e., nozzle and roll characteristics) must
be a consideration. The fact that the present work predicts
higher heat-transfer coefficients at the high water fluxes
than an extrapolation of Alberny's resﬁlts would provide, may
again be rationalized as a consequence of the unstable film

boiling behaviour. Birat19

has indicated that decreasing
surface temperature below 800°C increases the heat-transfer
coefficient, but the effect is not large and the location of
measurement of the surface'temperature referfed to is not
given. No indication of the scatter obtained or the extent
of rep]icate measurements is provided.

The results of Samoilovich et a1.64 cover a narrow range

of water fluxes, but are in good'agreément with the present

correlation.

154
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6.8.2 Local Heat-Transfer Coefficients

Comparison of the local spray heat-transfer coef-
ficients determined in Zone 2 (Figure 34) with laboratory in- -
vestigations of secondary cooling (Figure 6) indicates that

46 the results obtained in the

with the exception of Mitsutsuka,
present study are much higher. The scatter band is in fact be-
tween the upper limit of the majority of previously reported in-
vestigations aﬁd the results of Mitsutsuka. If unstable film
boiling is the operating heat-transfer mode in Zone 2, this be-
haviour is to be expected, particularly if the slab is passing

in and out of the transition boiling regime as Figure 41 suggests.

44 that the heat-transfer

The observations of Hoogendoorn et al.,

éoefficient rahged from 0.25 to 1.50 above and from 4.00 to 6.00

kW/mZK.below the critical temperature, support this statement. In

fact, most of the actually observed scatter in the local coeffici-
ents of Zone 2 is from 0.80 to 6.00 kW/mZK. That the upper Timit

| approximately corresponds to the results of Mitsutsuka‘at 15-

20 z/mzs local water flux is interesting because Mitsutsuka is

the only worker to have used a plain carbon steel plate for

the laboratory study. This plate would be susceptible to

scaling, as noted in Chaptef 3, énd is perhaps more repre-

sentative of the real behaviour of a continuously cast carbon

steel slab. The comments presented in Chapter 3 concerning

the effect of surface oxide layers on the stability of film

29,30

boiling and peak heat flux obtained should be kept in

mind.’ Very recent work, also by Mitsutsuka and Fukuda,82

has attedpted to delineate the effects of surface pfapért{és
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on the boiling mechanism. Three specimens having different
surface properties were compared for their heat-transfer char-

acteristics. The pertinent conclusions that they reached are:

i) The surface temperature corresponding to the maximum
value of heat-transfer coefficient increases as the
amount of surface scale increases.

ii) The heat-transfer coefficient in the transition
boiling region increases as the amount of scale
deposit increases. The maximum value of h, is less,
however.

iii) The heat-transfer coefficient in the film boiling
region seems to be Tittle influenced by the sur-

face properties of the specimen.

An estimate of the mean ‘1ocal heat-transfer coefficient
in the various zones may be obtained from the detailed tem-
pérature profiles corresponding to the profiles predicted
with the regression equation (Figures 39 to 41).} The local
heat-transfer coefficients determined in this way for Zone 2
are of the order of 3.0 kW/mZK when unstable film boiling is
predicted. This value is in approximate agreement with the
values expectéd in the unstable film.boiling region, indicated
in Figure 9. The local coefficients in the present case may
be slightly higher than seen in Figure 9 because the heat-

transfer coefficients are necessarily correlated here to
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average local water fluxes rather than peak local water fluxes.
The discussion presented with respect to Figures 10 and 11 in-
dicates that when correlating heat-transfer coefficients to
average rather than peak water fluxes the h-water flux rela-
tionships are effectively shifted upwards. The effects of
scale just mentioned in points i) to iii) would also be to
shift the present relationships upwards, since the results:
presented in Figure 9 are mainly for scale-free surfaces. Thus
the conclusion that unstable film boiling prevails under most
conditions in Zone 2 1is. further justified and the observed

scatter of the measured Tocal coefficients is not unexpected.

The local heat-transfer coefficients calculated for Zones
3 and 4 are 16 the range 1;3 to 2.1 kW/mzK. Comparison of
these values with Figure 9, considering the pbobab]e upward
shift due to spray water distribution, is inconclusive. It is
Un]ikely that a coefficient of 1.3'kw/m2K is associated with
trahsition boiling, but at the high water fluxes in Zones 3 and
4 the calculated Tocal heat-transfer coefficient may be repre-

sentative of transition boiling behaviour.

6.9 Overall Characterization of Heat Transfer in the

Secondary Cooling System

Knowledge of the significance of each secondary cooling
zone in the overall heat transfer may be useful in estimating

the contro] capability of each zone through changes in spray



158

water flux. In particular, it is interesting to note the
relative contribution of each zone to the total heat transfer,
and the relative significance of the different heat-transfer

mechanisms.

Figure 43 shows the average heat flux in and fraction of
heat extracted by each secondary cooling zone under normal
operating conditions at 1.52 m/min. The thickness of the
solidified shell is also shown for conditions corresponding
to Figure 38. It is seen that although large heat fluxes are
obtained in the upper spray zones, the contributionof'thesezones

to the total heat removal 1is relatively small.

