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ABSTRACT

The controlled cooling of steel on the runout table has become a standard practice
in the production of flat hot-rolled products, and since its introduction by BISRA in
1957, has been adopted because it is a vital tool in meeting the increasing demand of
steels with better quality and higher mechanical properties.

Although approximately one third of the total steel produced in the world is
cooled using laminar cooling in the runout table with some degree of success, little is
known about what actually happens during cooling. Even though many of the runout
table operations are relatively under control, it is sﬁll not known how far these operations
are from the optimum. Whereas the influence of steel chemistry has been traditionally
exploited to accomplish certain mechanical properties, the recently recognized effect of
cooling on mechanical properties has been exploited poorly. This increases the
importance of the study of the runout table cooling.

The runout table process has been studied in detail during this work, and
important observations leading to a better understanding of this operation were obtained.
A mathematical model for the runout table cooling was developed, which solves the
transient 1-D heat transfer in a steel strip moving through the cooling units in the runout
table. The model takes into account the individual fluid flow characteristics of each jet
such as its velocity, diameter, temperature, and the geometry of the nozzle arrays, and
relates them to other process variables, such as strip speed, chemistry, and thickness, to
predict the thermal evolution of the steel. The model was validated by comparing the

predictions of the model for the processing of two plain carbon steels, A36 and DQSK,

it




with measurements in ten different runout table operations. Very good agreement with
measurements  was obtained. The boundary conditions were obtained by the
mathematical modelling of the boiling curves during water jet cooling based on the
application of the macrolayer evaporation mechanism, which lead to accurate predictions
of the boiling curves, which compare very well with most of the reported measurements

in the literature.
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Chapter 1. Introduction

1. INTRODUCTION

Approximately 700 million metric tons of steel are produced in the world every
year, and around 200 million of them are hot rolled to flat products with gauges from
2mm to 25mm. These flat rolled products are used in a wide variety of applications
ranging from construction, hydrocarbons transport, automotive applications, household
appliances, etc. The controlled cooling of steel is common practice in the production of

such products.

The controlled cooling on the runout table of a hot strip mill is accomplished by
supplying water to the top and bottom surfaces of the strip, using water jets issuing from
circular nozzles (bars) or rectangular narrow nozzles (curtains). These kinds of cooling
systems are often called laminar cooling because of the streamlined appearance of the

jets, but they are not necessarily in laminar flow as defined by fluid mechanics.

Laminar cooling (jet cooling) is adopted because of the high rates of heat
extraction that can be attained, which lowers the austenite decomposition temperature,
leading to a smaller ferrite grain. Finer ferrite grains are obtained as a consequence of the

increased ferrite nuclei rate at lower temperatures during the austenite decomposition.

A fine ferrite grain size increases both the yield and tensile strength of the steel,
and improves the toughness. This reduction of the ferrite grain size together with
precipitation strengthening from aluminum nitrides in Al-killed low carbon steels, or Nb,
Ti, V, carbo-nitrides in HSLA steels can be manipulated to achieve steel with higher

strengths even with reduced carbon contents. This considerably improves the weldability
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due to the reduced hardenability of the steel and the consequent formation of the tougher

equilibrium transformation products, ferrite and pearlite.

The ability of water jet cooling to extract peat from the steel at very large rates is
due to the effectiveness of the boiling mechanisms that take place at the typical
temperatures of the runout table. Jet boiling heat transfer is probably one of the most
efficient mechanisms of cooling known to man to this date, and it is also used in other
important applications such as: computer chip production, continuous casting, etc. A
comparison of the magnitude of the heat-transfer coefficients for different kinds of flow is

shown in Table 1.1".
1.1 Description of the Hot Rolling Runout Table

A typical layout of a Hot Strip Mill is presented in Figure 1.1. Following the
rolling stands, where deformation takes place, the runout table and the down coiler are the

last steps of the hot rolling process.

The runout table is typically made up of, as shown in Figure 1.2, a set of cooling
banks placed at the top and bottom of the strip, an array of motorized rolls and a coiler.
The strip exits the finishing mill, where the final deformation takes places, and moves to
the down coiler where it is coiled for stofége or further processing at a velocity which in
many operations is constant. The strip moves on hollow rolls, made of low carbon steel,

which are placed at appropriate distances to avoid excessive bending of the strip.

The cooling banks consist of headers, or distributor pipes, which supply water to

arrays of jet lines from which the water impinges on the steel through rectangular nozzles
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creating a water curtain, or through round nozzles which produce water bars, as shown in
Figure 1.3. The water is supplied from coolingitowers, to large storage tanks located
below or above the runout table level. When these tanks are below the runout table, the
water is pumped to the headers and then to the jet nozzles, to ensure that the amount of
water is sufficient and to maintain the stability of the water flow. When the tanks are
above the runout table, water flows by gravity through the different pipes, headers and
nozzles, the level of water being maintained constant in the storage tanks to control the
amount and stability of the water flow. Once the water has been used for cooling, it is
filtered and recycled to the cooling towers. The water usually is supplied at room
temperature (18-40°C) through the top and bottom nozzles, with flow rates that are

commonly constant for a given mill.
1.2 Laminar Cooling Systems

Before the adoption of laminar cooling, air-water cone sprays were used to cool
the steel. However, these were not efficient enough to ensure the cooling rates necessary
to attain a small ferrite grain size. The reason might be the fact that cone sprays are more
prone to form an isolating vapor film between the water and the strip at the runout table

temperatures, mainly because of the discontinuous nature of the flow and the air trapped.

The earliest water jet system consisted of several lines extending along the length
of the runout table with arrays of circular bar jets (axisymmetric jets) placed across the
width (Figure 1.3). This is probably the most common cooling system because of its

intermediate cooling capacity. Water exits the nozzle at velocities typically from 1.0-

3.0m/s, its velocity being modified by gravity; in the case of top jets velocities from 5 to
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8m/s can be realized, whereas for bottom jets, the nozzles must be placed closer to the

strip surface to maintain adequate velocity.

The water jet impinges on the strip surface, as depicted in Figure 1.3[a] and Figure
1.3[b], with a certain amount of momentum, creating a region of highly localized cooling,
called hereafter the impingement region. This area is about three times the impinging jet
diameter or width, across which a pressure gradient exists. In the case of bar jets, outside
the impingement region, the streams of water from neighbor jets interact with each other
along the width direction (interaction flow region), creating a region of intermediate
cooling between the impingement region and the fegion where the water flows parallel to
the strip motion (parallel flow region); in this region the cooling efficiency is
comparatively low. The interaction of the various 'cooling zones depends on the geometry
of the jet array as well as on the strip speed. Intrinsic inhomogeneity of the water flow
across the width of the strip can cause inho‘mogeneous properties, but this effect has been
greatly reduced by alternating the pattern of the nozzle array. On the bottom surface,
water impinges in a similar fashion, but due to the gravity, the water does not remain in
contact, except in a small area. Typically, top surface cooling is more efficient than
bottom cooling mainly for this reason. It is noteworthy that the fluid flow patterns are

very much affected by the strip motion.

In order to increase the cooling capabilities of the laminar systems, water curtains
(planar jets) issuing from slot-type nozzles were developed (Figure 1.3[b]). Although this
system provides the most effective cooling and provides homogenous profiles of

mechanical properties across the product width, the extremely high cooling attained by it
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can result in shape problems during production, such as cobbling or canoeing. As a

result, the more rapid system requires a higher degree of control.

1.3 References

1.- M. N. Ouzisik, Basic Heat Transfer, 1* Spanish edition, McGraw Hill, 1979, pp.6.
2.-W. L.

Roberts, Hot Rolling of Steel, Marcel Dekker, Inc., 1983, p 472.
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Table 1.1:Heat Transfer Coefficients for different cooling flows '

Kind of Flow Heat Transfer Coefficient (W/m*C)

Free convection 6-28

Forced turbulent convection in pipes (water) 284-17000

Boiling water 2840-57000

Jet boiling of water >50000
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Figure 1.3:Typical Laminar Cooling Systems. [a] Laminar cooling bars, [b]
Laminar water curtains

[a]

[b]
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2. LITERATURE REVIEW
In this chapter, the present knowledge on runout table processing is presented, and
some of the several models published in the literature are discussed. Additionally, a

review of the fundamentals of heat transfer involved during processing is included.

2.1 Runout Table Models

The increasing need for a quantitative description of the thermal and
microstructural events taking place during controlled cooling on the runout table has led
to the/ development of mathematical models. Currently, the main applications of such
models are in mill set up to attain a specified coiling temperature '; which is linked to the

final mechanical properties.

Several mathematical models have been developed to predict the temperature field
in the strip during laminar cooling. Most thermal field predictions are based on the
solution of the 1-D heat conduction problem by applying specific heat-transfer
coefficients (HTC) to the strip surfaces, corresponding to the nature of the cooling in that

zone.

The major pfoblem in creating a runout table model is the definition of the local
heat flux (HF) during water jet cooling as a function of the most important operating
parameters such as water temperature and flow rate, strip velocity, and the local surface
temperature. Other parameters of importance are the jet arrangement along the table, and

the nozzle shape, dimension, height and angle.

In jet cooling, two main fluid flow zones may be defined:
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1.- Parallel flow, with and against the direction of the motion of the strip.
2.- Pressure gradient flow (Impingement zone).

Depending on the jet arrangement, there can be a relatively stagnant zone where two

opposing parallel flows meet.

A realistic description of the heat transfer characteristics requires the knowledge of
the heat fluxes in each of these flow zones, in terms of the operating parameters
previously mentioned. However, such expressions are generally unknown, due to the
wide variety of operation conditions, and the complexity of the two-phase heat transfer

mechanisms occurring.

Therefore, since an experimental measurement of the heat transfer coefficients during
cooling on a runout table is extremely difficult, typically the selection of an appropriate
HTC has been obtained by a “fitting” process. In most cases, an “average” heat transfer
coefficient is assumed which fits the experimental results > > *. Prasad et al. * highlighted
the present state of knowledge in this regard by saying that there has not been a serious
attempt directed at predicting the heat transfer coefficients. Given the complexity of the

problem, the lack of the expressions for the heat transfer coefficients is not surprising.

However, some attempts have been made to characterize the individual jet cooling
zones>%"3° Colas et al.® defined a constant heat transfer coefficient in the impingement
zone and a different one in the parallel flow zones, but were unable to define a set of

values which give good agreement with observations. So they assumed that an isolating

oxide layer on the strip surface was responsible for the disagreement. Evans et al. °
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assumed convection heat transfer on the top and bottom surfaces, regardless of the
temperature range of the strip. Filipovic et al.’ assﬁmed film boiling in the parallel flow
zone and unstable nucleate boiling in the impingement zone. Their model was validated
using data for only two coils predicting much higher exit temperatures. The discrepancy
was believed to be related to heat conduction to the rolls; once this was included, the
discrepancy was reduced. Their model * was extended to predict the 2-D behavior of the
strip during cooling with laminar bars, under the same basic assumptions, except that
transition boiling was assumed in the impingement region. The predicted coiling
temperature for two coils was within 16°C from the measured coiling temperatures. Guo’
employed an alternative statistical approaéh to back calculate the heat-transfer
coefficients obtained during the cooling of several coils, and obtained a power-law
equation which included parameters such as stripls thickness, velocity and temperature, and
water flow rate. Process control models have also been developed under similar

circumstances' .

Although some degree of predictive success was obtained from all these models, the
fact is that they disagree fundamentally wi.th.the ‘e;xperimental evidence available''. Most
of these models do not allow the prediction of the effect of specific process variables on
the coiling temperature. A constant heat tranéfer coefficient for each zone is not
consistent with the facts, neither do the assumpti_c;n of forced convection nor film boiling
satisfy the cooling conditions observed. Similarly; discrepancies assumed to be due to the
formation of an oxide layer on the strip fﬁust be tested and validated, and probably its

effect is smaller'?. In addition, conduction to the rolls should be much smaller than

11
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assumed by Filipovic et al. ’ since the heat transfer coefficients during the strip to roll

contact are not large enough to consider continuity of the temperature at the interface".

With respect to the metallurgical transformations occurring during cooling, some
work has been published > * * dealing with the prediction of the kinetics of the austenite
decomposition to ferrite and pearlite. Hurkmans et al."* developed a model focused on the
prediction of the kinetics of the austenite decomposition to ferrite, although the
transformation to pearlite, bainite and martensite was also studied. The phase
transformation model was based on quantitative dilatometry and was combined with a
thermal analysis through the effect of cooling rate on the phase transformation. The steel
chemistry included in the study ranged from C(w%)=0.04-0.17 and Mn(w%)=0.220-
1.420. The heat transfer coefficients were obtained assuming spray cooling, for which
transition boiling is present over the whole range of strip temperatures. Consideration of
the effect of cooling conditions on the austenite decomposition to non-polygonal
microstructures, such as are found in mediﬁm to high carbon steels, has not been included

in any of these models.

Hernandez et al.'>'® developed the first mechanistic model based on the assumption of
transition boiling in both the impingement and§parallel flow regions, where the entire
boiling curve in each of these zones was modelled by assuming the existence of the
“macrolayer dryout” mechanism. This boiling mechanism has also been observed
experimentaly, even in the parallel flow region during cooling of a non-moving flat plate,
as will be discussed later in this work. However, the model did not consider the important

effect of the local water temperature increase due to the absorption of the heat released

12
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by the strip as water flows from the jet impingement region. In operation, transition
boiling changes to film boiling due to this effect, and the assumption of complete
transition boiling with water at room temperature overpredicts the cooling where the
parallel ﬂow region is long. Prediction of the austenite decomposition kinetics to ferrite
and pearlite was included for low carbon steels. This model constitutes the foundation of

the structure of the process model presented in this work.

More recently, the existence of transition boiling as the overall cooling mechanism
has been recognized, and has been adoptéd in on-line control models very
successfully'”'®, These models assume that the cooling of long sections of the runout
table, i.e. banks of jets, follow the typical transition boiling behavior of increasing heat

extraction when the steel temperature is lower.

However, from the present literature, it is clear that insufficient experimental studies
have been made to allow the development of a fnodel that incorporates the fundamental
characteristics of the heat transfer processes occurring during runout table cooling.
Moreover, the results from most of these modelé are inconsistent with mill observations

and the experience of mill operators.

2.2 Air Cooling

During the cooling on the runout table the steel strip often moves through regions
covered by water and dry regions, where air cooling takes place. Air cooling is a small
contributor to the overall cooling on the runout table under those circumstances.
However, during the production of some thick .strips and plates, slow cooling is more

desirable and the product is allowed to cool in air exclusively.

13-
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Cooling in air has been extensively studied both experimentally and theoretically.
Given the extent of the information available, only the equations that are used in this
work are presented. In the dry areas where cooling in air takes place, natural, forced and
mixed convection heat transfer can occur. Natural convection occurs by the air flow
driven by air density variations promoted by the high temperature of the steel in contact
with air. Forced convection heat transfer takes place because of the motion of the strip,
and mixed convection is the resulting contribution of these two modes of convection heat

transfer which always occur. Radiation heat transfer to the environment also takes place.

Radiation heat transfer losses to the ambient have been frequently calculated by

means of the following equation':

qraa’ = go-(T\;rface - ]:;l’nbiem:) [221] '
oo 17+ I=27) [125x107(T-273)-0.38); TinK
1000

The mean natural convection heat transfer from a horizontal surface has been

extensively calculated by adopting the equation™:

Nu,, = ¢(Gr, Pr)" [2.2.2]

nat

for a range of cooling conditions producing the parameters ¢ and », as shown in Table

2.1. The forced convection heat transfer for the runout table conditions can be expressed

for laminar flow?"” (Rey <5x107, UpUgjr) as:

14
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N, = Re/” Pr' [2.2.3]

forced
107" 20r -
3 Yo T
27(Pr 4,)

and for turbulent flow” (Rey>5x107, Up>Ugir) as:

Nit, s =0.019(9 ~7r)"" Rel* Pr"? [2.2.4]

x, forced

where Rex=pr/v, Nux,forced=hX/kair= and r=I-u,/u,; A, =1/(03-00074r). It
should be observed that laminar forced convection can occur on the runout table. For the
lower limit of the strip speeds in the runout tabie (2m/s), the minimum local Reynolds
number for air cooling is approximately Rey yjn=1.43x1 04#*x, and hence, laminar forced

convection may be possible at a position x<35m from the beginning of each dry zone.

It is important to mention that during run out table cooling, mixed convection heat
transfer always takes place, because the strip is always in motion, promoting forced
convection simultaneously with the natural convection. However, mathematical
expressions to describe the mixed convection heat transfer regime on the runout table do
not exist. To overcome this limitation in the present work, the mixed convection heat

transfer can be approximated by the following equation®:

Nty = (Negs + Nt ) [2.2.5]

mixed — natural

where #n=3.5-4.0 for horizontal flow past cylinders or spheres.
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2.3 Water Jet Heat Transfer

Firstly, a brief discussion of the fluid flow during jet cooling is considered in
order to understand better the heat transfer phenomena, which will be discussed
afterwards. A comprehensive review of jet impingement boiling for different coolants and
jet characteristics was presented by Wolf et al."'. However, a more specific and updated

overview for free surface water jet cooling is needed.

A discussion of the specific location for each cooling zone on the runout table
and the state of the knowledge of the boiling curves in terms of water subcooling, jet
velocity, jet dimensions, and other parameters is presented. All of the experimental data

was obtained for non-moving surfaces, unless stated otherwise.

2.3.1 Fundamentals of Boiling Heat Transfer

The heat transfer behavior of a system in which boiling occurs is usually best
described by a plot of heat flux as a function of the difference between the surface
temperature of the solid being cooled and the saturation temperature of the coolant

(superheat). This kind of curve is commonly called the "boiling curve".

It is worthwhile: to differentiate between the boiling curves obtained from
temperature-controlled and heat-flux controlled conditions. Typically, temperature-
controlled boiling curves are obtained by transient cooling; but it is possible, in princip‘le,
to generate steady state curves. On the other hand, heat-flux controlled boiling curves are

usually obtained from steady-state cooling experiments. Similarly, the heat transfer

versus superheat curve is not the same for boiling and condensation. In general, the
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boiling curves are very dependent on the path followed during cooling, and careful

consideration of boiling data is of prime irhportance.

The typical shapes of temperature-controlled and heat-flux controlled boiling curves
are shown in Figure 2.1. The basic difference between the temperature controlled and the
heat-flux controlled boiling curve is that in the latter, the transition boiling regime does
not exist. This precludes the measurement of the heat fluxes in the runout table under
more controlled steady-state experiments. A variety of terms are used in the literature to
describe the different boiling regimes. Throughout this work, the nomenclature shown in

Figure 2.1 will be used.

Under heat-flux control, to maintain a higher heat flux than the critical heat flux, a
large increase in the surface temperature is required because of the very high thermal
potential needed to sustain the heat ﬂo‘vwi under conditions of pure film boiling. In
contrast, with smaller temperature gradients, the liquid contacts the surface, and the
cooling is very effective during that contact, éenerating a very high heat flow. The
transition boiling mechanism is a combination of both film boiling and nucleate boiling,

which is also intermediate in effectiveness of cooling.

Jet cooling on the runout table is realized over a very wide range of surface strip
temperatures, typically from 900°C down to 300°C; and therefore, the cooling is carried
out by different boiling mechanisms. More specifically, nucleate boiling, the critical heat
flux, transition boiling and film boiling must be fully characterized in order to develop a

general model.

17
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2.3.2 Fluid Flow

A basic understanding of the fluid flow phenomena involved in jet cooling is
required to understand the controlled cooling of steel, because the heat transfer processes

involved are strongly dependent on how the water flows on the steel surface.

Basically, there are two different flow zones during single-phase jet cooling, as shown
in Figure 2.2. In the zone adjacent to the jet center, the free stream flow changes
direction, and must develop in a finite length, which is defined as the impingement or
pressure gradient zone. This zone extends in a direction parallel to the strip motion
(cocurrent and countercurrent). This involves a change in the pressure energy (pressure
gradient) which is also parallel to the strip motion. Jet fluid flow can be well
approximated in the neighborhood of the jet ce:nter by the well known Falkner-Skan
power-law™ **. According to this, for a to‘p.planar jet, the free stream velocities in this

region are given by:

u, =Cx
b =—Cy [2.3.1]
C— E jet

4

and for bottom planar jets, which usually are inclined, the velocity in the direction

parallel to the surface can be estimated by the wedge flow equation:
u, = Cx" [2.3.2]

where m=0/(7-6), 0 is one-half of the angle of the wedge, and the constant C is

dependent on the angle 6
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The effect of impingement angle on the dimensionless free stream velocity of a
planar jet is shown in Figure 2.3. It is important to note that the overall length of the
impingement region is reduced by inclining the jet. These latter expressions were used

extensively in this research to describe the free stream velocity of the flowing jet.

Webb et al.** presented the free stream velocity of an axisymmetric jet (bar)

impinging with a uniform velocity perpendicular to the surface as

u,,
u, =0.9 dﬂ r [2.3.3]

o0
Jet

which was obtained by solving numerical the :fluid flow of an impinging jet under

negligible surface tension effects.

Experimental work has been conducted to define the free stream fluid flow
characteristics. The pressure distribution with distance from the centerline of an
impinging planar water jet was measured by Zumbrunnen® resulting in the following

expression:

P= (i) (2—’?—‘- 3} +1 [2.34]
X« X

which is related with the free-stream velocity by the well known equation

d(ﬁooz) _ _@

= = [2.3.5]

and from both the free-stream velocity is
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2 N3
Uoslpsrcn, :[3(3) -2(xij ] [2.3.6]

o0

=1

x21

o]

and the dimensionless velocity gradient is:

C= dy| V3 [2.3.7]
ax |z, X

X=

The pressure distribution is presented by the ﬁne in Figure 2.4(a), and shows that the
impingement region actually extends to a distance of approximately 1.75 times the
impinging jet width in each direction, as compared to the 1.3 predicted by the potential
flow theory, which is more applicable close to the impingement line. Similarly, Ochi et
al.?® measured the pressure distribution on the surface for an axisymmetric jet (bar)
impinging perpendicularly, and the results are shown in Figure 2.4(b). Clearly, the
pressure gradient zone extends to approximately 1.3 times the jet diameter, as compared
to 1.1 predicted by theory. For both, planar and axisymmetric jets, the measured length
of the impingement region may be considered more accurate than the theoretical
approximations. Consequently, the experimental values were used extensively in the

present research to delineate the impingement region in the runout table.

For single-phase jet cooling on a stagnant plate, a similar flow solution of the
momentum and energy equations for the flow near the solid at the stagnation line (jet
centerline) can be easily obtained for laminar flow”, by either the direct solution of the

Navier-Stokes equation (Hiemenz solution), or by integral methods (Falkner-Skan wedge

20
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flow solution). Even though the flow might be turbulent, the impingement of the jet tends
to laminarize the flow, and usually laminar flow solutions are accurate enough. For

1.24

example, Webb et al.”* mentioned that for axisymmetric jets, unless the pre-impingement

jet is characterized by extremely high turbulence, a laminar boundary layer will begin at

the stagnation point and proceed outward into the radial flow zone.

The zone where the free-stream velocity is fully developed, will be called "parallel

flow zone", and the free-stream velocity is:

u,=1u, [2.3.8]

2.3.3 Water Bar Impingement

The boundary of the impingement region is determined by the radial position
where the pressure gradient becomes negligible. For practical purposes the pressure
gradient can be considered negligible when r/djer~1.3. It is interesting to note that the
experiments show that for r/djer>1.3 the press’uré gradient is not zero, but asymptotically

decreases with radial position.

A heat transfer analysis of the effect of the process variables on the runout table
cooling can be better carried out by analyzing the effect of these on the boiling curves at
each particular cooling zone. Consequently, the effect of the following variables will be
considered in this section: [a] Jet subcooling; [b] Nozzle diameter and position from
stagnation point; and [c] Jet velocity. It is important to mention that for the experimental
information presented in sections 2.3.3 to 2.3.6,: mathematical expressions that could be

used in a process model were not obtained. However, these measurements were very
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useful for the verification of the model presented in this work, and they were used

whenever possible.
[a] Effect of subcooling.

Subcooling is defined as the boiling température of the fluid at the actual pressure
minus the actual temperature of the flow. Ochi et al.® measured the boiling curves at the
stagnation point of a water bar for a range of subcoolings from 5 to 80°C (uje/=3m/s,
djer=0.02m, Tipjtigl=1 100°C). The results are plotted in Figure 2.5. Film boiling
appears only at subcoolings lower than 45K, and the transition boiling region extends
from superheats of 200K to 800K at subcoolings higher than 45K. The strong effect of
subcooling on the strength of cooling is also supported by the findings of Kokado et al.”’
in similar experiments. Consequently, in the impingement region of the bar jets used on

the runout table, transition boiling always takes place, and film boiling is almost

impossible.
[b] Effect of nozzle diameter and position from the stagnation point.

The results by Ochi et al.” also show that the boiling curves at the stagnation
point are lowered by increasing the nozzle diameter, given a constant jet subcooling and
velocity, as shown in Figure 2.6. Within the stagnation zone, the boiling curves remain
nearly the same for different positions, as shown in Figure 2.7, for which the jet diameter

1.28

was constant (djer~0.020m). More recent experiments by Hall et al.” under very similar

conditions (ATsyp=25K, ujer=3m/s, djer=0.005m, Tipjtiqi=650°C) show the effect of the
position from the stagnation point on the boiling curves, while the flow and the diameter

of the jet were maintained constant, as seen in Figure 2.8. Comparing the results by Ochi
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et al.?® with those by Hall et al.”® , it is observed that at the stagnation point, the heat
fluxes can be increased up to three times by decreasing the jet diameter from 0.020m to
0.005m. This is in agreement with results shown in Figure 2.6. Figure 2.8 also shows that
the boiling curve, in general, moves downwards with increasing position from the
stagnation point. In this particular figure, the boiling curves for positions higher than
5Smm from the stagnation point are representative of the parallel flow region. An
interesting observation from the author was that in the parallel flow region, the intensive

boiling lifts up the liquid layer and breaks it into droplets.

[c] Effect of jet velocity.

The effect of jet velocity on the boiling curve has not been reported. However, the
minimum heat flux point (also referred as Leidenfrost point) has been reported as a
function of jet velocity. The Leidenfrost point shifts to higher heat fluxes and superheats
with increasing jet velocity, but variations in the heat fluxes due to jet velocity are

relatively small. Ochi et al.* give the following expression for the minimum heat flux:

Gpin = 318x10°(1+0.3834T,,, )t / d,, [2.3.9]

)()4828

For bottom bars, the critical heat flux (maximum heat flux in the boiling curve)
has been studied” and was found to be dependent on jet velocity. Values lower than 10
MW/m?® were observed, even at jet velocities higher than 10 m/s and subcoolings of 80K,

as shown in Figure 2.9.
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2.3.4 Water Curtain Impingement

Similarly to the previous section, the heat transfer analysis will be focused on the
effect of the following variables on the boiling curve: [a] Subcooling; [b] Jet velocity and

water flow rate; [c] Impingement angle and jet pressure.
[a] Effect of subcooling.

Ishigai et al.”’ measured the boiling curves on the stagnation line of an impinging
water curtain  (4jer~1-3.17Tm/s,  ATgp=5-55°C,  wjer~0.0062m, Lje~0.05m
Tinitial=1000°C), and their results are shown in Figure 2.10. Typically, the headers of a
runout table issue water at room temperature, so in the impingement region of a jet
subcooling is typically from 60-80°C. This figure shows that the heat fluxes in the
impingement region of a typical runout table planar jet have to be in the transition boiling
regime, and their values are expected to be higher than the values presented in Figure
2.10. The effect of subcooling is very significant for lower subcoolings but tend to
decrease with increasing subcooling (compare to Figure 2.5). In addition, the steel surface

temperature also has a very strong effect on the local heat transfer.

[b] Effect of jet velbcity and water flow rate.

1.°° also measured the effect of jet velocity on the boiling curve. The

Ishigai et a
heat fluxes increase with the jet velocity, but this effect is relatively small compared to

subcooling variations, as can be seen in Figure 2.11.

The average heat transfer coefficients over an area that includes the impingement

region have been reported by some other researchers’ in terms of the ratio flow
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rate/length, but inconsistent results were obtained. Increasing the flow rate/length ratio
produced an increase in the average heat fluxes for bars and curtains (Figure 2.12[a]) .
The same report shows that with changing nozzle height the average removal of heat is

only slightly affected (Figure 2.12[b]).
[c] Effect of impingement angle and jet pressure

Boiling curves have been measured for a water curtain impinging perpendicularly
on a vertical surface by Raudenski et al.** (Figure 2.13). Although the water temperature
was not reported, the experimental setup does not include a water heater, and water
temperature may be considered as room temperature. Clearly the heat fluxes are smaller
than those in the case of the cooling of th¢ top surface of a horizontal plate (compare
with Figure 2.5 and Figure 2.10). Figure 2.13[a] shows that the effect of jet pressure is
negligible. Figure 2.13[b] shows that the average heat flux from an area 11.0x45.0cm
(which includes the parallel flow region) is just slightly smaller than at the jet center. No
film boiling was observed in these experiments, where the surface temperatures were
below 600°C. An important observation made by these authors was that if the starting
temperature for such experiments was increased from 600°C to 900C°, the results
obtained for the temperature range of 100°C to 500C° would be different. Therefore, the

initial state of the heat-transfer mechanism influences the whole heat removal process.

2.3.5 Parallel Flow Region

Despite the importance of cooling in the parallel flow region on the overall

cooling process, very little research to measure the heat transfer has been reported.
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In this section, the effect of the following variables on the heat transfer process
will be discussed: [a] Position from the impingement zone; [b] Subcooling; [c] Jet

velocity; [d] Strip speed.
[a] Effect of Position from the Impingement Zoﬁe.

Early work carried out by Otomo et al.*! and Takeda et al.*® show that away from
the stagnation line of a planar jet, the heat transfer coefficients increase with decreasing
plate surface temperature, as shown in Figure 2.14. This figure also shows that the heat
transfer coefficient decreases with increasing distance from the curtain. Similarly, for
water bars, the heat fluxes decrease with increasing distance from the stagnation point®,

as shown in Figure 2.8.

In a more systematic study, Kumagai ef al.** measured the boiling curves for a
water curtain (4jer~ 3.5 m/s, ATgyp =0°C) at several distances from the jet centerline.
The initial plate temperature was approximatel);.400°C. The heat fluxes change faster
close to the stagnation line, and variations in heat fluxes are negligible after some
distance , as shown in Figure 2.15. These results imply that there is little effect of
distance on the development of the vapor-liquid interface or of any boundary layer and

the associated heat transfer.
[b] Effect of Subcooling.

In order to understand the heat transfer taking place in the parallel flow region,

recently Filipovic et al.”® quenched a nickel plated (15um thick) oxygen-free copper plate

(25.2mm thick, 38.1mm wide, and 508mm long) using a nozzle that issues water flowing
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completely parallel to the surface, which resembles the parallel flow region of a water
curtain. Several type K thermocouples were inserted in the plate at a distance of 0.2mm
below the cooling surface and along the length of the plate to record temperature
measurements using a data acquisition system with sampling frequency of 0.5s. Since the
thermal resistance of the copper plate was very small, direct calculation of the heat fluxes
was possible without the need of solving the inverse heat conduction problem. The range
of operating parameters tested were similar to those in use on typical runout table
operations (Ujer =2-4m/s, T, wate,=25-55°c, Tinitial ~850°C). The experiments were
video recorded in order to link the temperature measurements with the visible processes
taking place. Boiling curves were obtained at different locations, as shown in Figure
2.16. It is clear that the boiling curves change substantially with position from the edge
where the water flow starts. The authors verified that the local subcooling decreases
significantly along the surface, which reduces also the heat extraction downstream. So,
the effect of position was attributed to a decrease in local subcooling. It was also
mentioned that the development of any boundary layer or the vapor-liquid interface was

negligible.

It is important to mention that a minimum heat flux is virtually nonexistent, and
the film boiling regime (considered by the autho;s as the flatter response on the heat flow
curves) was obtained only at relatively long distances from the edge where the water flow
starts, where the water temperature is high, probably above 70°C. Under these
experimental conditions, the transition boiling regime takes place at lower water

temperatures and changes continuously to film boiling while the local water temperature
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increases. Even though the experiments by Filipovic et al.** depart from the hot strip mill
conditions with respect to the lack of plate motion and the differences of plate material,
the effect of subcooling is in qualitative agreement with observations in runout table
operations, where a water stream may be left on the strip for several meters without any
overcooling observed, typically between the last working header and the sweep sprays
near the coiling temperature. Since the only significant variable that changes along this
stream for a particular strip is the local water temperature, it is reasonable to consider that
higher local water temperatures are responsible for limiting the cooling capabilities of the
water stream.. Visually the streams change fr.oin' visual “direct” contact of the water with
the strip to a vapor film which later on induces the breaking up the water layer into
pools. |

Kumagai et al.**

also showed the effect of variations in subcooling on the critical
heat flux at different locations in Figure 2.17. The critical heat flux increases with
subcooling. However, this effect seems to be smaller in the parallel flow region, where

increasing the distance from the centerline gives rise to a progressively smaller decrease

in the CHF.

The cooling in the parallel flow region c¢uld also be compared to the quenching
of a steel bar in a pipe through which water is flowing, as used by Hernandez-Morales et
al.'2. The surface heat fluxes were calculated using an inverse heat conduction method
applied to thermocouple readings obtained at various depths in the quenched bar, for
different water temperatures and velocities, and the results are presented in Figure 2.18.

Lower water temperatures increase substantially the heat fluxes during quenching, and
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film boiling appears at water temperatures in the neighborhood of 75°C at surface

temperatures above 600°C.
[c] Effect of Jet Velocity

The effect of jet velocity cannot be seen as clearly as the effect of subcooling on
the heat fluxes reported in the literature.

1.”* presented in Figure 2.16,

From the parallel flow experiments by-Filipovic et a
some conclusions may be drawn. Comparing the curve (Tygrer=25°C, u=2m/s at
x=0.4826m), which may have been subjected to a local water temperature up to 40°C, to
the curve (Tyyarer=55°C, u=4m/s at x=0.127m), with a local Tygrer probably above
60°C, it is clear that the latter curve exhibits higher heat fluxes, even with a difference of

about 20°C in local water temperature. This indicates that the velocity variation from 2 to

4m/s produces a noticeable increase in the boiling curves.

The experiments by Hernandez-Morales et al."? shown in Figure 2.18 provide
additional information on the effect of flow velgcity. The variation in the average flow
velocity in the pipe from 2.8 to 6.9 m/s has a significant effect on the boiling curves,
especially for lower water temperatures. Howevér, for this flow the maximum velocity
can be significantly higher than the average,‘which increases the effect of water velocity
to a level similar to that in the impingement region of a jet. Consequently, the effect of jet

velocity has to be intermediate between the actual effect in the parallel flow region and

that obtained in the impingement region.
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Finally, Kumagai et al.**

showed that the effect of jet velocity on the critical heat
flux in the parallel flow region of a water curtain is small, and it becomes almost

negligible with increasing distance from the impingement line, as shown in Figure 2.19.
[d] Effect of strip speed.

The effect of strip speed on the heat transfer was studied by Hatta et al.*®, but their
results are unclear with respect to the real effect of motion on the boiling curve, although
it seems to be small.

More recently, Hernandez et al.'

measured the thermal history of a moving plate
going through an array of planar water jets in a pilot-plant runout table experiment. A
schematic layout of the experimental setup is presented in Figure 2.20. Three Type-K
thermocouples (0.51 mm diameter) were installed in a 304 stainless steel plate. No
cleaning or special treatment was applied on the surfaces of the test plates. Temperatures
were recorded using the Lab Tech—Notebookvdata acquisition system with a sampling
frequency of 500 Hz during the cooling of each sample plate under an array of six planar
water jets. The plate was placed on a sled and accelerated to constant speed before being
drawn through the jet array. The water curtain (upgzzle=1.46mVs, ujer=4.6ms,
Wjer~0.001m, Ljer=0.41m, Tyyqrer=24°C) .impin“ged on the constant velocity plate (1.45
m/s). In order to measure the surface temperature directly (avoiding the solution of an
inverse heat conduction problem and the effect éf the "thermal capacitance" of the plate

on the thermal response of the thermocouples) two thermocouple wires were spot-welded

on the surface to be cooled down, and an additional thermocouple was placed at the
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center of the plate. The time constant of the thermocouples was estimated to be smaller

than the sampling frequency.