The contribution of direct spray heat transfer to the total
'~ heat removed can also provide an understanding of control cap-
ability through water flow adjustments.. The results of calcula-
tions pertaining td normal operating conditions are shown in
Table XVII. It is observed that the contribution to the total
heat transfer of direct spray impingement varies from 95 per:
cent high in the machine to 43 per cent low in the machjne.

This is important because it means that thermal events (i.e.
heat flux, surface temperatures, shell thicknesses) are deter-
mined more directiy by spray cooling practice high in the
machine. Thus the‘ramifiéations of spray cooling phenomena
(e.g., unstable film boiling) will be more visible in this

region. Low in the machine, spray-related phenomena are



TABLE XVIi Contribution of the Different Heat-Transfer Modes to theTTotal Heat

Extracted in Each Secondary Cooling Zone Under Normal Operating

Conditions

% Contribution to Total Heat Extracted
Zone Direct Spray Impingement Radiation Roll Contact and Convection
to Draining Water
1 95 4 1
2A 92 4 4
28 85 7 8
2C 79 10,. . 11
3 56 22 22
4 64 16 20
5 43 21 36
A1l Zones 61 17 22

661
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masked somewhat because of the greater contributions of radia-
tion and roll contact. This explains in part the difficulty

in identifying a spray cooling mechanism in Zone 4. It also
helps to explain why higher values of heat-transfer coefficient
are obtained in sltab casters than in other types of continuous
casting machine (Figure 13). Because of the increased influence
of radiation low in the machine, total heat removal is less in-
fluenced by local spray heat transfer. Thus, for example, if
spray water flux is reduced in an attempt to obtain film boil-
ing heat transfer and better temperaturé.contro1, the overall
heat removal is "buffered" by the increased importance of

radiation heat transfer at higher temperatures.

A further observation pertaining to the total heat flux
may be made with respect to Figufes 14 and 35. Extrapolation
of the total heat flux equation (Equation 34) to zero average
water flux gives a heat removal of about 0.187 Mw/m2 in the
absence of spray cooling. Radiative heat fluxes calculated be-
yond Zone 5 during the present work are about 0.090 Mw/mz. The
difference of 0.097 MW/m2 may be attributed to roll contact.
This is in good agreement with the results of Diener et a1.66
(Figure 14) for rolls which are not internally water cooled.
Since this type of containment roll is employed in Zone 5 and
beyond, application of an average heat flux of this amount in
roll-contained areas beyond the spray chamber is suggested.

Predicted surface-temperature profiles, when this average heat

flux is applied, are compared in Figure 44 to predictions in



1000

900

Surface temperature (°C)

700

Figure 44

I F I I l ! l ' '
Radiation only
O Measured temperature
== Mode! predictions o
Radiation and o]
- ///ron contact o) )
o - "o
@ —
\ O
N O 8
, «End. of zone5 O . i 1
0 8
——
X '
| o | | ] | | l | [ |
13 \7 21 25 29

Distance below meniscus (m)

Comparison of predicted and measured temperatures beyond the secondary

cooling zones, with and without accounting for roll contact.

- 291



163

which the contribution of the rolls is not included. Measured
temperatures outside the secondary cooling system (prior to
extension of Zone 5) are in better agreement with predicted
temperatures when the average heat flux due to roll contact is
included. The significant effect of’rdll-contact heat transfer
low in the machine supports the finding that the heat-transfer
coefficient in Zone 5 has a relatively low sensitivity to the

spray water flux.

and Control

The results reported in this study will assume greater
significance if they éan be used to solve quality and operating
problems in continuous casting operations. The ultimate objec-
tive in terms of spray chamber design and control must be to
achieve the desired temperature-time profile, mentioned in

Chapter 1, on a consistent basis.

Based on the results of this study it does not appear that
accurate prediction of slab surface temperatures is possible.
The heat-transfer model can be used with the regression equa-
tions only to predict a probable mean temperature at a given
location. Because of the errbr sources outlined in Table XVI

the predicted temperature may deviate by as much as 70°C from



164

the temperatures desired, under "ideal" spray-cooling con-
ditions. Thus it would appear that if more accurate control
of surface temperature is required, on-line surface-temperature
monitoring is necessary. It should be .noted that, a]fhough
thié technique would be capable of providing accurate control
of measured temperatures, the measured values can still be as
great as 25 to 30°C.less than the,actua1 temperature, due to
pyrometer error (and assuming no surface scale). This error
furthermore is based on the assumption that care equivalent

to that of the current work would be taken fin maintaining
pyrometer .calibration. Feedback control could be used to make
water flow-rate changes which would result in a desired sur-
face temperature, by employing the heat-transfer model and

_ the regression equations (Equations 28, 29, 30 and 33).

The ability of the heat-transfer model to predict sur-
face temperatures accurate]yAis furthef reduced by unstable
film boiling phenomena. However this problem can be overcome
by reducing the spray water flow rate so that stable film
boiling occurs throughout the secondary cooling system. This
would be a significant benefit in that the slab surface
temperature would be more easily controlled. The reduction
of spray water flux necessary to achieve this objective is
not large. Figures 39 to 41 indicate that this may be

accomplished if the lowest .temperatures obtained in the -y,
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spray-impingement areas are kept above about 750°C. This

would require keeping "smoothed" temperatures normally pre-
dicted by the heat-transfer model above about 850°C in Zones
1, 2, 3 and 4. This result is possible using the present ..

spray system.