Hernandez et al. '* mathematically modeled the thermal response of the surface
thermocouples with reasonable results, but they did not conclude about the effect of strip
motion in these experiments. A numerical analysis was performed based on a boiling heat
transfer model and the authors suggested that increasing the strip speed the local heat

transfer is also enhanced in both, the impingement and the parallel flow regions.

2.3.6 Interaction between jets in an array

The heat transfer characteristics of a single jet have previously been considered.
However, in the runout table, arrays of jets are used to control the cooling of the steel.
Consequently, the effect of neighboring jets on the heat transfer of a single jet must be
characterized. Since the fluid flow involved during these operations is extremely
complex, only experimental work and plant measurements and observations have been

reported.

The work by Kimura et al.” shows clearly that the average heat-transfer
coefficients for an array of jets follows the typical transition boiling shape, as previously
described for both the impingement and parallel flow regions (see Figure 2.21). Also, it is
evident that the effect of water temperature and flow rate is qualitatively the same as that

obtained for the single jet cooling.

Slayzak et al. studied the interaction between planar jets”® and adjoining rows of

water bars®. Experiments were conducted to obtain the single-phase local heat transfer
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coefficient along a constant heat flux surface. In the case of the curtains, nozzle widths
and nozzle-to-heater separation distances were fixed at 5.1 and 89.7 mm, respectively,
while two nozzle-to-nozzle pitches (81 and 51 mm) were considered. The ratio of
impingement velocities for the two nozzles was varied from 0.47 to 1.0. Interacting wall
jets created by the impinging jets yielded a strong upwelling of spent flow (an interaction
fountain), beneath which convection coefficients were comparable to those associated
with the impingement regions. With decreasing the ratio of impinging velocities, the heat
transfer coefficients in the impingement region of the weaker jet were reduced by the

effects of crossflow imposed by the stronger jet.

In the experiments associated with the impingement of one or two rows of
circular, free-surface water jets, the nozzl‘e diameter, the centerline-to centerline distance
between nozzles in a row, and the nozzle -to-heater separation distance were fixed at 4.9,
6.3, and 89.7 mm, respectively. Two row-to row separations (81 and 51 mm) were
considered, and the jet velocities were varied from 2.1 to 4.5 m/s. For an equivalent
impingement velocity, maximum convection coefficients beneath a planar and a linear
array of circular jets are comparable. Over a regiqn that transcends the impingement zone,
the local and average heat transfer coefficients obtained for a linear array of circular jets
are less than those obtained for an equivalent: planar jet. Although the convection
coefficients in the stable interaction zones between the planar jets are characterized by a
pronounced secondary maxima, comparable to those at impingement, a dual array of

circular jets did not produce such strong peaks. The existence of such peaks was

attributed to the availability of cool, free-stream fluid just prior to the flow interaction. It
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is important to mention that measurements of the heat-transfer coefficient across one line
of circular jets revealed that the heat transfer in the parallel flow region is increased by
higher concentrations of water, even for the same jet velocity (compare Cases A and C

with B and D in Figure 2.22).

Detailed information with respect to the flow characteristics and cooling

performance of arrays of curtains was also presented by Takeda et al.”’

. They reported
that the interference zone between two curtainé presents a lower heat transfer than the
impingement or the parallel flow regions, and in this region the cooling is that for a
stagnant water pool. Interestingly, the water .distribution across the width was not
uniform. It was estimated that the 20°C temperature difference between the edge and the
center could be eliminated by reducing the flow rate at the edges by 30%, with respect
to that used at the center. In the case of an array of circular jets, important differences can
be seen in the flow rate ratio (Flow rate at the edge/Flow rate at the center x 100) across

the width related to the different water supply method employed, as it is shown in Figure

2.23.

More recently, Haraguchi and Hariki* studied the effects of interference flow and
nozzle pitch on the uniformity and capacity of cooling of arrays of water bars at typical
runout table temperatures. A 5-mm-thick copper plate (300mm long by 300mm wide)
was heated to 1000°C and set into a steei plate (2200mm long by 500 mm wide) and
cooled from 800°C, using water at 30°C. Two different numbers of rows of nozzles and
two nozzle pitches were considered (1 and 4 ro;vs, pitches of 40 and 80mm), and the

nozzle flow rates were 12.5 and 25.0 I/min. The nozzle diameter, the row-to-row distance,
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the nozzle-to-plate distance were fixed at 16.7, 450, 1500 mm, respectively. The steel
plate was inclined three degrees from the horizontal in order to simulate the effect of strip
motion. The heat transfer coefficients at different locations were measured, as shown in
Figure 2.24. In Figuré 2.24[a] the heat-transfer coefficients are plotted versus the surface
temperature for three locations from a jet impingement point (P=0Omm, Q=40mm,
R=80mm);, it is clear that the heat transfer increases substantially decreasing the surface
temperature, but the effect is less significant outside the impingement region (points Q
and R). Figure 2.24[b] shows the average crosswise heat transfer distributions over the
temperature range from 500-800°C, for four different cooling configurations, where the
number of rows, nozzle pitch and nozzle flow rate were varied (Case Al: 4, 40mm, 12.5
I/min; Case A2:1,40mm, 12.5 I/min; Case B1: 4, 80mm, 25.0 I/min; Case B2: 1, 80mm,
25.0 I/min). The average heat transfer over section A ( region = 40mm from the jet line
axis) is significantly higher than the average over the whole section, which indicates the
need of local heat transfer coefficients for predictions. Variations crosswise are smaller in
Cases Al and A2 because of the smaller pitch according to the authors, but possibly also
due to the smaller diameter of the impinging jet (7mm compared to 10 in the Cases Bl
and B2), which is evident in the distance between the peaks of these distributions. The
authors observed that for four rows of noézles, the interference flow is formed close to
the impingement points on one side of the row, and it decreases the flow velocities and
heat transfer of jets around the impingement points. Contrasting the effect of flow
interference (cases A1-A2 and cases B1-B2), the linterference flow has little effect on the

uniformity of the heat transfer, while it decreases the heat transfer coefficient around the

34




Chapter 2. Literature Review

impingement points. The reduction in nozzle pitch greatly improves the uniformity across
the strip width, while it decreases the coefficient in the area close to the impingement

points.

2.4 Principles of Boiling Curve Modeling

It has been shown that the published experimental or theoretical work although
providing some general trends with respect to the effect of process variables on the heat
transfer, is not sufficient to generate an empirical mathematical expression to calculate
the boiling curves.\with sufficient generalityﬂto describe the complex cooling on the
runout table. On the other hand, the experime;ltal measurement of the boiling curves
obtained for a moving strip requires an extréniély large amount of work and its cost
would probably be prohibitive. As a result, the mathematical modeling emerges as a
cheaper and easier alternative, which, if based on fundamental principles, may help

substantially in understanding the runout table operations.

This section deals with the fundamentals of heat transfer available to generate a
mathematical model describing the boiling curves relevant to the runout table. A
discussion of each of the individual parts required to describe the entire boiling curve is

presented.

2.4.1 Transition Boiling

In the typical range of strip surface temperatures experienced on the runout table,
transition boiling appears to be the boiling regime in the impingement region, whereas in
the parallel flow region transition boiling takes places and continuously gives way to film

boiling on moving away from the impingement zone. Given the much higher heat fluxes
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in transition boiling compared to film boiling, the former is responsible for most of the
cooling even though the strip cooling area under film boiling might be larger. The
transition boiling regime has been defined in éeveral different ways. In most cases,
information from the boiling curve is used in defining the area where transition boiling
takes place, but some researchers have used other experimental characteristics to define
it, such as the differences in noise generated during boiling or the color of the cooling
surface. However, throughout this work, the definition used by Kalinin et al.* and
Auracher” is adopted., where the transition boiling regime is the section of the boiling

curve where

4 g [2.4.1.1]
AT,

sal

discarding the minimum heat flux (MHF) and the critical heat flux (CHF).

Very little information about transition boiling has been published; this is
particularly true for jet cooling''. Only in recent years has interest in this boiling regime
increased, mainly in connection with the safety of nuclear reactors. Other fields of interest
include the material quenching processes, and t.he design of high performance evaporators
heated by a liquid or a condensing fluid, which‘may also be operated in the transition
boiling region without the danger of instabilities because the heat transfer is temperature
controlled **. Reviews of the present state of knowledge on transition boiling are

41,42

presented elsewhere®™, and only the details of those reviews relating to this work are

presented here.
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The experimental results on the transition boiling mechanism and the estimates of
heat-transfer rates show that, at a given instant, a part of the hot surface is wetted by the
liquid while the remainder is covered by a vapor film. Consequently, each region of the
hot surface is alternately in contact with the liquid and vapor phases of the boiling
medium. The mean duration of the heating surface contact with the liquid depends on the
superheat, the properties of the boiling fluid, the wall material and surface conditions.
Since the heat transfer to liquid is much higher than that to vapor, the heat transfer
processes occurring at the wall-liquid contacts are dominant in the case of transition
boiling*'.

It is important to mention that the processes taking place during liquid-solid contact
change with the local superheat. Kalinin et al.*" distinguished three zones in the wetted

part of the heating surface in the transition boiling region:

1.- A low superheat zone near the critical heat flux where the duration of the liquid-

wall contact is rather large and nucleate boiling occurs at the contact place.

2.- A high superheat zone near the minimum heat flux where nucleate boiling cannot
develop because of the small contact time, and heat transfer from the wall to the

liquid dominates, and unsteady heat conduction occurs.

3.- A mean-superheat zone where the contributions of nucleate boiling and unsteady

heat conduction are comparable.

Increasing the superheat, the duration of the periodic liquid-solid contacts is

decreased. The disturbance of the hydrodynamic stability of the vapor film and the
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conservation of the thermodynamic stability of the liquid at the contact place are

necessary conditions for the liquid-solid contact.

Stable equilibrium of the vapor-liquid intérfaée is possible only when the less dense
phase is above the more dense one (as occufs on the underside of a water cooled
horizontal surface with small free-flow velocity of both phases). For other cases, (film
boiling on vertical, inclined, cylindrical, spherical surfaces and on top of a horizontal
surface), the interface boundary is unstable as the more dense phase is above or adjacent

to the less dense one.

The instability initiates a transverse motion of the interface boundary. However, at
high superheats, the vapor film is thick, and the liquid does not touch the surface.
Decreasing the superheat, the thickness of the vapor film decreases, and the vibration
amplitude of the interface boundary may coincide with it, and the liquid-solid contact
becomes possible from a hydrodynamic viewpoint. Whether this contact occurs depends
on the thermodynamic condition and its combination with the hydrodynamic ones. When
the wave peak is close to the surface, and when the liquid temperature is much higher
than the saturation temperature, the intense vaporization produces a reactive force that
can throw the liquid from the surface, and contact will not occur. If contact takes place,
and if the liquid reaches a higher temperature than a limiting metastable liquid heating
temperature, then the explosive boiling of 'the.t'hinnest layer occurs and the liquid is
thrown from the surface. When the liquid temperature is lower, then wetting occurs, and
unsteady heat conduction (small contact time) or nucleate boiling (large contact time) will

appear.

38




Chapter 2. Literature Review

Regardless of the properties of the solid or the surface orientation, increasing the
liquid subcooling, widens the transition boiling region and shifts it to higher superheats,
enhancing the heat transfer. In contrast, heat removal in the NB region does not depend
on subcooling; this may be attributed to two compensating factors such as increasing the
temperature drop between the surface and liquid and the decreasing rate of bubble growth
due to subcooled liquid condensation at their caps. In the transition region these factors
act in the same direction since increasing the temperature difference between the surface
and water increases the heat release during the 'solid-liquid contacts, while the falling

bubble growth increases the duration of this contact.

The influence of the thermal properties and surface conditions (roughness and
wettability) of the solid is quite important in transition boiling. Such influence has been
examined mostly in pool boiling experiments, but there is no reason to doubt that the

effects are similar in flow boiling*.

According to Kalinin et al.*, the experimental data supports the conclusion that

decreasing the thermal effusivity (pc,k ) shifts the nucleate and transition boiling curves

to regions of higher superheats, while film boiling is not affected. However, Auracher®

states that the MHF point shifts to the right also. -

Since nucleate boiling is very dependent on the nucleation site density, with
decreasing the height of the microroughneéses on the surface, NB and CHF shift to higher
superheats, while the MHF remains the same, if the micro roughness height is smaller
than the vapor layer thickness. Therefore, for the same superheat, in transition boiling the

heat flux increases with smoother surfaces 2.
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Wettability has a strong influence on transition boiling. Enhancing wettability,
increases the heat transfer rate by increasing the liquid-solid contact area. The resulting
increase in heat flux with decreasing wetting contact angle includes both the CHF and the
MHEF, but this effect is greater in the MHF. The wettability also changes with oxidation
or deposition. Contamination may, in a very complicated way, simultaneously affect
roughness, wettability and the thermal properties of the surface, thus causing non-
reproducibility in much of the experimental data available. However, at least in flow
boiling, an oxidized surface shifts the CHF point to higher heat fluxes and superheats,

thus higher transition boiling heat transfer rates **2.

A very important factor is the steadiness in the experimental boiling curves. Very
different boiling curves are obtained from steady state experiments compared to transient
ones. Kalinin et al. *' pointed out that the general tendency is, the slower the unsteady
process the less the boiling curves differ from the steady-state curve obtained under the
same conditions. An analysis by Auracher” showed that the instantaneous interface
temperature and the cooling rate at the surfacé are the primary parameters needed to
describe this problem. The heat flux increases as :the cooling rate at the surface increases
during the heat-up processes; but the opposite is true for the cool-down processes.
Finally, the transient boiling curves can generally' be characterized by the cooling rate in

addition to the steady-state expressions.

According to this discussion, the boiling curve from nucleate to film boiling can be
described by a linear combination of the heat fluxes for the liquid and vapor contacts with

the surface as follows:
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I =41 F+9q,,(1-F) [2.4.1.2]

where F' is the fraction of the area in contact with the liquid, ¢, , and ¢, , are the
heat fluxes realized during the liquid-solid and vapor- solid contacts respectively. This
equation constitutes the foundation of most of the transition boiling studies, and it was
adopted as the basis of a mathematical model for the boiling curves presented in this

thesis.

Ragheb and Cheng” assumed that ¢, , =gy .. = qrmr- This is a good
approximation, but usually the CHF and the MHF are also unknown and thus of little use

for modeling purposes.

Kalinin et al.' proposed that ¢, =q,;, q,., =45, cvaluating them as the
extrapolation to real superheats of known correlations for both nucleate boiling and film
boiling. However, direct extrapolation of the: present NB heat flux correlations to
transition boiling superheats in convective boiling might overestimate by orders of
magnitude the liquid-solid contact heat flux **. Nevertheless, this assumption seems to be
the most reasonable if a mathematical expression to represent the extension of nucleate
boiling was found. Such approximation was adopted in this work.

1'46

Kostiuk et al.*, Pan et al.”’, and Farmer et al.*® suggested a variation of Eq. [2.4.1.2],
but include the effect of the transient conduction before bubble formation, which is

expressed as:

A =X,q, ¥ XngGnpg t X4 pp [2.4.1.3]
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This approach has the advantage of being able to include the thermal characteristics of
the surface. Nevertheless, Pan et al.”’ using a similar approach showed that the nucleate
boiling mechanism contact time is of the order of 10” s, whereas the transient conduction
lasts about 10 s. Since the heat flux is much higher in nucleate boiling than in transient
conduction, the later mechanism is negligible. However, Pan et al. ** include this effect to

evaluate the local superheat in nucleate boiling.

2.4.2 Liquid-Solid Contact Heat Transfer

As previously mentioned, Kalinin et al.*' distinguished three zones in the
transition boiling region on the wetted part of the heating surface:(1) A low superheat
zone near the CHF where the duration of the liquid-wall contact is rather large and
nucleate boiling occurs at the contact place; (2)} A high superheat zone near the MHF
where nucleate boiling cannot develop because of the small contact time; the heat
transfer from the wall to the liquid dominates, and unsteady heat conduction occurs; (3) A
mean-superheat zone where the contributions of nucleate boiling and unsteady heat
conduction are comparable. However, Auracher” has shown that unsteady heat
conduction cannot be the main mechanism of heat transfer, and consequently nucleate

boiling is the mechanism of heat transfer in the solid-liquid contacts.

For the range of jet velocities of interest, nucleate boiling is not affected by the jet

1.”7 suggest than in the fully-déveloped nucleate boiling, convection is

velocity. Wolf et a
‘dominated by the intense, bubble-induced mikiflg and latent heat effects, and therefore

heat transfer is independent of jet velocity and subcooling, and it depends only on the

wall superheat. This regime can be considered a linear combination of convective heat
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transfer and pure pool boiling. For the fully developed nucleate boiling (FNB), the
convective term takes the boiling curve to h@gher superheats, and heat fluxes, but only as
an extension of the pool nucleate boiling curve. Water subcooling, AT, , has no effect on
the heat flux"*"**. The effect of the strip speed has been analyzed by some researchers,

and it seems that the heat flux increases slightly with strip speed, but there are no

conclusive results''.

The heat flux in fully nucleate boiling (FNB) has been found in different cooling

systems to follow a relationship such as:
qpvp = CAL [2.4.2.1]

For the specific case of planar water jets, Miyasaka et al.*reported C= 79 and n= 3.0
for a wall superheat of 26-90°C. Wolf et al." fro:fn data by Ishigai et al.”® obtained C = 42
and n=3.2, and in more recent experiments Wolf et al.”’ obtained C= 63.7 and n=2.95

for a superheat of 23-51°C.

The parameters of this equation are reported for other jet configurations. Values of »
from 1.42-7.4 are found, and if jet FNB is an extension of pool FNB, then an important

parameter not taken into account yet, should be considered.

A closer analysis of the origin of the superhegt exponent, n, shows that the extension
of pool boiling is a good approximation of jet nucleate boiling. Consequently, the heat
transfer is determined by the nucleation and growth of bubbles during boiling. Boiling
occurs at nucleate sites, and their number is very dependent on the physical condition of

the surface, the wetting characteristics of the fluid and the efficiency of air trapped
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displacement. Whalley* analyzed some experimental results and obtained the following
expression for the heat flux:

’ 0.33
Grp < AT;J(%) [2.4.2.2]
tot

where the nucleation site density, N/A4 is dependent on the heat flux (or wall

fot

superheat). It is clear that » is directly related to the mechanism of activation and

deactivation of nucleation sites, which is a function of the substrate temperature.

The parameter C has been studied with some detail using the well-known correlation
by Rohsenow®. However, the parameter C is related to specific conditions of
evaporation, and usually an additional constant has to be evaluated experimentally to

calculate C.

Chen et al.*® measured ¢, , directly for a falling water drop on an Inconel 600
surface, and the results are presented in'Figure 2.25. Water subcooling increases the
solid-liquid contact heat flux, and for a large subcooling ¢, , increases monotonically.
For saturated liquids, the heat flux encounfersu a maximum and decreases at higher
superheats. The solid-liquid contact heat flux iﬁéreases slightly with the drop velocity.
These experimental results were used extensively during this work to validate a
mathematical model to extrapolate the nucleate Boiling regime to the transition boiling,

because this is the only work known to this author with measurements of this parameter.

It is remarkable that the contact heat flux does not follow any available nucleate

boiling correlation , where the superheat exponent is #n~3, as previously mentioned.
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Instead, » is smaller, supporting the idea of deactivation of nucleation sites at higher

surface temperatures®.

In the case of pool nucleate boiling, there is experimental evidence of the
formation of a so called "macrolayer", as éhdwn i’n Figure 2.26. The macrolayer of liquid
adjacent to the solid surface is punctured with vapor stems which feed bubbles by vapor
formed at the liquid-vapor and solid-liquid-vapor interfaces of the stems. This mechanism
has been adopted in the development of semi-empirical expressions to estimate forced

323334 and for saturated and subcooled jet boiling>?. Also good results

convection boiling
have been obtained for pool’** and forcejd convection transition boiling in tubes”. The
macrolayer evaporation mechanism was applied to the parallel flow region of an
impinging jet by Hernandez'®, as shown in Figure 2.27. More recently, Filipovic et al.”
video-recorded basically the same mechanism depicted in Figure 2.27 during the transient
quenching of a long nickel-plated copper surface by subcooled water flowing parallel to

the surface.

1.°® analyzed this mechanism numerically (see Figure 2.26).

Pasamehmetoglu et a
They concluded that in saturated nucleate pool boiling, most of the evaporation occurs at
the triple-point; that is, at the solid-liquid-vapor interface (perimeter of the vapor stems).

Accordingly, the extrapolation of the liquid-solid contact heat transfer is approximated by

nucleate boiling heat transfer due to the macrolayer evaporation mechanism given by:

)i [2.4.2.3]

fot

qtriple—pa i = mlp Hfg ZﬂRs ( Tllp - Tmr
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where the macrolayer evaporation parameter, myp, was found to be 6.0x10° Kgm™'s™ °C"!

for nucleate boiling of saturated water on a copper block.

Hernandez'® applied Pasamehmetoglu’s model to evaluation of the subcooled
nucleate boiling heat flux, in such a way that the liquid-solid contact heat flux in equation

[2.4.1.2] was calculated by:

q[—.\‘ = qNB = qlriple-poinl [2424]

where the equation [2.4.2.3] was extended to:

= {2m, H,,(117.120.165)"" AT,

sat

}”33 [2.42.5]

q triple— po int

It is important to mention that the simpiicity and the generality of this latter

expression allowed its extensive application in this work.

2.4.3 Ligquid-Solid Fractional Contact Area

The estimation of the liquid-solid fractional contact area, F', in equation [2.4.1.2]
has been the subject of some of the recent transition boiling research*>*. Shoji et al.”
measured F for a saturated pool boiling experiment and compared their results with the
findings from other researchers, as showq in Figure 2.28. It is clear that even for pool
boiling, the results can be extremely different. The experimental data that has been
published was obtained for conditions very differ:ent from subcooled jet boiling, making

its direct application limited.

In an attempt to calculate the parameter F', the macrolayer evaporation

mechanism has been adopted by Pan et al.”’ in the transition boiling in tubes, and by

46



Chapter 2. Literature Review

Hernandez'®. In convection boiling, liquid enters the macrolayer according to the fluid
flow depicted Figure 2.27. The rate of liquid input maintains the original thickness of the
macrolayer at the entrance, but as evaporation proceeds, the macrolayer becomes thinner.
Thus at a point (L) in the direction of the ﬂox&, the evaporation rate is equal to liquid
input, vbeyond which only vapor-solid contact exists. Then, the parameter, F', may be

expressed by:

F=— [2.4.3.1]

Hernandez'® obtained the parameter, F, by a heat balance on the macrolayer, where
the length, L,, was assumed to be equal to the Wavelength of a disturbance causing the
vapor-liquid interface®® to become unstable, according to the linear Kelvin-Helmholtz

instability criterion®"*

. While the application of ‘equation [2.4.3.1] was successful for a
variety of operating conditions, it may not be applicable to the description of transition

boiling on long surfaces. This issue will be address further in another section.

2.4.4 Vapor-Solid Contact Heat Transfer

The vapor-solid contact heat flux required in equation [2.4.1.2] can be assumed to
be equal to the film boiling heat flux from an isothermal surface, since small errors in this

approximation are not significant. Mathematically, then

qv—-s = qFB : [2441]

A very general equation was developed by Nakayama®, who solved the Navier-

Stokes equations for subcooled laminar wedge flow film boiling on a non-moving surface
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by applying a boundary layer approach, where the solution of the equations were obtained
by the integral method. This approach can be used in the impingement region of the jet,
since jet cooling behaves as a Falkner-Skan wedge flow. Nakayama® obtained the local

Nusselt number:

y2
Nu, = | HLm L g [2.4.4.2]
2UA

which is calculated by solving the non-linear system of three algebraic equations with

three unknowns, U : ,A,g*, as follows:

e _15 (1+mD [2.4.4.3]
2 (1+%U,.')(]+ 3m)+ 5m
iﬂ_}-*-m U,‘ZA(]+A/3) [2444]
PrR,u, 2m ]_[(]_A)/(]_U't)]U’ag'(r Prf)
N 2
et AL 1207 e sm)e5m] [2.44.5]
p, 15muU;\1-A 2
where
Sc—D+(10¢° - 5¢+ 1)U,

30¢’
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. (10106 + 567 - q?; (105- 567 +°)U7] for <1 (2.4.4.7]

An  asymptotic expression for high subcoolings was also obtained by
Nakayama®, which is applicable for the low water temperatures found in the

impingement region of the runout table:

% 34
Nu, = jzfjfka _ [m( ! +130 m)e J (”_f rpr, J Re!” [2.4.4.8]
sat /'l
where
m=1
g _(; 1+m]l/2
31+3m

Pr, CPATW,

Equations [2.4.4.2]-[2.4.4.7] are the most general equations applicable to film
boiling in the runout table. They served as the basis for an extended model developed

during this research.

An additional contribution of radiation heat transfer through the vapor layer has to
be included. Nakanishi®® suggested that the total heat flux in film boiling for an impinging

water planar jet is given by:
Gy = 174G + 0759, [2.4.4.9]

where
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qrad = EO-(TJ - 7:;)
c=0.85
o =0.56697x10"

For the parallel flow region, empirical equations have been proposed” such as the

one for the parallel flow of a bar jet impinging on a non-moving surface,

wat

Grs =200(2420-217T, AT’ [2.4.4.10]
B sat

or the more general equation for the turbulent subcooled boiling on a moving surface

1.67

obtained by Filipovic et al.”” using an integral analysis:

2u +nu,
n, +1)(n, +2)

Nu, =-e* C!(1+m) " BUF ﬂ(( J Re! prlr [2.4.4.11]

k v A]—.;al H,

where a,c,d m, and p are constants, fis a subbdbling parameter, and the #’s correspond
to dimensionless velocities in the system. This latter equation is obviously more
applicable to the runout table model than equation [2.4.4.10] because it expresses the heat

transfer in terms of the process variables of interest.

A detailed knowledge of the film boiling processes is extremely important to
understand the high temperature quenching processes. This is because the local position
of the liquid-vapor interface determines not only whether film, transition or nucleate
boiling appears, but also the magnitude of the heat fluxes encountered.

Kalinin et al.%®

reviewed the state of the overall knowledge on film boiling and
suggested the following conclusions for film boiling: (1) The saturation temperature at

the liquid-vapor interface is assured at any wall temperature; (2) The minimum heat flux
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(MHF) and the minimum vapor film thickness possible correspond to steady laminar
vapor film with a smooth steady interface; (3) Ehhancing the vapor removal, the higher
the heat flux resulting from a decreasing thermal resistance due to a smaller vapor
thickness; (4) Heat transfer is increased by a reduction of the hydrodynamic stability of
the liquid-vapor interface which increases the interface wave amplitude. Subcooling tends
to stabilize the interface, but increases the heat flux through an increase in the sensible
heat required for evaporation; (5) The oscillation behavior of the interface leads to
fluctuations in the solid surface temperature and unsteady conduction in the solid occurs.

1.8 of quasistationary film boiling in

Recent experiments by Nigmatulin et a
external flow on a horizontal cylinder in a pool of saturated and subcooled water are very
revealing with respect to the behavior of the liéuid-vapor interface. Laser and acoustic
techniques were employed to measure the mean v_\'/apor film thickness and the local wave
amplitude as a function of surface superheat and water subcooling. The results are
presented in Figure 2.29. The behavior of the vapor film thickness is as expected; that 1s,
it increases with increasing superheat and decreases with increasing subcooling.

Interestingly, the amplitude of the interface seems to have a similar behavior, suggesting

some kind of dependence on the vapor film thickness.

2.5 Phase Transformation
The microstructure of the steel after hot rolling and cooling determines the

mechanical properties of the steel. During the runout table enhanced cooling the

decreasing temperature initiates the austenite decomposition to ferrite, pearlite, bainite or
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martensite; whereas, the reduced cooling rate experienced subsequently in the coiled

product allows precipitation strengthening take place.

At the same time, the thermal events experienced on the runout table are
significantly affected by the austenite decomposition, mainly because of the heat released
by the phase transformation, but also by the differences in thermal properties between
austenite and the products of the transformation. Consequently, it is important to quantify
these microstructural changes to predict accurately the thermal events and the final
mechanical properties. However, it should be emphasized that quantifying the heat
transfer characteristics obtained during runout table cooling, is the priority of this thesis.
The phase transformations occurring during runo:ﬁt table cooling are important because of
their associated heats of transformation which affect the heat flux analysis as they relate
to subsequent validation of the thermal modelling. The details of the transformation

occurring on the runout table can be found elsewhere 77727747,

2.6 Relationship between Mechanical Properties and Microstructure
The effect of microstructure characteristics on mechanical properties have been
the subject of different research efforts. The relevant work done for this research has been

published elsewhere '*""",
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Table 2.1: Parameters for the Natural Convection Heat Transfer in the ROT?

Heat Flux

Regime c n Range (Gr Pr) | Orientation
Laminar 0.54 1/4 10°-2x107 Upper
Turbulent 0.14 173 - 2x10"-3x10" Upper
Laminar 0.27 1/4 3x10°-3x10" Lower
Critical Heat Flux

Departure from
A Nucleate B. o

- - - -

Onset of
Nucleate B.

-

Nucleate Boiling

Heat Flux controlled

Minimum
Heat Flux
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Figure 2.1: Typical Temperature aﬁd Heat Flux Controlled Boiling Curves
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3. OBJECTIVES AND METHODOLOGY

From the literature review it became evident the need not only for process models
which describe the runout table operation better, but also of a unifying approach to link
the different experimental resulté obtained to the actual process events. Recently, the
number of published results on the heat fluxes in processes similar to laminar cooling has
increased. However, mathematical relationships between the heat fluxes and the process
parameters have not been reported in any of the experimental works published.
Consequently, those results cannot be applied directly to a process model. It is believed
that the lack of understanding of the boiling mechanisms has precluded any form of
mathematical description of these results. By developing a boiling curve model, it is
intended to provide an explanation of the role of the process variables on the associated
heat fluxes; this model is then validated using published data. An additional reason for
the development of this boiling model is to extrapolate the behaviour of these
experimental results to the real process conditions, since the great majority of the

experiments carried out so far are outside the limits of the typical operating conditions.

In order to adopt a realistic approach to ‘solving the heat transfer in the runout
table, careful observations of the operation were needed. Given the obvious diversity of
the runout table operations, video-recording of the steel on the runout table was obtained
for several mills. This data was analyzed and characterized to obtain a unified treatment
of the thermal events for the mills analyzed. Even though the thermal and fluid flow

conditions are visible to the naked eye, observations or analysis of this kind have never
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appeared in the literature even though they are indispensable to the understanding of the

operation of the runout table.

Experimental measurements of the heat fluxes during the runout table cooling for
typical operating conditions are considered to be extremely difficult and complicated, and
therefore beyond the scope of this work. The reason for this is the fact that in the runout
table the cooling is in 2-D (across the width and along the length of the strip), and it is
approaching a steady state condition (except for small variations due to differences in the
initial runout table temperature) at a fixed position in space. This is due to the strip
motion which cannot be reproduced completely by measurements on a static strip, or in
experiments using small moving plates. Consequently, the development of the boiling
curve model arises as an alternative tool to create a runout table process model and may
provide the framework for the development of more explicit mathematical equations to

describe future quantification of cooling on the runout table.

The main goal of this work is the development of a mathematical model to predict

the thermal events taking place during a wide range of runout table cooling operations.

3.1 Objectives

To accomplish this goal, the objectives of this work can be stated as:

[1] Development of an accurate model that links the runout table layout (type of cooling
system, position of the water jet lines, nozzle position and characteristics, etc.), the
operating conditions (strip finishing-rolling temperature, thickness, speed, and
acceleration; water flow velocity, temperature; water jetlines on/off) and the

chemistry of steel with the thermal history of the steel. Specifically, the steel grades
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under study are the plain carbon A36 steel (approximately AISI 1018) and DQSK

(approximately AISI 1005).

[2] To make a systematic study of the characteristics of the water flow on the surfaces of

the strip and to relate them to the thermal events.

[3] To establish a fundamentally based framework to analyze the results and observations
obtained in laboratory, pilot-plant and full-scale experiments related to laminar
cooling, and the creation of a model to predict the local boiling curves in terms of the

process variables.

[4] To relate or link the thermal model to a detailed phase transformation model to predict

the effect of phase transformations on the thermal history of the steel.

3.2 Methodology

To accomplish these objectives the following methodology was followed:

[1] Development of the runout table prdcess model. This includes the finite different
solution of the 1-D transient non-linear* heat conduction equation in the strip with
variable boundary conditions according to each cooling zone (jet impingement,
parallel flow, air cQoling). The initial conditions can be those obtained from mill
measurements or from an existing ﬁnis‘hi‘ng ‘mill process model developed at The

Centre for Metallurgical Process Engineering, UBC.

* The heat conduction equation with temperature-dependent thermal properties is classified as a non-linear
partial differential equation in standard books of differential equations and heat conduction books, such as
the one by Ozisik, “Heat Conduction”, 2™ Edition, John Wiley and Sons Inc., 1993, pp. 437.
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[2] Development of the boiliné curves during j'et cooling. This includes the analysis of the
microscopic and macroscopic mechanisms of boiling. In order to be able to
understand the behaviqur of the vapor-liquid interface during film and transition
boiling under a wide variety of process parameters, the solutions of the fluid flow and
heat transfer equations are required. The solution of Navier-Stokes equations for film
boiling in the impingement region and the parallel flow zones for a moving surface
was ‘obtained by the boundary-layervintegral method. A transition boiling model
which allows the prediction of the full boiling curve was developed based on the
adoption of the macrolayer evaporation rﬂéchanism linked to a trial and error
procedure to estimate the liquid-solid céntaét area based on published work and the
results of the film boiling model. Veriﬁcatioh with experimental and theoretical data

published in literature was carried out.

[3] Collection of mill operating data and video-récording of the runout table, coiling and
coil cooling operations. Empirical analysis of the mill data was carried out to
establish similarities and differences in the éfﬁciencies of the different operations.
The video-recordings were systematically fstudied to determine regions of more

favorable heat transfer, and if possible, to determine the specific cooling mechanisms.

[4] Incorporation of the models for austenite decomposition kinetics to include the effect
of the heat generated by such transformations on the thermal history of the steel. In
particular, the mathematical models developed at The Centre for Metallurgical
Process Engineering, UBC, to predict the austenite decomposition of the A36 and

DQSK steels during non-continuous cooling conditions were included.
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[5] Verification of the runout table model. Cofnparison of the coiling temperatures for
A36 and DQSK steel strips manufactured in about ten hot strip mills was carried out

to establish the range of applicability and the accuracy of the model.
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4. OBSERVATIONS OF THE FLUID FLOW AND HEAT
TRANSFER IN THE RUNOUT TABLE OPERATIONS

Even though in most of the mills the operation of the runout table can be observed
by the naked eye, many details of the water jef interaction with neighbor jets and the
moving strip have not been recognized, therefore their importance in the performance of
the runout table has not been studied. It is evident in the significant differences between
the plant operations, that a standard criteria or understanding of how to operate the runout
table is not existent, so a wide variety of conditions are adopted based on highly
empirical trial and error procedures along with computer control, which allows a steady
operation of the process. Additional improvements in the optimization of the process are
still needed given the rising demands in the steel properties and quality; probably the only
way to attain this progress is by obtaining a Bétter understanding of the process itself.
Consequently, a systematic study to characterize the fluid flow énd the heat transfer
phenomena and their relationship with operation :parameters and product quality is highly
desirable. That kind of study can only be carried out by a careful observation of several
operations, which is more favorably done by video-recording the different operations

and further characterization of the video and photographic observations.

With that goal, the operations of five hot strip mills were video-recorded and
photographed to characterize the fluid flow of wa‘fer from the issuing nozzles to the flow
on the strip during cooling. An additional goal was to determine through qualitative
observation of the strip color, the relative magnitude of the local heat extraction in the

different fluid flow zones. The video-recordings were obtained using a Quasar video
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recorder (Zoom 8x, tape type VHS-C), with no special filters, and photographs were

taken on 35mm color film.

A photographic summary of the observa‘['ibns is presented in Figure 4.1 to Figure
4.16. In order to systematically characterize .the fluid flow phenomena, the flow was
divided into several zones: [1] The pre-impingeﬁent of top jets, [2] The impingement and
the jet interaction zones, [3] The downs.tream parallel flow region, [4] The upstream
parallel flow region, [5] Bottom jets. A summary of the relevant fluid flow characteristic
observed in each of these regions is presented in Table 4.1 to Table 4.5. A discussion
about the similarities and differences between the runout table operations is presented.