- Figure 45 shows the bredicted temperature profiles and
shell thicknesses under currenf and modified spray practices.
The modified spray practice is such that surface temperatures
will be maintained above the estimated critical point for the
onset of unstable film boiling. This requires water flow rate
reductions of 6 per cent in Zone 1, 31 per cent in Zone 2 and
13 per cent in Zone 4. Predicted shell thicknesses are nearly
identical with both practices.' From this consideration alone
it would appear that the risk of breakouts will not be sub-
stantially increased. However at higher temperatures the shell
may'be more susceptible to bulging and therefore the risk of
breakouts might be increased in Zone 2. However spray water
fluxes of the prescribed magnitude were used fn the current
work during the tests on Zone 2, without adverse effect.
Furthermore, Figure 3 indicates that other slab casters oﬁer-
ate at‘lower‘water fluxes in the upper spray zones than with
normal practice at the Inland Slab Caster. Thus it would
appear that breakouts are not likely under the modified con-

ditions.
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Even with reduced water fluxes in Zones 1 and 2 the cool-
inglintensity is quite'high: Longitudinal midface cracking
problems that may occur are possibly caused or aggravated by
the high cooling intensity in Zones 1 and 2A. The rates of
cooling in the local spray-impingement areas are much higher
than the smoothed profiles indicate. Calculations based on
the results at high flow rates indicate that the cooling rate
in thé local spray-imﬁingement areas of Figure 41 can be as
high as 2000°C/m. Temperature gradients of this magnitude
create large tensile stresses at the slab surface which are
Tikely to exacerbate longitudinal midface cracking problems.
Reduced spray cooling in the upper spray zones, within practi-
cable 1imits, would fhus appear essential for the improve-
ment of slab surface Quality; Thus the modified spray pattern
~is desirable not only in terms of obtaining reproducible caster
operation, but in reducing thermally induced stresses that can

lead to cracking.

The above discussion is directly applicable to plain low-
carbon grades of steel but similar considerations apply to the

casting of microalloyed steels.

In Chapter 1 it has been mentioned that these steels are
particularly susceptible to transverse surface cracking. Two

considerations are important for the prevention of this type
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of crack: minimize preéipitation of nitrides or carbonitrides,
and straighten the slab with surface temperatures outside of
the Tow ductility range of 700 to 900°C. Although a heat-
transfer model is capable of predicting spréy conditions neces-
sary to obtain the latter criterion for either a low-temperature
or high-temperature strateqgy, it would appear that the high-
temperature strategy is preferable. This is because surface
temperatures may be easier to control at higher “temperatures
under conditions of stable film boiling. Howéver this must

be accomplished without causing mechanical problems due to
bulging. Furthermore, transverse cracks aré often observed at
the corners of the slab where the temperature is. lower due to
two-dimensional heat flow. A two-dimensional heatQtransfer
model may be necessary in this case to predict spray conditions

which will avoid the low ductility region at the slab corners.

Avoidance of nitride precipitationmust also be concerned
with the local surface temperature fluctuations in Zones 1 and
2. In particu]ar,_Brimacombe et a1.9 have noted that AN pre-
cipitation does not proceed during cooling to as low as 800°C
but can take place rapjd]y during heating over the temperature
range 700 to 1000?C. Consequently the repeated heating and
cooling which are obtained should enhance AfN precipitation
and concomitant lTow ductility. Thus it would appear that
~greater reductions in cooling rates than those already men=~

tioned are necessary to avoid the embrittling effect of AaN
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precipitation. Nozaki et a1.6

epp]ied these considerations

to minimize transverse cracking by the "piateau cooling"
philosophy, whith'maintains'an average cooling rate of Tless
than 83°C/m.in.the upper part of the continuous casting machine.
The cooling rate of 200°C/m in Zones 1 and 2A of the Inland
Slab Caster is far from obtaining such a desired cooling rate.
Since .Nozaki also mentions that longitudinal midface cracks

are reduced when employing this practice, such a spray cboling

philosophy may be desirable for all steel grades.

The ability to obtain reduced cooling rates, particularly
in Zone 2 at the Inland Slab Caster is limited by the current
spray system design. Because of the water flow distribution
in Zone 2 the sharp drop in slab surface temperature is follow-
ed by a rapid and Targe reheating. Obviously operators will
be somewhat hesitant to raise the temperature in Zone 2A by
reduction of spray water flow rate when the Zones 2B and 2C
spray water flow rates are also reduced by this action. The
consequence could be an extremely large surface reheating and
bulging problems. A change in the spray water distribution
high in the machine, in Zone 2 in particular, is necessary to

achieve desired surface temperature profiles.

Even if spray water flow-rate reductions can be obtained

high in the machine, large temperature fluctuations will still
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occur due to spray impingement. At the lower local spray water
fluxes obtained in Zones 3 and 4 (Figures 39 and 40) the magni-
itude of the local surface temperature fluctuations exceeds

82,83 has studied the use of air-

100°C.. Recent Japanese: work
water atomized sprays in the cooling of steel plates. The
range of heat-transfer coefficients obtainable by "fog" cod]ing
is much‘gfeater than by conventional spray cooling. Other

recent work84

utilizing thermocoup]es welded to the slab sur-
face during continuous slab casting has indicated that equiva-
lent overall cooling rates are obtained by “mist" cooling while
reducing local temperature fluctuations ﬁn the spray-impingement
area from 150?C to 80°C. This is supposedly pdssib]e because
‘the air-water'afomizéd spray can "spread out" and impinge over

a greater slab surface area than in the case of normal sprays.
The mean droplet diameter is claimed to bé reduced from 0.4 to.
0.05 mm by air atomization and thus the dropIet momentum would
be reduced. Quality improvements are claimed, but more exten-

sive testing in industrial environments is necessary in order

to reach definite conclusions.

6.11 Some Observations of Unsteady-State Phenomena

Although the results presented and discussed to this point
have been concerned solely with "steady-state" operation of the

continuous casting machine, the differences between phenomena
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occurring during steady-state and unsteady-state operation
should be mentioned. The behaviour of the secondary cooling
system during start-of-cast and shroud changes is of parti-

cular interest.

An example of temperatures measured at various locations
in Zones 3 and 4 is presented in Figure 46, from cast 9777.
During this cast the steady-state casting speed was attained
within 1 or 2 minutes. Figure 46 shows that steady-state
temperature measurements were not approached until approxi-
mately 20 minutes (or greater) from the start of the cast.
During the first 10 minutes of the cast, slab surface tempera-
tures ‘were more than 100°C less than those obtained at steady-
state. This behaviour océurs as a'resu1t of the time necessary
for the mould water temperature, spray'water temperature, and
machine structure to obtain»equilibrium‘thermal conditions.
The temperature-time profiles of Figure 46 are typical of
those observed during.this‘study.- It was also observed that,
as distance below the,heniscus 1n¢reased,_greater time is
necessary for steady-state temperatures to.be obtained. These
observations are significant when considered with respect to
control of slab surface temperatures. If a specific tempera-
ture is required at a certain location below the meniscus,
and in the absence of quantification of the unsteady—staté
phenomena, feedback control based on on-line monitoring of

surface temperatures may be necessary to obtain quality during
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the first 20 minutes of the cast.

During some casts, the chart speed was increased and
the peak-picking feature of the Therma] Monitor System was
not used during shroud changes, in order to record unsteady-
state temperature f]uctuatiohs. Casting speed and temperatures
measured at the 0/1 position by this procedure are presented
in Figure 47. A steady-state casting‘speed of 1.40 m/min
was reduced to zero during the shroud change. After restart
of the cast, casting speeds of 0.6 m/min were employed for
several ﬁinutes_before steady-state was ggain achieved. During
these transients, water flows ére cbntrol]ed in proportion to
casting speed, but cannot be reduced below a certain minimum
flow rate. Thus when the casting speed is zero, the same
areas of thg slab surface are sprayed at the minimum flow rate
for the duration of the shroud change, while the unsprayed
areas may reheat. The effect on slab surface temﬁeratures is
clearly shown in Figure 47. Temperatuke’drops corresponding
to the spray-impingement areas pass through_the measurement
point following restart of the cast. This is verified by the
fact that the number of tempefatﬁre drops observed upon cast
restart (10) is equal to the number of spray roW§ above the
0/1 position. Furthermore, a calculation showed that the
distance between_successive troughs corresponds to the dis-

tance between successive spray-impingement areas in Zone 2.
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The magnitude of the largest fluctuation (300°C) is greater
than the model-predicted fluctuations of Figure 47, which is

to be eXpected if a slab surface element occupied the spray-
impingement area for an_eXtended time. These observations are
significant in terms of surface temperature control during
shroud changes. For eXamp]e, the abi]ity of a "cooling-with-
time" model to obtain desired surface-temperature-time profiles
during process transients is limited by the physical construc-
tion of the secondary cooling system. Regardless of water flow-
rate changes accomplished by a cooling-with-time model, when
the castigé speed is z€ero, some aréas of the slab surface will
be directly under the spray nozzles, and non-sprayed areas will

reheat. The only solution is then to keep process transients

to a minimum, such as by increasing shroud 1life.



Chapter 7

SUMMARY AND CONCLUSIONS

This study has been undertaken in an effort to obtain in-
creased understanding of the heat-transfer processes which
occur in the secondary cooling system of a continuous slab-
castjng machine. The experimentai work has involved in-plant.
trials :during which slab surface temperatures were measured with
radiation pyrometers in the secondary cooling system. Control-
led experiments were performed in which temperatures were mea-=
sured in each zone under normal and modified spray water cooling

practices. .

A one-dimensional heat-transfer model of the casting pro-
cess was developed, based on the implicit finite-difference
method. The model has been used to convert the measured tem-
peratures into average spray heat-transfer coefficients for
each experiment. The average coefficients were determined to
be insensitive to the thermal history of the slab prior to
entering the zone under study. In Zones 3, 4 and 5 the average
heat-transfer coefficients were determined directly from the
measured temperatures. In Zone 2 temperatures were measured
in the spray-impingement regions, and thus local heat-transfer

coefficients in these regions were determined first. The local
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coefficients were used to determine a "real" temperature brofi]e
and the temperatures at the entrance and exit of Zones 2A, 2B
and 2C. These calculated temperatures were then used to deter-

mine the average heat-transfer coefficients.