[1] Fluid Flow characteristics of the pre-impingei‘_nent top jet.

The jets prior to impingement are in many cases turbulent, and in some cases can
be discontinuous because of the low jet veiocity and the effect of gravity. The
impingement jet diameter (or jet width for curtains) is reduced by 30-50% because of
gravity acceleration, as summarized in Table 4.1. These characteristics can be better seen
in Figure 4.3, Figure 4.5, Figure 4.8, Figure 4.9, and Figure 4.12, for each company.

[2] Fluid Flow in the impingement and jet interaction zones of top jets.

The impingement region of a single bar jet is rarely seen in operation, because the
interaction of the neighbor jets prevents it. However, in Figure 4.4 the impingement
region of single jets are seen, wherein the wafer_ flow rate was considerably reduced and
the effect of neighbor jets reduced. The impingerhent region is confined to an area similar
to the pre-impingement jet cross section, and beyond this, the water flows parallel to the

moving strip surface almost immediately, without significant sputtering. This is a
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remarkable difference between the fluid flow found in experimental setups on non-

moving surfaces and the actual flow in the runout table.

The interaction between circular jets in a jetline is extremely complicated, and it
is very much characteristic of each jet arrangement, as it is seen in Figure 4.2, Figure 4.5,

Figure 4.9 and Figure 4.13 for each company. However some common characteristics are:

| [1] The presence of “dark holes”. The holes are formed by the pressure exerted by the jet,

but these were observed to correspond to groups of jets rather than to individual jets.
\ The dark appearance of the strip surface _reveals that in this region the heat extraction
is the highest (see Figure 4.5, Figure 4.9 anci Figure 4.13). This feature could not be

observed in company A.

[ii]] Formation of water peaks. Immediately afteljr impingement, the water forms “peaks”
as a results of the strong interaction between the jets and the dragging effect of the
strip motion, appearing only in the downstream direction. These are zones of high
concentration of water, which later on, in the downstream parallel flow region, are
transformed into water stripes. The thick appearance of these peaks is a result of
some sputtering caused by the interacﬁon of> ;ﬁfferent streams. The strip surface was
dark underneath these areas of high water flow density (see Figure 4.5, Figure 4.10

and Figure 4.13). Water peaks were not observed in company A.
[3] Fluid flow characteristics of the downstream parallel flow zone.

The downstream parallel flow region, which appears after the strong interaction

between jets, is also strongly dependent on the bar jet configuration. This region can be
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better observed in Figures 4.2, 4.6, 4.7 (cuﬁain), 4.9, and 4.14 .for each company.

Common characteristics in this region are:

[i] Presence of water “stripes”. Water flows for some distance near the impingement jet
maiﬁly in “stripes”, coming from previous peaks (see Figure 4.2, Figure 4.4-5, Figure
4.11 and Figure 4.15). The top surface of the steel strip has “stripes” of different
tonalities, suggesting that an important portion of cooling occurs on bands or stripes
parallel to the strip longitudinal axis. The thickness of those stripes is variable,
depending on the runout table configuration, and the tonalities vary as well with each
mill. The thickness of the stripes seem to be Between the diameter of the impingement
jet and the jet impingement region (2.6 times the jet diameter). These stripes are
regions of localized cooling, as it is evidenced by the dark-red color of the strip
underneath. Interestingly, Figure 4.4 shows that water stripes can be formed without
the effect of neighbor jets, and they are caused mainly by the strip motion.

[ii] Smooth boundary between the downstream flow and the upstream flow of the next

jet line. No sputtering appears (see Figure 4.2 and Figure 4.16).
[4] Fluid flow characteristics of the upstrearﬂ paréilel flow zone.

The fluid flow in the upstream (countercurrent) parallel flow region is completely
different of that found in the downstream. Characteristics of this region are seen in
Figures 4.1, 4.5, 4.7, 4.10, and 4.16 for each company. The flow is almost stagnant at the
top of a continuous layer, and its thickness is considerably higher than what may appear
in the downstream. From Figure 4.4, it may be seen that the dragging effect of the strip

motion makes the countercurrent flow decrease its velocity and even change direction,
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creating a continuous water film. In this region no water stripes were observed. From the
color of the strip surface, this region seems to be of higher local heat transfer than the
downstream parallel ﬂo;)v region. However, for company H, apparently water flowing
downstream from the previous jet line seemed to flow underneath the countercurrent

flow, and the dark stripes prevail in this zone. .

[5] Bottom jets fluid flow.

The bottom jets are turbulent, and in occasions tend to form almost a curtain.
Nozzles are tilted in the direction of the strip motion, which enhances the contact of the
water with the strip. The jets increase their diameter slightly because of the reduction of

the jet velocity due to gravity.

s

As summary, these observation show that in the cooling by water bars, the highest
cooling is attained at the relatively small impingément band, followed by the cooling in
the parallel flow areas of higher water flow dénsity, such as the countercurrent zone and
the water stripes. Also, localized cooling was evident in the regions where sweepers

interact with the parallel flow, wherein a recirculating flow is formed.

The different tonalities of the steel surface reveal differences in temperature, and
the differences in color in the parallel flow region are enough to suggest substantial
differences in local heat fluxes. At the typical operation temperatures, transition and film
boiling are mainly present, and distinguishing between them is of great importance to

understand the cooling process.

Given the close relationship between the local water flow density (or thickness of

the water layer at a particular position) and the local heat fluxes, a parameter related to
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the amount of water supplied locally must be determining the existence of localized
cooling. This has also been recognized in several cooling systemls and has led many
researchers to relate global heat tranfer with global water flow densities. From the
literature review and an overview of the possible parameters causing this, only two
fundamental parameters of the flow appear reépbnsible: the local water velocity and the

local water temperature.

Even though water velocity measurements of the parallel flow streams on the
runout table are practically impossible, from visual inspection it is clear that the water
velocity seems constant across the width .of the strip, so the velocity between adjacent
stripes of high and low water flow density observed in the downstream parallel flow zone
is for practical purposes the same. Consequenfly, differences in water velocity in the
parallel region are very unlikely to be responsible for the localized cooling observed.
Also, even in regions where the water velocit‘y is comparatively small, such as the
countercurrent parallel flow region, higher rates of heat extraction have been found as
compared to its corresponding downstream flow (see Figure 4.1). Finally, if water
velocity played a significant role, then the effect of nozzle height on cooling would be
extremely important, since the water Velbcity is mainly dependent of this parameter.

Figure 2.12[b] shows clearly that it is not the case.

Accordingly, the local water temperature must be responsible for the localized
cooling in these areas. This results is not surprising since it is evident in the literature
review the strong effect of water temperature on the heat fluxes in any region of the

runout table. This is the only parameter that can explain the strong effect that flowrate has

84



Chapter 4. Observations of the Fluid Flow and Heat Transfer in the ROT operations

on the cooling performance of a runout table (see Figure 2.12[a]). In regioné of higher
water density, the heat absorbed increases the lécal water terﬁperature to a lesser extent
than in regions of low water flow density. The countercurrent parallel flow region
characterized by an almost stagnant thick water layer, and its local temperature is
determined by a complex mixture of factors, which mainly encompasses the local water
temperature of the previous jetline and the mixing with the current jetline flow. Probably
in many cases this area is a relatively cool water layer, which as expected, sﬁould have a

higher heat extraction, as observed in operations.

The importance of the use of sweepers relies on the same principle. Sweepers
supply colder water to part of the parallel ﬂow region, so the local water temperature is
lowered and the heat extraction enhanced. Sweebers are important because they prevent
the mixing of water at higher témperature Witi’l the colder water of the next cooling
section, providing the next cooling sections with lower local water temperatures that

increase the heat extraction.

It is important to mention that differentiation between transition and film boiling
cannot be based entirely on these observations, since transition boiling of high
temperature water may be comparable with film. boiling of colder water, and transition

boiling for different water temperatures can vary substantially.

The cooling after some distance in long parallel flow regions, mostly at the end of
the runout table, seemed to be almost negligible, suggesting that after the water has
reached a relatively high temperature, its cooling performance is diminished,

corresponding to the presence of film boiling of almost saturated water, which in
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magnitude is close to radiation in air. Consequently, it was observed that the presence of

water under those circumstances is not advantageous.

One practical application of these observations would be in the proper design of
the header, nozzle arrangement and the operating water flow rate and temperature to
attain specific functions of the cooling system. For example, if maximum heat extraction
and minimum variation across the width of the strip is required, the header must deliver
water at a uniform rate to the different nozzles, so each of the nozzles receives the same
water flow rate. The nozzle arrangement should be offset between jetlines, and preferably
they should be close to each other within aL jétline; the distance between the jetlines
should be short and the water supplied at high water flow rates and low temperatures. The
guiding principle should be to maintain low local water temperature and uniformity of the

water flow across the width.
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Figure 4.2: Company A: Parallel flow region
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Figure 4.4: Company B: Parallel flow and countercurrent parallel flow
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Figure 4.5: Company B: Impingement band and parallel flow region.

Figure 4.6: Company B: Impingement Band.
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Planar jet *

Strip Motion

Figure 4.7: Company D: Impingement and parallel flow regions.

“Rlanarjets  »

Figure 4.8: Company D: Planar jet arrangement.
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Figure 4.10: Company K: Countercurrent and downstream parallel flow regions.
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Figure 4.11: Company K: Parallel flow region.

Sweeper

Strip Motior

-

Figure 4.12: Company H: Jet cooling arrangement, parallel flow and sweeper.
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‘Strip Motio

Figure 4.14: Company H. Preimpingement of jet, and fluid flow regions.
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Strip Motion

Figure 4.16: Company H. Countercurrent parallel flow region.
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Table 4.1: Fluid flow characteristics of the pre-impingement top jet

Parameter Company
A B D K H
Kind of Turbulent, Turbulent, ~]aminar, Turbulent, Turbulent,
flow continuous, continuous, continuous continuous continuous
some some
breakdown breakdown
Reduction 30-50%" 50% Unable to 500" Sorme
in jet : determine 30-50%" reduction,
diameter unable to
quantify

* - .
Measurements from video-recordings

""Measurements from photographs

Table 4.2:Fluid Flow observations in the impingement and jet interaction zone of

top jets .
Parameter Company
A B D K H
Number of jet lines | 1 2, spaced 1 2 2, spaced 0.07m
in the interaction 0.15m ‘
zone ;
Length of the direct | =0.05- ~0.20m ~ 3 times ~3times | ~0.15m
interaction zone 0.10m _impinging | impinging
jet width jet diameter

Length of water Not seen ~0.15m (in Not existent | ~roll ~0.30-0.40m
peaks (downstream) impingement diameter

region)
Length of water Not seen Not existent | Not existent | Not Not existent
peaks (upstream) existent
Diameter of the Not seen Unable to Not existent | Unable to ~0.02-0.03m". Only appear
holes formed by the measure. measure. in the row downstream,
C e Hole formed Holes and not in the upstream
Jet impingement by more than formed by | row.

one jet. groups of

jets
Strip surface color Dark Probably dark | Probably Apparently | Dark
: (as seen just | dark dark
after water
coverage)

"Measured from comparison to roll diameter, and to the distance between jet lines and nozzles across
width. Same dimensions and positions were observed during impingement on rolls.
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Table 4.3: Fluid Flow observations in the downstream parallel flow zone of top jets

Parameter Company
A B D K H
Length ~0.25m when ~2.30m Variable arc ~ Distance =0.90m
djes=0.46, and T between jet
~0.60 when lines minus roll
Giein=0.92 diameter
Kind of flow Turbulent, Turbulent, Parallel, Turbulent, Turbulent,
continuous with | continuous at turbulent, with continuous, continuous, with
water stripes, center, high degree of | with some high density of
and sputtering discontinuous at | sputtering (up water stripes water stripes,
edges, with to =0.40m high) especially at center
stripes of 0.20 |- and diminishing to
in parallel flow the sides
region
(extension of
those in the
imp. region)
Strip surface Red, dark Edges are dark. | Completely Red, stripesin | Red. Dark stripes
color stripes with Close to the dark the middle, appear with higher
different tones, | edges bright sides brighter density where there
more at center. | red. Slightly is a higher density
dark at center, of water stripes.
and slightly
brighter
downstream
Interaction Not seen Not seen Sweeper clears | Creates a Creates a distorted
with sweepers the surface, complex conge, which
creates an arc recirculating partially separates
with high flow which the flows, but
degree of affects the water stripes cross
sputtering whole parallel | underneath.
region Upstream the cone
upstream, and an quasi-stagnant
cuts completely | flow appears,
the flow to the whereas
next jet line. downstream a
similar region
appears but also
creates a
recirculating flow
near the sweeper
nozzle. Dark
stripes seem
unaffected.
Interaction Smooth, no Smooth, no Not existent Smooth, no Smooth, no
sputtering sputtering " sputtering sputtering

with next jet
line
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Table 4.4: Fluid Flow observations in the upstream parallel flow zone of top jets

Parameter Company
A B D K H
Length ~0.25m when ~0.15m (not ~1/2 distance ~2/3 roll ~0.40m
d;=0.92, seen in all between jets diameter
~0.15m when cases)
d,,=0.46
Kind of flow Almost Almost Parallel, Close to Almost stagnant,
_stagnant, stagnant, turbulent, with stagnant, turbulent, wavy, 2-
turbulent, turbulent, high degree of | turbulent, D toward the end
continuous and | continuous and | sputtering (up continuous and | of strip with
thick, wavy, 2- | thick, wavy, 2- [ to =0.40m high) | thick, wavy, 2- | interaction with a
D toward end of | D toward end of D toward the sweeper, more
strip strip end of strip turbulent in some
occasions with
interaction with
previous jet.
Strip surface Darker than the | Unable to Darker than the | Unable to Red and black
color parallel flow of | determine parallel flow of | determine in stripes from
the previous jet. the previous jet. | normal, dark previous jet
Clear color when there isa | continue
delimitation sweeper
Interaction Upstream flow | Not seen When there is a
with sweepers disappears sweeper a
recirculating
flow appears
creating a large
dark area at the
center of the
eddy.
Interaction Bulky bulky Turbulent bulky
with previous
jet line
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Table 4.5: Fluid Flow observations of the bottom cooling configurations

Parameter Company
A B D K H
Kind of flow Turbulent, ? Turbulent, not as | Unable to Discontinuous at
continuous at the continuous as top | identify top, very alike
beginning, jets that of bars
breakdown after
some distance
Increase in cross Existent, but unable | ? ? Existent, but
section to measure unable .to
determine
(probably thicker
than 0.01m all the
time)
Estimated ~0.60m from nozzle | ? . Vary ~0.15m from
maximum jet height significantly, nozzle for 19.61/s,
‘| from 0.30 to 0. the other is
80 unknown
Some water reach not seen { not seen not seen

Interaction with top
surface

the top surface
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5. MODEL OF THE BOILING CURVES DURING JET
COOLING

The need of a general and accurate tool to calculate the local heat fluxes during
cooling by water in the runout table, together with the lack of relevant experimental data
to develop an empirical equation, has led to the development of a mathematical model to
describe the boiling curves in the impingement and parallel flow regions during jet

cooling.

It is important to mention that measurements of local heat transfer events in an
actual mill are beyond the limits of this research, in view of the extremely difficult
circumstances to perform such experiments. Consequently, in this work an alternative
semi-empirical approach is presented, which is believed to be the best alternative at the
present time to obtain the local héat fluxes. This semi-empirical model is based on the
application of some fluid flow and boiling heat transfer fundamentals together with a

fitting procedure to obtain the boiling curves, as will be discussed.

5.1 Boiling Curve Modelling and the Mechanisms of Cooling

As it was discussed in the literature réview, the extent to which the various
mechanisms associated with boiling water heat transfer take place in the runout table are
unknown. However, detailed studies on the mechanisms of boiling during forced
convective boiling are available, which may help significantly in determining the possible
mechanisms of boiling taking place. It was seen in the literature review, that for any fixed

position, the surface is in alternate contact with liquid and vapor, and the local heat
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transfer was determined by the time averaged magnitude of the heat extraction to each of

these contacts.

Also from the literature review, it was concluded that during local contact of the
liquid water with the strip surface nucleate boiling takes place, and the heat transfer
during this contact is very high. The mechanism, of heat transfer during the liquid-solid
contact is the evaporation of a layer of liquid (macrolayer) in contact with the strip
surface. The vapor rises from the surface in small columns (stems) which then coalesce
into larger vapor bubbles. The larger bubbles may rise to break free from the surface or be
condensed depending on the local fluid conditioﬁs. The evaporation process takes place
mainly at the perimeter of the stem contact with the solid surface, that is, in the perimeter
where vapor, liquid and solid are in contact. When vapor-solid contact takes place, the
vapor acts as an isolating layer, reducing considerably the heat transport since the heat is
transferred through the low conducting vapor instead of the more efficient evaporation
during liquid-solid contact. The fraction of the total area where liquid-solid contact
occurs, F, is dependent on several variables, such as water velocity and temperature, strip

surface temperature, etc., and except for very few pool boiling experiments, is unknown.

Detailed observations of the boiling processes and measurements of the boiling
curves by Filipovic et al. ' are probabiy the closest to. typical runout table conditions in
parallel flow. Unfortunately, the observed strong propagation of the boiling front driven
by extreme variations of the surface temperature along the flow (=1000°C/m), may not
be seen in the runout table because of the comparatively smaller variations (10-100°C/m)

found there.
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In order to obtain a first approximaﬁon of the length scale of the events described,
the basic theory of the hydrodynamic instability in a two-phase flow presented
elsewhere’® may be adopted. Calculations were done to estimate the typical critical
wavelengths in the parallel flow region of a runout table operation, adopting theory which
was used by Galloway et él. * in the modelling of the critical heat mechanism during flow
boiling. The thermophysical properties used are given by the equations shown in Table
5.1. The critical wavelength was estimated to be approximately 0.012m. However, the
application of the Kelvin-Helmholtz instability theory to the prediction of the area where
the liquid-solid contact occurs may be limited because of the complex evaporation
processes taking place during the liquid-solid contact- and the very complicated

mathematical analysis required. This issue will be discussed in section 5.4.