The resufts have been quantifiedbby means of regression
equations which provide relationships between the average spray
heat-tranéfer coefficients and average spray water fluxes ob-
tained during the experiments. The regression equations obtain-
ed are: |

for Zone 2

h = 0.080 + 0.188 W , 1i66<W<9.85 2/m’s ;
for Zone 3

h=0.213 W0-%65 > g 9a<w<2.03 a/m%s ;
for Zone 4 |

ho=o0.212 W %% | 0.91<H<1.52 i/mPs

and for Zone 5

h = 0.182 + 0.122 W , 0.27<W<0.95 ¢/ms

In roll-=contained regions outéide the secondary cooling
system, an average heat flux, due to roll contact, of 0.097
MW/m2 was employed to obtain better agreement between calcu-
lated and measured temperatures than when the calculated heat
flux was due to radiation only. Direct impingement of the
water spray on the slab surface has been calculated to account
for between 95 per cent (Zone 1) and 43 per cent (Zone 5) of
the total heat extracted in the individual zones. In the

entire secondary-cooling system, the contribution of the
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different heatftransfer mechanisms to the total heat extracted
has been calculated fo be

61% direct spray impingement
17% radiation
22% cdntact with rolls and convection to draining

water.

Predictions by the heat-transfer model indicate that, under
norma]Aoperatihg conditions, a sharp reduction of slab surface
temperature occurs in Zones 2A and 2B, which is followed by a
large reheating (of the order of 200°C) in Zones 2C and 3. A
comparison of calculations performed in this study to previous
]abbratory investjgations'of the Leidenfrost phenomenon indi-
cates that unstable. film boiling occurs in the spray-impinge-
ment areas of Zone 2. This boiling mechanism may also occur
under certain circumstances in Zone 4. These observationé are
substantiated by the 1arge scatter and high heat-transfer co-
efficients that obtain in this study when unstable film boiling

is predicted.

Consideration of the mechanisms of crack formation in con-
tinuous slab casting has indicated that the current spray-cooling
practices‘may exacerbate longitudinal midface and transverse
cracking. Transverse crackfng may be éaused by the cooling/
reheating cycles that occur in Zone 2 and by straightening in

the 700 to 900°C range. Longitudinal midface cracking may be
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exacerbated by thermal stresses on the broad face during the
rapid cooling in Zdne 2.

In order to avoid unstable film boiling and minimize crack-
ing a reduction of spray water flux in Zone 2 is recommended.
Control of slab surface temperatures will be easier if stable
film boiling is obtained. Unstable film boiling may be avoided
by maintaining "smooth" temperature profiles above 850°C
throughout the secondary cooling system. Based on the results
of Nozaki et a].,6 further reductions in cooling rates in Zone 2
are necessary to maximize quality. This may require changing
the spray water distribution between Zones 2A, 2B and 2C so that
large reheating and concomitant bulging are avoided. Airjwater
atomised spray systems should receive furthér attention for

obtaining "soft" cooling practices.

Considerable variation of slab surface temperatures is ;ti]]
possible if unstable film boiling is avoided. In this study,
the heat-transfer model has been as much as 70°C in error due
to known error sources. If more accurate control of slab sur-
face temperatures is required, feedback éontro1-based on on-
line monitoring of surface temperatures is recommended. This u
may be necessary particularly during process transients such

as occur shortly after the start of a cast.

These measurements of thisstudy have been.confined to the
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vicinity of the centreline of the broad slab face on the inner
radius of Strand 2. It is not known whether the results are
applicable to Strand 1 or the outside radii. If accurate
knowledge is desired of the heat extraction from Strand 1 or
the outside radii, temperature measurements should be carried

out at those locations.
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TABLE A.1 Results of In Plant Measurements - Zone 3
Date Cast Steel Mould Stab Casting Average °
Grade | Powder| Width " Speed Water Flux Temperature, °C
(mm) {m/min) {2/més) Seq] 0/1 Seqd] 1/2 Seql 4/5 Seg. |5/6
Mean | Std Mean |~ + Pean | Std. | WMean | Std | Mean Std. [ Fean Stds
Dev, Dev. Dev. Dev, Dev.
30/9/80 9732 527-08| (€994 1372 1.34 M) 0.94 .00 917 23 1013 10 964 7 - -
1.27 A3 1.05 .09 891 22 1060 13 945 23 - -
1.33 .05 1.57 10 947 14 1052 " 915 15 - -
1.48 R 2.00 .05 916 " 1007 10 866 10 - -
2/10/80 9738 580-01| P389 1350 1.52 .00 1.19 .07 1050 | - 1 1000 8 950 5 980 7
9737 527-01| P327 1321 1.42 .10 1.65 .10 1041 17 985 13 926 13 N9 N
8/10/80 9756 527-08f P327 1422 1.40 .09 1.62 .10 994 18 *+ 987 8 854 9 918 5
1.40 .13 1.97 .05 1000 17 985 8 800 18 967 9
9757 528-01| P389 1168 1.44 .07 1.17 .06 1003 13 1041 7 1024 2 972 19
9/10/80 9760 527-01} €994 1270 1.25 .12 1.03 .04 920 19 1019 12 949 7 985 6
1.35 .06 1.57 . .10 946 24 983 " 934 6 962 n
9763 527-031 C994 1270 1.57 .10 1.26 .06 1043 19 1075 7 1045 3 |1044 7
) 1.36 .08 1.58 A0 1038 |19 953 n 953 n 958 10
1.56 .08 2.03 .04 1047 21 964 14 903 6 968 7
13/10/80 9774 527-08| P327 1575 1.49 .06 1.21. 06 |- 819 14 994 6 993 5 877 8
1.44 .08 1.66 A0 . 832 n 943 14 926 8 903 10
14/10/80 97717 §27-08] P327 1422 1.51 .04 1.22 .06 . 825 14 1024 7 981 5 909 8
1.55 .06 1.79 .10 803 17 929 16 934 n 848 n
1.51 .09 2.01 .04 814 19 882 12 911 4 851 5
15/10/80 9781 527-08] (€994 1524 1.39 11 1.13 .06 857 19 1012 10 962 7 907 9
1.47 .09 1.70 .10 881 20 942 18 918 9 875 6
1.40 07 1.97 .05 821 13 905 12 862 8 897 9
17/10/80 9786 §28-01} P389 1422 1.38 .05 1.12 .06 839 14 967 9 827 9 961 14
9787 528-01} P389 1372 1.49 .04 1.2 .06 824 9 929 5 906 4 969 2
9788 528-01| P389 1372 1.37 .06 1.1 .06 839 5 964 12 993 4 944 3
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TABLE A.11 Results of In Plant Measurement - Zone 4

Date Cast Steel Hould Slab . Casting Average Temperature, °C
Grade Powder Width Speed Water Flux :
(mm) (m/min) {2/m2s) . Seq. 4/5 Seq. 5/6 Seq. 6/7 | End Seq. 7
Mean Std. Mean + Wean | Std. | Fean Std. | Wean Std.[ Fean | Std.
Dev, Dev. Dev. Dev. Dev,
23/10/80 9810 527-08 €994 1422 1.52 .05 1.33 .08 882 13 877 10 903 n 905 7
1.52 .06 1.52 .08 785 13 776 6 826 9 778 10
. 1.23 - 1.52 .08 812 13 789 6 868 10 795 9
5/11/80 9851 527-08 €994 1422 1.42 .09 1.27 .08 " 857 14 976 9 - - 898 7
1.33 .08 1.52 .08 903 1 929 10 - - 748 16
1.46 .10 1.2 |..08 868 n RLH 8 - - 866 12
9856 516-07 P389 1270 1.52 .00 1.00 .08 942 5 940 3 - -] 942 2
9857 527-08 €994 1372 1.60. .08 1.38 .08 898 n 852 9 - - 951 10
1.56 |..09 1.52 .08 923 3 906 4 - - 877 5
6/11/80 9858 527-08 €994 1422 1.52 .04 1.33 .08 896 7 912 6 - - 896 5
) 1.54 .04 1.52 .08 912 4 904 3 - - 873 6
9859 527-08 €994 1422 1.42 .10 1.27 .08 . 860 10 862 7 - - 835 7
1.49 .10 1.52 .08 842 3 819 9 - - 751 9
9860 528-01 P389 1168 1.45 .03 0.96 .08 945 4 an 2 - - 937 4
9861 528-01 P389 118 1.40 | .04 0.93 .08 958 2 899 2 - - 955 2
7/11/80 9862 527-08 €994 1422 1.48 .12 0.98 .08 897 8 887 7 - - 907 4
1.35 .10 1.23 .08 922 8 873 8 - - 900 8
1.57 .04 1.52 .08 928 4 868 2 - - 894 3
9863 823-01 p389 1499 1.38 .08 0.91 .08 7| 927 6 887 3 - - 957 4
17/11/80 9901 527-08 €994 1321 1.44 W12 0.95 .08 | 814 6 890 16 - - 914 15
9902 527-08 €994 1473 1.60 .07 1.05 .08 849 n 875 1 - - 851 14
1.48 .13 1.30 .08 872 n 865 " - - 796 17
1.73 .06 1.52 .08 . 861 6 87N 8 - - 788 n
9903 527-08 €994 1676 1.22 .08 1.15 .08 844 6 859 11 - - 900 4
1.63 .06 1.52 .08 872 8 797 4 - - 763 10
19/11/80 9906 §27-08 P327 1753 1.56 .06 1.35 .08 888 8 842 4 - - 8N 8
1.59 .08 1.52 .08 877 5 809 5 - - 783 9
) ’ 1.60 .06 1.52 .08 905 4 845 3 - - 805 5
(19/11/80) 9907 §27-08 €994 1626 1.38 .08 1.24 .08 850 6 867 n - - 862 9
] 1.30 11 1.46 .08 831 5 796 9 - - 786 14
1.65 .08 1.52 .08 890 5 874 7 - - 819 9
21711780 9910 527-01 €994 1270 1.46 .07 0.97 .08 10184 4 936 13 - - 895 10
1.43 1 1.27 .08 1022% 4 977 7 - - 858 10
1.49 .05 1.52 .08 1016¥ 2 946 4 - - 819 2
99N 527-08 €994 1270 1.52 .06 1.00 .08 755 7 786 10 - - 802 7
1.52 .06 1.33 .08 846 5 745 0 - -1 734 10
1.47 .06 1.52 .08 912 5 750 6 - - 736 6

*Spray Connection Hose to Segment 4 was broken.
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TABLE A.I1I

Results of In Plant Measurements - Zone 2

po——

Date Cast| Steel Mould Slab Casting Average Temperature, °C
.| Grade Powder Width | Speed Water Flux
{mm) {m/min) {(t/m2s) Rolls _ 2/3 Rolls 4/5 Rolls , 6/7 Rolls 10/

Mean Std. | Mean + Mean | Std. | Mean Std. | Mean | Std. | Mean | S5td.