Given the comparatively small distanc¢ between the liquid-solid contacts, the
grouping of several of these contacts occurrir;g alternatively on a larger surface to
maintain transition boiling is necessary. Thus, the mechanism of transition boiling on a
long surface should be similar to the one depicted in Figure 5.1. At very high
temperatures (time=t1, temperature= T1), the interface is at an average position 6(x) to
the strip surface, and perhaps only very limited contact with the liquid is possible. After,
at a time t2, the strip has moved to anothér position along in the runout table; the steel
temperature has decreased to T2; the interface can touch the surface, and during this
contact, nucleate boiling through the macrolayer evaporation mechanism takes place.
The liquid-vapor interface propagates in the direction of the flow, with a speed that is not

that of the flow nor of the strip. A similar scheme was observed experimentally by
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‘Galloway et al.*, except for the details of the bubble, but a layer of liquid such as the
macrolayer was also observed. It is noteworthy that the same basic mechanism suggested
by Hernandez et al.’, and confirmed by Filipovic et al. ' for smaller surfaces is assumed,
but it is applied only to the possible liquid-solid contacts. The main distinction is that the
fraction of the total area in contact with the liquid is no longer given by the ratio of the
macrolayer length over the bubble length, but it is also dependent on the characteristics of
the liquid-vapor interface, which include: [1] Mean vapor layer thickness, [2] Wave
length and amplitude, [3] Interface speed.

The mathematical modelling of the boiling curves, for either the impingement or
the parallel flow regions in the runout table, can be based on the equation [2.4.1.2],
presented previously in the literature review: |

qTB = ql—.\‘F+ qv—.v (] - F) [2412]

where q,,, q,.,, q,., are the transition boiling, .the liquid-solid contact and the vapor-
solid contact heat fluxes respectively, and F is the fractional liquid-solid contact area.
This equation is the basis of most of the current studies on transition boiling heat transfer,
and it is also consistent with the mechanisms of boiling proposed in this work. It is
important to n(.)te that the application of this equation is very broad, so when regions of
the strip are cooled under film boiling, the model simply sets itself F=0.0.

The numerical evaluation of such parameters can be done under different
assumptions, as it was discussed in section 2.4.1. In this work, the assumptions adopted
to use equation [2.4.1.2] are depicted in Figure 5.2, for both the parallel flow and the

impingement regions. The liquid-solid contact heat flux, gj.s, is calculated as an
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extrapolation to the transition boiling regime of the nucleate boiling behavior. Similarly,
the vapor-solid contact heat flux, gy.g, is obtained by extrapolation of the film boiling
expressions to the transition boiling regime. The fractional liquid-solid contact area, F, is

a function of superheat as shown in Figure 5.2, and depends on the stability of the liquid-

vapor interface, as depicted in the figure, but also on the macrolayer dryout. A complete

liquid-solid contact is not achieved until close to the onset of nucleate boiling.
The boiling curves for the impingement and the parallel flow regions are in
general very different, so the parameters of equation [2.4.1.2] have to be obtained for

each flow region.

Mathematical models for the liquid-solid and vapor-solid contact heat transfer
(g]-s> qv-s) and the fractional liquid-solid contact area, F, for the impingement and

parallel flow zones are presented.

5.2 Vapor-Solid contact heat transfer in the Impingement Zone

As it is clear in the general transition boiling equation [2.4.1.2], the heat flux
during the vapor-solid contact, gy.g, has to be calculated. Accordingly, the objectives of
this section are to estimate the heat fluxes during the vapor-solid contacts and also to
obtain a better understanding of how the processv parameters affect the heat extraction. In
this work, such a heat flux is approximated by the extrapolation to the transition boiling
regime of the heat transfer during film Boiling on an isothermal surface. For the
impingement zone, the work of Nakayama ¢ on the modeling of subcooled forced-

convection film boiling in the presence of a pressure gradient, which is applicable in the

103




Chapter 5. Model of the Boiling Curves during Jet Cooling

impingement of a jet, was extended in this research to account for moving strip

conditions. The main assumptions of this model are:

[1] The flow is incompressible, laminar and two-dimensional, and the 2-D laminar

boundary layer equations are applicable® .

[2] Constant thermo-physical properties of liquid and vapor.

[3] The impingement flow is a Falker-Skan Flow (Power law flow)

[4] Isothermal surface.

[5] Constant strip speed.

[6] Smooth liquid-vapor interface.

[7] Radiation across the vapor layer has a hegligible effect on the vapor layer thickness.

[8] Vapor inertia and convection terms are neglfgible, because p << p, .

[9] Momentum transfer to the vapor is negligible compared to that to the liquid, since
P << p;.

Webb et al. ” mention that for a single-phase jet, unless the preimpingement jet is
characterized by extremely high turbulence, a léminar boundary layer will begin at the
stagnation point and proceed outward into the radial flow zone, and also pointed out that
turbulent flows behave qualitatively in the same manner as laminar flows. In the event

that the jet is extremely turbulent, Webb et al.’ stated that the velocity gradient and the

* The Reynolds number of an impinging jet, given by Re=U,.d,./v is at the most 2x10°, which is smaller
than the typically recognized for transition to turbulence on a flat plate, which is 5x10° . For a water flow
of 6m/s on a flat plate, transition to turbulence will start at about 7cm from the leading edge. Also, the
requirement of laminar flow is only for the boundary layer region, so the free stream flow can be turbulent.
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free stream turbulence intensity are not easily predicted, and will not be known a priori
for arbitrary nozzle and liquid supply systems. As it is manifest, an analysis of turbulence
during the impingement of a jet is beyond the limits of this work. Additionally, even
though the surface of a material being quenched is never isothermal, the thermal gradients
along the surface in general are small comparéd to their possible effect on the
development of the vapor layer or the boundary layer, and in most of the cases can be

considered to be negligible.

The system analyzed is schematically shown in Figure 5.3. The liquid flows on
the stable vapor layer formed on the solid surface, which is at an angle 6 from the
horizontal axis* , x, with a bulk flow velocity in the x-direction, Uy, given by the Falker-
Skan power-law, and a bulk flow temperature T,. The high temperature of the surface,
T, creates a vapor layer of thickness 8, bounded by an interface where the fluid flows
with a velocity U; and a temperature 7;. Heat and momentum are conducted through the
liquid, creating thermal and momentum boundary layers of thicknesses, A; and A
respectively. The velocities # and v are respéptively the y and x components of the
velocity vector, whereas the solid moves with ‘speed Up in the direction of the liquid
flow. It is important to note that the impingement of top jets, for example, is a special

case of this more general flow, where 6=mn/2 (90°).

The continuity, momentum and energy differential equations to solve for the

vapor and the liquid are:

* Note that the impingement angle adopted is consistent with the scheme adopted by Webb et al.” showed
in Figure 2.3, corresponding to one half of the wedge angle. The power-law exponent, m, is given by
m=6/(n-6), which gives the same result as the one taking the whole wedge angle*°, m=26/(2n-26).
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VAPOR:

Continuity
@ + é}_. =
& &

Momentum in x

pU—+ py— = ——+
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Energy
ar or k &°'T
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LIQUID:
Continuity
@.{_ Q =)
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Momentum in x
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Momentum in y (from Bernoulli’s equation)
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106

[5.2.1]

[5.2.2]

[5.2.3]

[5.2.4]

[5.2.5]

[5.2.6]



Chapter 5. Model of the Boiling Curves during Jet Cooling

ar ar kT
U—+V——=

& & pC, ¥

Which are solved for Newtonian fluids, thus:

10,  Ju

=V 2
Py P
and applying the Falkner-Skan Flow (Power-Law Flow)

u,=cx" ; m=60/(r0)

[

[5.2.7]

[5.2.8]

[5.2.9]

Now, under the assumption that the vapor inertia and convection terms are

negligible, that is, assuming that the left sides of equations [5.2.2] and [5.2.3] are zero

and applying equations [5.2.6] and [5.2.8] into equation [5.2.2], the following equations

for the VAPOR are obtained:

Momentum in x

o
& & p & &

Energy

[5.2.10]

[5.2.11]

The continuity, momentum and energy equations have to be solve with the

following boundary conditions:

At y=0:
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No slip condition:

u=U

14
No transpiration condition:
v = 0
Temperature continuity:
T=T

w

At the liquid-vapor interface y =9':

Velocity continuity:

l ;= u =u
Shear-stress continuity:
H il H éut
= =u=
&, "%

Mass conservation, evaporation at interface:

o]
pué}c pvv p’@cp’,

Temperature continuity:

[5.2.12]

[5.2.13]

[5.2.14]

[5.2.15]

[5.2.16]

[5.2.17]

[5.2.18]

Energy conservation (energy required for evaporation is equal to the energy across

vapor layer minus energy across liquid layer):
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a0 or or
G| |5 |

At the bulk flow y=A+9:

Free stream conditions:

Atthe bulk flow y = A, +6:
Free stream conditions:

T=T,

e

[5.2.19]

[5.2.20]

[5.2.21]

The solution of the continuity, momentum and energy equations with their

boundary conditions was obtained by the boundary layer integral technique, which is a

standard procedure of widespread use, which is described elsewhere * ° . The integral

method has been specifically adopted to film boiling heat transfer extensively'™" to

obtain an expression for the local Nusselt number.

This solving technique requires the assumption of velocity and temperature

profiles that satisfy all the boundary conditions of the problem. The profiles obtained for

this problem are:

Vapor profiles:

Velocity:
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U u, 2
U _oZrili—o2zea (XJ-A(Z) [5.2.22]
U, U, U, o o
Temperature:
-1 .2 ' [5.2.23]
T,-T, 6
Liquid profiles:
Velocity:
U * * 2
7=U,» +(1-U;)2n-n") [5.2.24]
Temperature:
Tr-T 2
¢ —(1- : 5.2.25
TT (1-1n) [5.2.25]

The integral equation of the momentum in x for the liquid is obtained by the
substitution of the Bernoulli’s equation [5.2.6], the newtonian fluid equation [5.2.8] and
the continuity equation [5.2.4] in the x-momentum equation [5.2.5], integrating over the

momentum boundary layer. The resulting equation is:

Momentum in x:

0” +A dUe +A 0’14
= U~ wdy + == [0, -y = v, T

5.2.26
) [ ]

)
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Similarly, the integral equation of the energy in the liquid is obtained from the
substitution of the continuity equation [5.2.4] in the energy equation [5.2.7], integrating

over the thermal boundary layer, to get:

Energy:
d g+, v, '
— wT-T)dy=-—+— 5.2.27
[ ur =Ty ) [5.2.27]
The integral equation for the energy conservation at the interface is:
a5 d ¢ or or
—- h,=h,— |pudy =k, —| —| k— 5.2.28
|:pu@‘ pv:|v e jgdxfpuy |:10,y:|l l: @:|‘ [ ]

Equations [5.2.26]-[5.2.28] are integrated substituting the velocity and
temperature profiles already presented, to obtain ordinary differential equations, which
later on are solved with the appropriate boundary conditions. The details of the solution

are very lengthy, and only the solutions are presented here.

Solution of the momentum in x for the liquid (Equation [5.2.26]):

2
(éj Re, = 3 30 - [5229]
(1+5U,‘)(1+3m)+5m

Solution of the energy equation for the liguid(Equation [5.2.27]):

4

2
(_) Re, = —* 5.2.30]
" (1+m) P, D

Solutioﬁ of the energy equation at interface (Equation [5.2.28]):
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v H 12

— %

2
sty
X v, Pr3U, +3+A

ru; . . 3+A 1-U
1- ’,JPpg(L—A—I])}1+n11— - 1- ik

(1+m)U;

[5.2.31]
Solution of the shear-stress continuity equation (Equation [5.2.16]):
*(1-A-U.

S_puU =AY, [5.2.32]

Aoy 2 1-U,
For this work, the heat transfer coefficient is defined by:

e (T, = T,) = —k, 2 [5.2.33]

y=0

Applying this definition of heat transfer coefficient to the linear behavior of the
temperature profile in the vapor (see equation [5.2.23]), renders the following the local

Nusselt number:

12 .
Nug,, =2={fm 1 | pown [5.2.34]
’ o | u2UNA

It is noteworthy that the Nusselt number obtained contains the heat transfer

coefficient during pure convective film boiling. When the heat released from the surface
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reaches the interface, most of it is transported through the liquid, whereas the remaining
fraction is used to evaporate and superheat the vapor. The total heat removed from the

surface includes these plus a radiation component.

To evaluate the local Nusselt nﬁmber it is necessary to solve equations [5.2.29] to
[5.2.32] to get expressions for U,,A,¢ and 8. To eliminate this latter variable from the
system, equations [5.2.29] to [5.2.32] are equated to get a system of three non-linear
algebraic equations with 3 unknown (U;,A,¢"), from which equation [5.2.34] can be

evaluated. The system of equations consists of:

30
3 * '
(1+§U,)(1+ 3m) + 5m
= 7 [5.2.35]
(1+m)D
o = %%; [5.2.36]

where

H p. , _tm a, =U;‘ZA[U;+(1+A/3)]; a, =1Hg* \/P—r,(l-A—U;)

a,= s =
PrR y, 2m

H

(1+A/3) . = FU,*\[EU.

= b g = s ag=1+m(l-a
CET aeap) BTy Ve g lemicay

and,
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2
co=clA[ ! ) [5.2.37]
c, = A
where
_ M 41(3,) g U,
C, ="} ¢ =— U s 6,=1-U,;¢;=1-—
° = ¢ 15mU,.*[1+2U' (1+3m)+5m} ) 3 U

. |(56-1)+ (105> - 5¢ +1)U; |
30¢?

for ¢ >1

) [(10—10g+ 5g2’— 6*)+(105 - 56 +g3)U,.‘]

D= for ¢ <1
30 d

The solution of the system of equations [5.2.35] to [5.2.37] has to satisfy the

following conservation equation:

0<y= Heat conducted through the liquid

= <!
Total heat released from the steel surface

U

A . )
-IU ¢ JPr| —2
U) M ’(I—U,.

*
i

w = IU,.*g*,/Pr,[I JU,) -IU/¢ Pr,(l J [5.2.38]

Motionless flat plate + Pressure gradient effect + Motion effect

The numerical solution of this system of equations was obtained by adding small

increments to an initial value of ¢ ; then the parameters 4 and U, were calculated and

i

substituted in. the set of equations, until the system of equations and the conservation
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equation are satisfied. The convective film boiling heat transfer coefficient is calculated
by:

Nux impkv
= Zwimp Ty [5.2.39]
X

h

FB.imp

and the local convective film boiling heat flux is:

[5.2.40]

QFB,imp = hFB,imp A]:‘al

Finally, as a verification of the solution obtained, the special case of Up=0 was
substituted in the set of equations [5.2.34] to [5.2.37], which is the problem solved by

6

Nakayama °, and the resulting equations were [2.4.4.2] to [2.4.4.5] obtained by

Nakayama®.

5.3 Film Boiling in the Parallel Flow Zone

This problem is a special case of the more general problem for the impingement
region presented in the previous section. In pa;allel flow, the impingement angle 6 is
zero, and consequently the bulk flow velocity is constant. Accordingly, the parameters

m=0, A =0 were substituted in equations [5.2.22] to [5.2.28], to obtain:

Solution of the momentum in x for the liquid(Equation [5.2.261):

(-A—jzRe 30 15.3.1]

2
(—’) Re, = [5.3.2]
x Pr,D
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Solution of the energy equation at interface (Equation [5.2.281):

2 . *

H 4 - TU, . .

(—) Re, =L 11 d1-—2_ [Pr¢ (1—U,,) [5.3.3]
X v, PrU; 1+U, 1-U,

i

Solution of the shear-stress continuity equation (Equation [5.2.16]):

s _uU (170, [53.4]
A w2 \1-U

i

The heat transfer coefficient is defined as previously (see equation [5.2.33]). The
solutions of the x-momentum, energy, interface energy conservation, and the shear-

stress continuity equations are equated with equation [5.2.33] to obtain:

N . 1/2 _ *
Uy (i) :{Q(HQU’_)} 1-U; 1 [5.3.5]

Re!* \ u, 15\ 2 u; 1-U,

which is evaluated by solving the system of two non-linear algebraic equations with two

unknowns (U, ,¢") that follows:

U’ (1+u)1-0.)

4 p

- (1-(],*)2(1+3U,*)
=2 2 [5.3.6]

*

1- r(g Prg(1-U,)

*

22 [5.3.7]

In order to solve this system of equations more efﬁciehtly, equation [5.3.6] is

arranged for £* as follows:
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g =% [5.3.8]

a,a,

o

where

*3 * «\2 .
aozi; aIZEU" (1+Up)(1—U,,) o FU’,\/P_r,(l—U;)

3 e, 3. T
(1—Ui)(1+5U,.) j

The solution of equations [5.3.7] to [5.3.8] has to satisfy the same conservation
equation [5.2.38]. In the same way as for the impingement case, the solution of the
system of equations is obtained by assuming a value of ¢*, then U, is calculated, and
both are substituted in the set of equations until the system of equations and the

conservation equation are satisfied.

The convective film boiling heat transfer coefficient is calculated by:

Nux,parkv
g par = — [5.3.9]

and the local convective film boiling heat flux is:

13 par = P par Al 15.3.10]

The equations [5.3.6] and [5.3.7] were verified by setting the plate speed equal to
zero in these equations, and comparing them with the solution obtained by Nakayama et
al."? for subcooled forced convection film boiling on a flat non-moving plate. The same

equations were obtained.
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5.4 Fractional Liquid-Solid Contact Area

As it was discussed in the literature review and in section 5.1, some attempts have
been done»to obtain relationships for this parameter, but for the runout table cooling such
relationships do not exist. It is important to recognize that in the impingement region of a
jet, the contact of the liquid with the strip surface is enhanced by the pressure exerted by
the impinging jet on the liquid-vapor interface. Consequently, it is expected that two
different expressions for the parameter F are required, one for the impingement and

another for parallel flow zone.

The fractional liquid-solid contact area,. F, may be calculated, in principle, by
mathematically modeling of the simple boiling mechanism shown in Figure 5.1, to
calculate the mean vapor layer thickness, the wave length and amplitude, and the
interface velocity, which are needed. Solutions for the mean vapor layer thickness, 6, can
be directly obtained from the film boiling liocal Nusselt numbers calculated in sections
5.2 and 5.3 for the impingement and the parallel and regions respectively, because the

mean vapor layer thickness is given by:

Nu, =z
)

[5.4.1]
and the wave length, amplitude of the disturbances of the interface, and the interface
velocity could be obtained by the solution of the Kelvin-Helmholtz instability problem
with evaporation at the interface. However, the solution of such problem is extremely

complex mathematically, and many uncertainties with respect to the processes involved

during the liquid-solid contact may limit its results. Given the complexity of the
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mechanisms involved, it is unavoidable to predict the parameter, F, without some degree

of empiricism.

In this research, an alternative semi-empirical solution is proposed, in view of the
extreme difficulties of modelling the liquid-vapor interface. This alternative solution is
based on the physical observations by Galloway et al.*, a close observation of the film
boiling behavior of the measured boiling curves presented in the literature review, the
numerical -results of the film boiling models presented in sections 5.2 and 5.3, the
behavior of the vapor film thickness and the liquid-vapor interface amplitude with
variations in superheat and subcooling during film boiling on a horizontal cylinder in a
pool (see Figure 2.29), and the experimental results obtained for the parameter F' in

saturated pool boiling presented in Figure 2.28.

The experimental data shown in Figure 2.28 suggests that the fractional liquid-

solid contact area can be approximated by an equation of the form:

log F = a—bAT, +cAT

sat sai

[5.4.2]

For the impingement region of a jet, Figures 2.5, 2.10 and 2.11 show that F
increases significantly with increasing subcooling, and also to a lesser extent with jet
velocity. For parallel flows the same behavior was seen, as shown in Figures 2.16 and
2.18. Consequently, the parameters a, b and ¢ are dependent on subcooling and jet
velocity. It is important to recognize that the fragtioﬁal liquid-solid contact area, F, must
approach unity with decreasing superheat given é constant subcooling and water velocity.

For this reason, the relative variations of F' with variations of subcooling or jet velocity
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have to be smaller at lower superheats. This situation is schematically presented in
Figure 5.4. The reason for the higher liqﬁid-solid contact at lower superheat can be
explained with aid of the experimental results presented in Figure 2.29. During cooling,
the vapor layer thickness decreases more than the amplitude of the liquid-vapor interface,
promoting more liquid-solid contact. Accordingly, the effect of subcooling and jet
velocity on the liquid-solid contact can be bettér explain in terms of the effect of such
variables on the vapor layer thickness. The film boiling results obtained from the model
presented in section 5.2; to be shown in another section, revealed that at high superheats a
decrease in subcooling increases the vapor layer thickness considerably, and more so
when subcooling approaches zero. However, decreasing superheat reduces this effect, and
at superheats ranging from 200°C to 300°C the vdpor layer thickness tends to converge to
a single value, regardless of subcooling. A similar behavior was observed while

decreasing jet velocity, but the effect was less pronounced.

Based on these observations, the parameters @, b and ¢ were fitted, by a trial and
error procedure, to obtain the closest agreement possible with the reported boiling curves
measured (see Figures 2.5, 2.10, 2.11, 2.15, 2.16, 2.18, 2.24), which includes the
impingement region of water bars, curtains and the parallel flow region, and at the same
time, being able to predict the coiling temperaturés of about two hundred strips cooled by

ten companies within a reasonable error.

The fitting procedure started with the definition of a dimensionless superheat

within the range of 100 to 1200K as follows:
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. AT,,~100

o s [5.4.3]
1200-100

Values of F' were adopted at three different superheats for each boiling curve to be fitted:

FAl= F(AT,, = 0)
FA2 = F(AT,, =05) [5.4.4]
FA3 = F(AT,, =10)

from which the constants a, b, and ¢ in equation [5.4.2] are calculated by:

a = log(FAl) [5.4.5]

, __log(F42)~log(FAl) _  log(FA3)-2{ _108(12‘712)} + log(FA1) [5.4.6]
03 20.5) -1

_ log(F43) - 2{log(FA2)} +log(FA1)
7 2(0.5) -1

[5.4.7]

Two sets of values of FA’s were obtained, one for the impingement and another
for the parallel flow region. For the irﬁpingement region, according to the discussion
presented in the literature review, it is clear that the parameter F should be a function of
the water subcooling, the jet velocity and diameter, and possibly of strip speed. Since the
informatiqn with regards to the jet diameter is far from sufficient to guess any behavior,
and since the typical variations of this parameter for the different mills are not large, this
parameter was discarded. Additionally, during the fitting procedure adopted, it was clear
that the boiling curves were independent of the strip speed. Accordingly, three empirical

equations for parameters FA1, FA2, and FA3 of the form:

FA=a, +a,AT

sub

2 2
+a; 4T, +a,u, +asu;, [5.4.8]
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were obtained, where all ;¢ are constants given in Table 5.2.

lFor the parallel flow region, the parameter F' is dependent only on water
subcooling and velocity, given that similarly to the impingement region case, the boiling
curves were independent of the strip motion. So, the same procedure was followed,
except that equation [5.4.8] was not applied, but a semi-empirical equation based on a
simple model of the contact between the liquid-vapor interface and the strip surface that

is described below.

In an a&empt to investigate further the possible relationship between the mean
vapor layer thickness and the amplitude of the interface displacement, a very simple
model of the contact between the interface andzihe surface was developed. This model
consists on: [1] Wave displacement eqﬁation, [2] Liquid-solid contact criterion, [3]
Mathematical equation of the fractional liquid-solid contact area. The displacement of the

interface was assumed to be the typical sinuosoidal wave:
n= Acos(wx) [5.4.9]

whereas two a;ssumptions were considered for thé liquid-solid criterion: [a] The contact of
the wave with the surface does not affect the wave displacement or the frequency in any
position, and symmetry is maintained; [b] The thickness of the vapor layer is determined
by film boiling on a surface of constant temperature, and the effecf of the wave behavior
on it is negligible. Under the assumptions adopted, the liquid-vapor interface behaves
during its contact with the surface as depicted in Figure 5.5. When the mean vapor

thickness is 81, the contact begins, and decreasing the vapor thickness, the higher the
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contact between liquid and solid. From the system shown in the figure, the fractional

liquid-solid contact area is given by:

F=otr [5.4.10]

where contact occurs over the length L, where L = x, —x,, and x,,x, are the contact

points of the wave with the surface, that is the two points where 7 =—¢J in the domain

0<x< 2z . From the symmetry of the wave:
@

Therefore

From this later result and equations [5.4.9] and [5.4.10], F'is given by:

F=1—lCos_'(—£) [5.4.11]
/4 A

According to Figure 2.29, the ratio 8/4 should be dependent on water subcooling
and it is expected to be also dependent on velocity. As a result, equation [5.4.11] can be

applied to fit the parameters FA4 for the parallel flow region, which hereafter will be
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called FPI, FP2 and FP3 to differentiate them from the ones of the impingement region.

A modified form of equation [5.4.11] in terms of subcooling and jet velocity was used:

FP=1-Lcos Ha —bAT o U )} [5.4.12]
T

where g, b, ¢, and d are constants given in Table 5.3, and

AT = AT, / 100

sub

Uw=U. /20

Jet

Equations [5.4.11] and [5.4.12] allow an approximation of the complex
relationship between film and transition boiling, and of the interface displacement with
the mean vapor film thickness. Also, they open the opportunity to calculate the boiling
curve by only using proéess parameters, or the vapor-film thickness. With regardé to this
latter parameter, recently Weichert et al." devefoped an optical measuring technique for
the vapor film thickness that may be very promising with respect to quantifying not only

film boiling heat transfer, but the transition boiling as well.

The effect of water subcooling and jet velocity on the fraction liquid-solid contact
area for a fixed superheat, FAI, FA2, etc., is presented in Figure 5.6. Figure 5.6[a] for
the impingement region of a water bar, and Figure 5.6[c] for the parallel flow region
present the different parameters /4 and FI; as a function of subcoooling for a constant jet
velocity of 6m/s, and both show that the liquid-solid contact is enhanced significantly
with increasing subcooling, and the rate of increase is higher at lower subcoolings, which
is in agreement with the observations presented...earlier in this section. The effect of jet

velocity is presented in Figure 5.6[b] for the impingement region- of a water bar
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maintaining the subcooling to a typical value of 75°C. The fitted results show that
increasing the water jet velocity the liquid-solid contact is enhanced, according a previous

discussion.

5.5 Nucleate Boiling

In the literature review it was pointed out that the extrapolation of the presently
reported nucleate boiling correlations to the transition boiling regime might overestimate
in orders of magnitude the actual liquid-solid contact heat flux, gj_g. On the other hand,
experimental measurements of this parameter are confined to only one set of experiments

on falling drops.

Alternatively, this author developed previously a mathematical model to predict
the extrapolation of nucleate boiling to the transjtion boiling regime. That mathematical
model was modified for this research to account for the experimentally observed decrease
of the heat fluxes during liquid-solid contact a£ higher temperatures in the transition
boiling regime of the falling drop, as shown in Figure 2.25. At low water temperatures,
the heat fluxes increase with superheat, and eventually they reach a plateau, whereas at
higher water temperatures, a maximum heat flux is found, and gfter the heat fluxes

decrease dramatically.

Accordingly, the model developed previously by Hernandez’ (equation [2.4.2.5])

was modified to obtain;

1.333(1-DX AT,,,/1200)
={15.575m,,,H, AT, }

sat

[5.5.1]

q triple— po int (/4
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It is noteworthy to mention that the only difference between the two equations is
the term DXATgq¢/1200 in the exponent. The exponent DX, which accounts for the
reduction of the heat flux with superheat, can be dependent on subcooling and velocity,
but this later one is believed to have a negligible effect at high temperatures on nucleate
boiling, since as it was discussed in the literature review, the evaporation process is
dominant, and only subcooling becomes relevant. Thus, empirical formulqs were

obtained so as to have a reasonable agreement with results in Figure 2.25, as follows:
For the impingement region of a water bar jet:
DX =0.1548 + 0.6285 exp(—0.04444T ;) [5.5.2]
For the impingement region of a water curtain jet and the parallel flow region:
DX =0.1493+0.5507 exp(—0.0825A7;u,)) [5.5.3]

In order to evaluate gj_¢ in the general transition boiling curve equation [2.4.1.2],
adopted in section 6.1, a modified form of the nucleate boiling equation [2.4.2.4] was
adopted to include the one-phase convectioln heat transfer taking place during nucleate
boiling, which ensures that at surface temperatures below the boiling temperature of

water a heat flux can also be calculated. The equation employed is:

ql—.\' = QNB = qlriple—poinl + qcunv [554]

where the pure convection heat transfer in the impingement region was obtained from

Webb et al.”:
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d., :
Nmm;qu”ﬂuwkﬁﬂ“” [5.5.5]
A T\‘ub k f 4
where
U jet d jet
R ej,_,, — J J!
v

The single-phase convection heat transfer for parallel flow is calculated using the
equation [2.2.3] and equation [2.2.4], adopting arbitrarily the Reynolds number at half the

distance between jetlines.

Re _ Up (xbelween—jeline‘\' / 2)

X

v

5.6 Transition Boiling in the Impingement Zone
According to the discussion presented in section 5.1, the general transition boiling

equation:
9 =9 F+q,,(1-F) [2.4.1.2]
was adopted. The heat-transfer coefficients used in the runout table model are defined as:

b = 93
AT+ AT

sat sub

[5.6.1]

The liquid-solid heat flux, g/_g, is given by equation [5.5.4], where the macrolayer
evaporation parameter, me rp, was considered a constant, m, , = 6.0x] 0~ Kgm™ 57 °C”!

, according to the value found by Pasamehmetoglu et al™.

The vapor-solid contact heat transfer, g,._g, is assumed to be given by film boiling

on an isothermal surface as follows:
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Gy = qrp [5.6.2]

where the contribution of radiation heat transfer through the vapor layer is accounted for

by:

Q;B =qr 49 [5.6.3]

During the development of the model of the boiling curves, it was observed that
they were independent of the strip speed. Consequently, if the liquid-solid heat flux and
the fractional liquid-solid contact area were inciependent of the strip motion, it is only
natural to neglect the strip motion effect on the minor contributor to the transition boiling
heat flux, which is the film boiling heat transport. Also, the subcooling of the water in the
impingement region of all the runout table operation is high, since typically the water
temperature is below 40°C. Accordingly, in order to simplify the calculations in the
runout table model, the asymptotic expression obtained by Nakayama ® was adopted

(equation [2.4.4.8]):

%3 4 3/4
Nu, = j}’ff"k {m( ! +]30m)5 ] (”—fr\/ﬁ j Re!” [2.4.4.8]
- r

sal
where

m=1
- _(g 1+n;)1/2
3143

Pr/ C,,ATW
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That equation was also obtained as a special case of the general model presented
in section 5.2, neglecting the effect of the strip rnption and assuming large subcooling of
the liquid. The assumption of negligible effect of the strip motion was also justified by
the results obtained for typical runout table conditions by the model in section 5.2, which
are to be presented later in this work. The Reynolds number employed during the

calculations was: -

where the free stream velocity for a water curtain and a water bar jet are given by
equation [2.312] and [2.3.3], respectively, and the position was arbitrarily selected
x=0.5x*djet,, where x*=1.3 for bars, and x*=1. 75 for curtains (see Figures 2.4 and 2.5).
The selection of an arbitrary position in the impingement region is justified by the

experimental results shown in Figure 2.7, as discussed in the literature review.

The radiation heat transfer component was given by'’:

G = go-(T‘ -T! )

“sat

e=0.385 [5.6.4]
o =0.56697x10"7

The fractional liquid-solid contact area, F, was calculated from equation [5.4.2],

- and equations [5.4.5]-[5.4.8]. The constants in equation [5.4.8] are given in Table 5.2.
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5.7 Transition Boiling in the Parallel Flow Region
The same general transition boiling equation and definition of the heat transfer
coefficients as in the model for the impingement region were adopted (equations [2.4.1.2]

and [5.6.1]).
The liquid-solid heat flux, gj.5, comes similarly from equation [5.5.4], where
m,,, =6.0x107 Kgm™ s °C™"". The heat flux in the vapor-solid contact is also given

by equation [5.6.2], but the total film boiling heat transfer coefficient was obtained by
extending the analysis by Filipovic et al.” to the present conditions. The resulting total

heat transfer coefficient is:

2

B 1 Ir,, 5
Pp ‘Eh,'*'z[h, +4hc] [5.7.1]
where
olT!-T'
ho=|— ]] [ -1, )] [5.7.2]
——t——] L,-1,
£, &,
where £, =0.85, &, =1, o= 0.56697x10” Wm™ K™, and the total heat flux is:
I = h AT, [5.7.3]

The convection film boiling heat transfer coefficient was taken from the correlation

developed by Filipovic et al."’:

Nu, ., = I _ X _ Cd(]+ m)_aﬂﬁf &(—) Re! Pr!" [5.7.4]

kAT, K, H,
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where

C=0.0228 (ref. 9)

n=7 p=1/3
m=2/(n+1)
a=m/(m+1)
Prv Cp, AT's‘uh

~ Pr,C, AT,
d=1/(m+1)
Ui =U,/U,
Ui = U/'el iijel > Up , Ui = Up lf(]jel < Up

U =, -U

Jet K}

c=(1-m)/ (1+m)

D, =2U, +nU ju

T = UJU, = Ujel +|3Pr1'1:I’ 5,;
I1+BPr/~"

Uww=U, /U,

a=(n+1)(n+2)

Re, =Ux/v

U,=U,/U,

In the application of this equation, the effect of strip motion was neglected for the
same reasons discussed in section 5.6 for the impingement region, and the x position was
arbitrarily selected as half the distance between jetlines, since it was assumed that the

heat flux at that position may represent well the average over the length.

The fractional liquid-solid contact area, F, was calculated using equation [5.4.12].

The constants in this equation are shown in Table 5.3.
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Table 5.1: Thermophysical Properties of liquid water and steam.

Property | Equation | Units | Ref.
Water
Density p, =1001x10° —6.974x107° T — 3.588x107° T*? Kg/m’ 16
Heat Capacity | cp = 2140 - 9.681x107 T, + 2.685x107°.T; CaligK | 17
—-242Ix107° T}
Surface o, =(75.99-0.1666T)x10 N/m 16
Tension
Viscosity v, = 2.414x107 * ]9 #5190 Kg/m s 18
Thermal k= 4.183x107(~1391+ 15.19T, - 0.01904T; ) W/m°C 19
Conductivity
Heat of h e = 9596 Cal/mol 20
gvaporation
Steam
Density 0, =07599 - 1.871x107° T+ 2.376x107° T* Kg/m’ [ 20 ‘
— 1.066x10° T* 3
Heat Capacity | Cp, = 1000(1.833 +4.965x107 T+ 1.146x107 T*) J/Kg/K 20 1
Viscosity v, = Ix107(0.8946 + 4.065x107 T - 6.943x107 T?) Kg/ms | 20
Thermal k,=0.01681+8.188x10° T+ 2.107x107 T? W/m*C 20
Conductivity -

T is the temperature in K, 7"is in °C

Figure 5.1: Macrolayer Evaporation Mechanism in Jet Boiling on a Long Surface.
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Figure 5.2: Principles of Boiling Curve Modeling and the Mechanisms of Boiling
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Figure 5.3: Schematic flow and coordinates for the film boiling model in the
impingement region

A

Log F

log FA1

log FA2

Increasing subcooling

or water velocity

log FA3

VAT .

sat

Figure 5.4: Schematic effect of water subcooling and velocity on the fractional
liquid-solid contact area.
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n=ACos(ox)

F=L/(2n/0)

Figure 5.5: Schematic liquid-vapor interface and the fractional liquid-solid contact

in transition boiling

Table 5.2 Constants of the equation for the fractional liquid-solid contact area in
the impingement region

Parameter aj ap as a4 as

FAl 0.2034 2.1464e-3 6.30e-13 6.23¢-9 1.01e-9
FA2 2.0581e-9 1.6103e-3 2.41e-13 4.9148e-3 1.3185e-3
FA3 1.8633¢-9 8.0542¢-4 9.8¢-14 5.08e-12 2.1739¢e-3

Table 5.3: Constants of the equation for the fractional liquid-solid contact area in
the parallel flow region

Parameter a b

FPI 0.8443 0.1830 0.6422 0.0808
FpP2 0.9999 0.2928 3.1755 1.4432
FP3 1.0 0.1910 5.6670 3.6361
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Figure 5.6: Fractional liquid-solid contact area at different superheats. [a] Effect of
water subcooling for an impinging_fbar jet, [b] Effect of jet velocity for an
impinging jet, and [c] Effect of water subcooling in the parallel flow.
FA1=F(AT",=0), FA2=F(AT",=0.5), FA3=F(AT",=1.0) for bar jets,

FP1=F(AT",=0), FP2=F(AT",,=0.5), FP3=F(AT",,=1.0) for parallel flow.
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6. RUNOUT TABLE MODEL

The mathematical formulation of the runout table is presented in this chapter. This
formulation includes the boiling curve model developed in the previous chapter and a
simple mathematical description of the water flow on the top and bottom surfaces based

on the observations presented in Chapter 4.