: . Dev. Dev. Dev. Dev Dev
4/12/80 9950 | 528-0) P389 1422 1.32 .09 4,13 .13 166 22 723 8 821 7 991 8
9951 | 528-01 P389 1372 1.33 A1 4,16 .13 M 12 725 7 790 8 1020 1
527-08 c994 1 1.87 .07 4,62 A7 844 15 3 15 747 n 863 21

5/12/80 9954 | 823-01 P389 1499 1.55 .08 4.58 .16 821 22 742 13 865 9 1011 8
8/12/80 9966 | 527-08 P327 1753 1.46 .08 4.4 .15 7no 13 739 14 - - - -
1.53 .07 5.09 .10 758 12 752 25 - - 837 7
§ 1.40 JIT 3.70 .16 737 10 763 10 - - - -
9967 | 527-01 €994 1219 1.66 .06 3.27 .39 8418 14 877 18 922 14 840 6
1.47 .09 3.79 .16 7931 12 804 14 792 26 773 9
1.53 Bl 4.55 .16 761 8 761 8 715 23 756 6
9/12/80 99691 527-08 €994 1727 1.40 .06 4,28 .14 786 12 768 9 847 7 794 5
1.46 .07 4,92 11 761 7 720 10 - - - -
99701 527-08 P327 1702 1.34 .06 3.63 .16 798 4 807 9 9 13 752 9
1.47 .06 4,42 15 787 n 773 8 849 8 816 6
1.48 .09 4.97- 11 3 15 702 18 73 4 m 7
9971 ] 527-08 €994 1575 1.51 .07 | 3.84 .16 780 14 806 10 798 13 778 4
1.43 .08 4,35 A5 | 788 8 795 15 .807 13 768 6
1.46 .07 4,92 J1 137 12 o 14 743 5 748 6
10/12/80 9972| 527-08 €994 1524 1.47 .05 3.08 .29 782 7 873 9 845 14 826 10
1.49 .09 3.80 A6 | 772 12 842 16 780 18 781 13
1.50 .09 4,49 .16 744 15 788 15 768 7 763 6
9973} 527-08 €994 1702 1.33 .06 3.62 .16 |. 768 8 770 3 789 12 740 7
1.53 .06 4.55 .16 765 13 765 10 773 6 722 7
1.52 .06 5.05 .10 788 n 715 10 750 6 670 10
11/12/80 9974 | 527-08 €994 1727 1.45 .06 3.06 .27 865 17 894 15 858 15 778 1
1.40 .08 3.70 .16 854 14 877 17 869 8 782 8
1.48 .07 4,45 .15 766 12 718 9 754 6 701 7
11/12/80 9976 | 527-08 P327 1778 1.52 .00 4,53 .16 790 n 762 12 750 n - -
1.57 .00 5.18 1 835 10 742 18 749 n - -
9977 527-08 P327 1524 1.70 .10 3.94 .16 187 12 865 22 798 23 873 12
1.60 .07 4,68 A7 793 7 839 19 776 20 846 13
1.53 .07 5.09 .10 756 12 768 23 753 9 842 17
12/12/80 9978 | 527-08 p327 1524 1.45 .09 3.06 .27 776 9 860 25 847 12 914 9
1.51 .07 3.84 .16 755 n 817 26 809 17 886 13
. 1.54 .07 4.66 .16 767 7 818 27 780 16 807 22
.| 9980 527-08 €994 1422 1.44 .07 3.76 .16 849 12 990 9 938 13 995 1
1.49 .06 4.47 .16 789 8 886 14 | 853 8 939 7
1.48 .05 4,97 Y 763 17 809 13 857 14 926 8
9982 | 527-08 €994 1372 1.47 .08 3.08 .29 827 17 957 15 906 10 1022 6
: 1.57 .07 3.9 .16 750 7 838 13 826 18 933 9
1.54 .05 4,57 .16 770 10 849 35 789 22 916 9
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TABLE A.1V

Results of In Plant Measuremeénts - Ione 5

Date

Cast ] Steel Mould STab Casting Average Temperature, °C
. Grade Powder Width Speek Water Flux . Rolls 68/69
(mm) (m/min) (2/m2s) Rolls 43744 Rolls 63/64] Rolls 71/72*} Rolls  78/79
Mean Std. Mean * Mean | Std. Mean Std.] Mean | Std. | Mean Std.
Dev. Dev. Dev. * Dev.’ Dev,
9/3/81 0288 | 527-08 | C994 1753 1.4% .08 0.87 .06 862 8 844 6 g853* | 11 865 5
1.44 .07 0.95 .05 807 16 835 9 838* 9 - -
12/3/81 0299 | 527-08 | C994 1727 1.55 .09 0.95 .06 s 7 m 1 854* 2 9N 4
1.52 .06 0.95 .05 764 8 762 3 807* 5 890 5
17/3/81 0314 | 527-08 | €994 1321 1.53 .08 | 0.95 .06 696 3 761 2 865* 5 816 4
1.87 .06 0.95 .05 687 2 760 11.797* | 27 806 4
0317 { 528-01 | P389 1219 1.30 .08 0.45 .07 779 6 187 3 835* | 14 83) 7
1.45 .05 0.57 .07 779 n . 807 6 845* 3 860 7
9/4/81 0401 | 516-07 | P389 1270 1.30 .03 0.27 .04 ‘843 8 665 9 - - - -
10/4/81 0403 | 527-08 | €994 1270 1.60 .10 0.58 .04 807 9 836 4 - - - -
i 1.46 .06 0.58 .03 797 7 818 7 - - - -
0404 | 527-08 | C994 1270 1.51 .08 0.57 .04 789 7 857 4q - - - -
1.34 .1 0.56 | .03 783 10 825 4 - - - -
0406 | 521-02 | (994 1524 1.57 .08 0.47 .04 754 7 84 3 - - - -
1.37 .13 0.48 .04 765 14 838 5 - - - -
1.61 .08 0.58 .03 775 9 836 4 - - - -
13/4/81 0417} 521-08 P327 1575 1.45 .05 0.53 w041 768 5 815 31 803 5 - -
1.49 .05 0.58 .03, 768 4 798 5 m 9 - -
21/4/81 0449 | 521-02 | P327 1473 1.61 .06 0.58 .04 853 3 819 n 757 5 - -
1.45 .06 0.58 .03 808 5 796 3 768 8 - -
0451 | 527-08 | P327 1422. 1.61 .07 0.58 .04 870 3 810 4 783 8 - -
1.60 .05 0.58 .03 813 6 812 4q 761 2 - -
0452 | 823-01} P389 1524 1.40 .06 0.27 .04 950 5 807 5 738 4 786 2
1.44 .05 0.53 .04 769 5 797 4 768 6 136 7
0453 | 521-08| P327 1575 1.42 .08 0.58 .03 726 ? 787 4 738 2 723 5

Note - The end of Zone

was extended from position 61/62 to 71/72 as of 5/4/81.
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Appendix B

RESULTS OF THE DESCALER TESTS
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A series of tests was performed at the Inland Steel No. 1
Stab Caster to determine the effect of scale on slab surface-

temperature_measurements.76

Data was obtained using the
DESCATHERM (Trademark of C.R.M.) and was analyzed statistically
to determine whether there was an actual difference between the
temperature readings with the descaler on and those with the

descaler off.

A summary of the data is presented in Table B.I. The data
was collected with the descaler installed on the inner radius of

Segment 2 on Strand 2.

The data shows, for each of 60 separate observations: the
steel grade that was being cast, whether the descaler was on or
off, the mean casting speed, the mean s]ab surface temperature,
and the range of measured temperature. For the range of casting
speeds used, it was found that the temperatures are not depen-:
dent on the casting speed. Thus the temperatures could be com-

pared even though the casting speeds were not exactly the same.

For grade 527-08, a t-test was used to compare the mean
temperature observed with the descaler on and that with the
descaler off. It was found that there is no statistically signi-
ficant difference between the mean temperatures with the descaler
on or off. The difference (4.2°C for this grade) was found to

be significant at only the 30 per cent confidence level.



JABLE B.1 Temperatures Measured During In-Plant Descaler Tests
Steel Casting
Grade Descaler Speed Temperature Range
(in/min) (°c) (°c)
527-08 off 48 970 20
50 960 40
50 1020 40
50 1020 40
52 980 20
52 1010 20
52 1040 20
54 960 20
56 960 20
56 970 20
56 980 20
56 990 40
56. 1000 20
56 1040 20
58 970 20
58 1030 20
64 1030 20
On 52 1030 20
: 54 990 40
56 970 40
56 1030 20
58 970 20
58 880 20
58 890 20
58 590 40
58 1040 10
60 1000 40
60 1020 20
62 990 20
521-02 Off 52 990 20 -
52 990 40
54 960 20
54 980 20
56 960 40
56 980 20
56 990 20
56 930 20
56 1010 20
On 52 970 20
52 1000 20
54 1000 20
56 990 40
60 970 40
60 1030 20
726-08 off 56 1020 40
On 54 1000 40
524-02 off 64 1020 40
On 64 1030 40
528-71 off 58 1030 20
On 56 1030 20
58 1020 20
58 1020 20
) 58 1040 20
527-71 off 54 1040 20
On 62 1050 20
521-71 off 56 960 20
56 970 20
62 970 40
On 52 980 20
56 970 40
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A similar analysis was done for grade 521-02. The t-test
once again showed there is no statistically significant dif-
ference between the mean temperature-with the descaler on
or off. The difference (10°C for this grade) was found to be

significant at only the 67% confidence level.

Overall, it can be concluded for the steel grades and opera-
ting conditions used during the test, no statistically signi-
ficant difference was found in the temperatures measured with
the descaler on or off when the DESCATHERM (Trademark of C.R.M.)
was installed on the inner radius of Segment 2 on Strand 2 of

the No. 1 Slab Caster.