6.1 Runout Table Model

A flowchart of the runout table model is presented in Figure 6.1. The general
layout of the runout table is introduced along with the operating and initial conditions,
and some other model parameters. The heat conduction in the strip is calculated by
solving the differential equations for a moving volume element such as the one shown in
Figure 6.2, by the finite difference method for each time step while moving through the
different cooling zones present in the runout table. At each position a cooling zone is
defined for both surfaces and the heat transfer coefficients are calculated accordingly. In
the case of water cooling areas, the local water temperature is calculated, which is used to
determine the local heat transfer coefficients. For each time step, the thermal properties
and the phase transformation kinetics are calculated through the thickness of the strip.

The mathematical description of each of the model components is presented.

6.1.1 Heat Conduction in the Steel Strip

The general heat-conduction equation for a moving solid is given by ':

p,C, %f-:v.(kxwﬂg [6.1.1]
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where p, =p (1), C, =C o (1) T=T(r,1); g=g(r,t), are the steel density, heat
capacity, temperature and the volumetric heat source respectively. The differential
operators for a rectangular coordinate system (Figure 6.2) are defined as:
D 0 074 o o 7
—=—+u —+u, —+u,— ; V=i—
Dt & & o 174 , &
where 7, 7, k , are the unit direction vectors along the x, y and z directions, and r is the

position with respect to a fixed coordinate system.

A particular heat conduction equation for the runout table model was obtained

from equation [6.1.1] under the following assumptions:

(1) The temperature field is in steady state,

or _,

—= [6.1.2]

(2) The heat flux in the direction of the width of the strip is negligible, and the

thermal profile in this direction is not required.

%g =0 [6.1.3]
(3) Strip speed condition
U, =u,; u,=u,=0 [6.1.4]

(4) Heat transfer due to bulk motion is much larger than the heat conduction in the
same direction. In order to compare‘the magnitude‘ of these two terms, the
equation [6.1.1] was put in a dimensionless form by neglecting the heat
generation term, which is not necessary for this comparison. The resulting

equation is, under the assumptions (1)-(3), as follows:
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oT* 1 |8°T* (16)252?“
oxt  Pel|d’xt \ 1) 0%y

y'=y/l; x*=x/l; T*=T-T, [AT,, ; Pe=u[(a/ 1)

where

Convection

Pe . =
"™ Diffusion

= 6x107,' (lc/l)zmin = ]x107

for the typical hot strip mill conditions. Therefore,

i(ka—T) = . [6.1.5]
ox\ Ox

(5) Constant strip velocity within the time interval of each calculation. Thus, the

coordinate transformation

can be applied.

Consequently, under these assumptions the runout table heat conduction

differential equation is:

pCp—az=i[kgj+g ’ [6.1.6]
o oy\ oy
subject to fhe initial condition:
t=0, 0<y<L, T=T,(y) [6.1.7]

and boundary conditions:

y=0; —kg—j:+h(,T=h,,Tw'0 ' [6.1.8]

y=L; kijl+h,l_T=thwL_ [6.1.9]

a Rk
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Equation [6.1.6] with initial and boundary conditions was solved by the Crank-

1

Nicholson finite difference scheme ' (see Appendix A). The local heat-transfer
coefficients were calculated according to the cooling zone. The model was run with 100

through-thickness nodes and a variable time step depending on the cooling zone

(approximately 4000).
6.1.1.1 Initial Conditions

The initial through-thickness condition to solve Equation [6.1.6], 7,(y), was
obtained from regression analysis of the predictions of a Finishing Rolling Mill model

developed at UBC?*:

_ L)-T,(0)
T,(L,/2)-T,(0)

[6.1.1.1.1]

where

0=0, +A—9Ayc
Ay

0,, =1.5988y" —0.5988(y")’

49 _ —0.01869y" +0.01869(y" )?

Ay

- _ Y
Y =T SV Yy Yy = Imm

4

T,(L,/ 2)=0.9989T,(0)+1700.0L,

and L, and T,(0) are the measured thickness and initial top surface temperature

respectively.
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6.1.1.2 Thermophysical Properties of steel

The thermophysical properties of austenite, ferrite and pearlite were obtained by
regression analysis of the measurements by BISRA °. Calculation of thermophysical
properties-in the model in the multi-constituent regions is performed by the application of

a linear law of mixtures such as:

c [6.1.1.2.1]
X:ZF.x.

ivi
i=1

where X is the property of the mixture, F; is the volume fraction of the
microconstituent, x; is the property of the microconstituent i, and C is the total number of
microconstituents.
. Thermbphysical properties of austenite
The closest chemistry of steel to the A36 reported by BISRA was %C=0.23,
%Mn=0.635 (as compared to the nominal A36 %C=0.17, %Mn=0.74), whereas the
closest to the DQSK was a %C=0.06, %Mn=0.38 steel. The chemistry differences are
considered to be negligible according to an inspection of the variations in thermal
properties with chemistry around these values. Regression analysis was performed to
obtain the density, the thermal conductivity, and the heat capacity as a function of
temperature. It is noteworthy to mention that the change of behavior of the heat capacity
at lower temperatures was considered by the researchers of BISRA* to also be part of the
behavior of austenite. In order to verify the set of equations obtained, calculation of the
thermal diffusivity was carried out and compared to the measured values from the same

source. Very consistent results were obtained as shown in Figure 6.3 and Figure 6.4, even
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considering the apparent deviation of austenite thermal conductivity at lower
temperatures.

e Thermophysical properties of ferrite

The ferrite properties were obtained for the ferritic part of a %C=0.06, %Mn=0.38
steel. It 1s assumed that the thermal properties of the ferrite in this steel are the same as
the ferrite formed in the A36 and DQSK steels. Similarly to the previous case, the density
and the thermal conductivity were obtained by regression analysis, whereas the heat
capacity was obtained from an equation published elsewhere’. Figure 6.5 shows the
regression lines obtained, as well as the verification of these equations by the comparison
of the thermal diffusivity calculated with the one measured. Agreement is very good.

¢ Thermophysical properties of pearlite

Pearlite properties were obtained for a %C=0.80, %Mn=0.32 steel (eutectoid).
Again regression equations were obtained and verified by the calculation of the thermal
diffusivity, as shown in Figure 6.6 .

A summary of the thermophysical properties and the specific enthalpy of

transformation is presented in Table 6.1.

6.1.2 Cooling in Air

Cooling in air occurs by radiation and convection to the surrounding air. Mixed
convection always takes place at typical runout table conditions, since the high
temperature of the steel promotes a density driven flow (natural convection) and the
always moving strip encourages forced convection.

Radiation heat transfer is calculated by Equation [2.2.1]:
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9rs = go—(]:zrface - T;l.llnbiem) [221]
e=11+ w[l.ZleO“(T- 273)-0.38]: TinK
1000

Since mixed convection takes place, appropriate equations are needed to calculate
the heat transfer coefficients for this kind of cooling. Estimation of natpral, forced and
mixed convection was carried out for top and bottom surfaces. In order to calculate the
mixed convection heat transfer, the natural and forced convection contributions to the
total mixed convection heat transfer were considered by equation [2.2.5] assuming an
exponent n=3.75. In the study of mixed convection, results are often presented by plots of
Nu/Re@ vs. Gr/Reb, which are of widespread use °. The exponents a and b depend on
whether the flow is turbulent or laminar. One important advantage of such a plot is that
the pure natural or the pure forced convection héét transfer are obtained as limiting cases
of the mixed convection curve. Consequeﬁtly, only one equation is necessary to predict
natural, forced or mixed convection, and the transition between them by changing the
conditions is continuous. Such heat transfer plots were obtained for the top and bottom
surfaces based on Equations [2.2.2] to [272-5]- Results for the top surface are presented in
Figure 6.7. The air thermal properties were calculated at 7=0.5(Tsyrface -

Tsurroundings)> using equations obtained from regression analysis of published data S, as

shown in Table 6.2. Accordingly, the equations employed in the model are:
For laminar convection on top surface ( Gr, Pr < 2x10’, Re, < 5x10’):

NumixL 2 Pr”'j
Re!” ( 10) 0 20r

_ + N —
3 27 Pr’’ 4)°
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0.2667

10 0.5 20 375 G 0.9375
I+ 0.00737{(7) 0o p 75 Aw} (Rrij Preo®7 [6.1.2.1]
- l‘ eL .

For turbulent convection on top surface:

0.2667
Nu . 15 1.25
T 125%0.019(9—7r)"2 Prt {1 +0.000272{0.019(9 ~7r)"*]" 5( Gr, ) }
e

L ReIZ,J
[6.1.2.2]
For laminar convection at bottom surface:
NumixL _ 2Pr()‘5 *
Re? ( Q) 0 L 20r
3 27Pr().5 AI().5
10 o 20 375 G 0.9375 0.2667
I+ 0.000548{(?—) t 4 A“} (Rrgj Pr [6.1.2.3]
ree Ay e

where r=1-u, /u,; A, =1/(03-01174r).

6.1.3 Runout Table Roll Cooling

An analysis of roll cooling in the runout table is presented. The assumptions for
this analysis are:
[1] The strip-roll contact is described as the contact of two parallel plates.
[2] During the contact, the thermophysical properﬁes of the roll and the strip are constant.
[3] The contact resistance is described by a constant heat transfer coefficient.
[4] Friction dissipation is negligible.
[5] Constant strip speed.
[6] No slip between roll and strip.

[7] The strip behaves elastically only.
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[8] The contact length is similar to the continuously loaded beam with two pointwise
supports at its ends.
[9] Vibration due to strip motion is neglected

Under these assumptions, the length of the contact is given by °:

7 = 2YRL, [6.1.3.1]
Yo+ L
where
— i gL; (tppp + twalpwal)
2 E(T )t;
Schematically, the roll cooling is shown in Figure 6.8. The heat transfer problem
is described by:
2
%=a1672; 0<x<L,, t>0 [6.1.3.2]
ot Ox

T, =Ty x=0,1t>0

o,

_klazh(]}(r__h“ - ];(X=L"’)); X = LI, >0
7;szlll OSxSLI, t=0
2
CLNCE Y
ot Ox
T2 = I;'lrip; x=L2, t>0
oT,
_kza_;z h(];(X=L,,I) - ]—'Z(X=L,,l)£)’. X = LI’ t> 0
712:]:1)1;1’ ISX<L2,t=0
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The solution of this system of differential equations is by the Explicit Finite
Differences method. ’
The modulus of elasticity for carbon steels was obtained from regression analysis
of data published elsewhere 7 |
E=2148-01414T [6.1.3.3]
where E is in GPa, T in °C, valid for 20<7<700°C (r’=0.984). Due to lack of data for

higher temperatures, the modulus of elasticity was extrapolated at higher temperatures by

this equation. The Poisson ratio was set to 0.30.

6.1.4 Water Flow and Temperature Distributions on the Top Surface

From the runout table observations made, it is clear that the cooling by water bars
in the runout table is two-dimensional in nature. Since the proposed model does not
account for variations in conditions across the width of the strip, reasonable
approximations to the 2-D nature of the water flow have to be introduced in the model.
Consequently, a jet impingement band is defined, which is the area where one array of
jets, on a jet line, impinges, as seen in Figure 6.9. Within this band (length=header length,
width=x,'mp=2x *djet)a jet impingement and paraliel flow areas coexist. In this way, the 2-
D characteristics of the water flow, and hence of the heat transfer, can be introduced into
the runout table model by an interaction factor, w, defined as: (the distance between
nozzle centers-distance between impingement regions)/distance between nozzle centers.
The closer to the unity is the interaction factor, the more one-dimensional the
arrangement behaves. As it will ‘be discussed in the next section, this parameter is a
weighting function that allows the calculation of the heat fluxes in the impingement band.
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The impingement jet velocity and width are estimated by Appendix equations [B.1.1] and
[B.1.2].

On the other hand, the ﬂqw in the parallel region is in many cases, and specially
near the impingement band, constituted of water stripes along the strip length. Again, the
simplification required for the application of this model is the assumption of a uniform
film thickness. Hence, the film thickness of the parallel flow streém is obtained by
performing a mass balance on a control volume, such as the one shown in Figure 6.10.

The film thickness is given by:

xwaern dze
h, =’—/’i’- [6.1.4.1]
X

ROz

where xyygzer 1S the fraction of the water flowing in the direction of the strip motion, x5z
is the distance between nozzle centers across the width of the strip, and djet 1s the
impinging jet diameter. Similarly, the water film thickness of a curtain is

h=x,,W, | [6.1.4.2]

wat W jer
The amount of water flowing with the strip was observed to be dependent on the

strip speed. In agreement with the video observations, the following relationships are

suggested:

For water bar jets:

x. =075 U,, >20m/s

wat

. [6.1.4.3]
Xpy =05  U,<20m/s

For water curtain jets:

=0.5 [6.1.4.4]

wat
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The length of the countercurrent parallel flow region (countercurrent with strip
motion) is considered to be given by:

x =0.10 Up<]1.0m/$

p.counter

x =0.05 Up >110m/ s

p.counter

[6.1.4.5]

The water temperature along the runout table in the countercurrent parallel flow
region is approximated by:

X

T,

local

=T—(T-T,) [6.1.4.6]

X

p.counter

where x is the position from the impingement region, xp counter 1s the length of the

parallel flow region and T= (Tt + T previous paraiier )/ 2 -

Since the heat used for vapor generation and superheating in transition boiling is
much less than the maximum 20% found in film boiling, given that at subcooled
conditions practically all the bubbles and vapor formed are condensed by the colder water
stream, the temperature of the water rﬁoving along the strip is obtained by performing a
heat balance assuming that all the heat released from the strip is absorbed by the flowing

water.

T =T +—1 Ax 6.1.4.7
local local pU hl C [ ]

Jet p

where
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T*! = Actual water temperature

local

Ti

local

q = Local Heat flux

= Previous water temperature

p = Water density

U, = Impinging jet velocity
h, = Water film thickness
C, = Heat capacity

Ax = Position increment (finite differences)

6.1.5 Heat Flux Model during Jet Cooling

The boiling curves during jet ;:ooling are calculated by the procedure described in
sections 5.6 and 5.7 for the impingement and parallel flow zones respectively. It is
important to mention that the heat fluxes are assigned according to the local water
temperature and steel surface temperature, which are calculated for each jet line along the
length of the runout table. The heat fluxes in the impingement band are calculated by:

Dyand = Wiy + (1= WG i [6.1.5.1]
where gjpp is the heat flux in the impingement region of a jet, gpgrailel is the heat flux
in the parallel flow region of the impingement band, and w is the interaction factor
defined as previously, w=(the distance between nozzle centers-distance between
impingement regions)/distance | between nozzle centers. The interaction factor is

dependent mainly on the geometry of the cooling system.

6.1.6 Austenite Decomposition Kinetics

The mathematical model of the austenite decomposition kinetics adopted in this

work was developed by researchers of The Centre for Metallurgical Process Engineering.
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8,9,10,11,12

The details of this model have been published elsewhere , and only the equations

relevant to this work are presented in Appendix C.
6.2 References

1.- M. N. Ozisik, Heat Conduction, Second Edition, John Wiley and Sons Inc., New
York, 1993.

2.- C. A. Muojekwu, private communication, August, 1994.

3.- The British Iron and Steel Research Association, Physical Constants of Some
Commercial Steels at Elevated Temperatures, Butterworths Scientific Publications,
London, 1953.

4.- F. Medina, “Thermal and Microstructural Evolution of a Hot Strip Mill on a Runout
Table”, M. Eng. Essay, UBC, 1992.

5.- M. N. Ozisik, Basic Heat Transfer, McGraw Hill, 1* Spanish Edition, 1977.

6.- J. Filipovic, R. Viskanta, F. P. Incropera, T. A. Veslocki, "Thermal Behaviour of a
Moving Steel Strip Cooled by an Array of Planar Water Jets", Steel Research, Vol.
63, No. 10, 1992, pp. 438-446.

7.- ASM, Metals Handbook, 9™ Edition, Vol. 8 Mechanical Testing, pp.23.

8.- M. Militzer, R. Pandi, E. B. Hawbolt, “Ferrite Nucleation and Growth During
Continuous Cooling”, Metallurgical and Materials Transactions A, Vol. 27A, June
1996, pp.1547-1555. '

9.- M. Militzer, E. B. Hawbolt, T. R. Meadowcroft, “Ferrite Nucleation during
Continuous Cooling”, Proceedings of the International Symposium on Phase
Transformations During the Thermal/Mechanical Processing of Steel, CIM,
Vancouver, B. C., Canada, 1995, pp. 445-458.

10.- M. Militzer, R. Pandi, E. B. Hawbolt, T. R. Meadowcroft, “Modelling the Phase
Transformation Kinetics in Low-Carbon Steels”, Proceedings of the International
Symposium on Hot Workability of Steels and Light Alloys-Composites, CIM,
Montreal, Quebec, Canada, August 24-28, 1996.

11.- R. Pandi, M. Militzer, E. B. Hawbolt, T. R. Meadowcroft, “Modelling of Austenite
Decomposition Kinetics in Steels during Run-out Table Cooling”, Proceedings of the
International Symposium on Phase Transformations During the Thermal/Mechanical
‘Processing of Steel, CIM, Vancouver, B. C., Canada, 1995, pp. 459-471.

12.- R. Pandi, M. Militzer, E. B. Hawbolt, T. R. Meadowcroft, “Effect of Cooling and
Deformation on the Austenite Decomposition Kinetics”, 37™ MWSP Conference,
ISS, Hamilton, Ontario, October 1995, Warrendale, PA, Vol. XXXIII, pp. 635-643.

151




Chapter 6. Runout Table Model

/ Initial Conditions /

Y

|
‘ .
Plant Layout

Node Discretization
Cooling zones

Finite Differences
/ Model parameters P_: Solver

—— ("IN ) [prinResalts

{ A Define cooling zone

Boiling Curve model

N )

Thermal Properties

Y

Phase Transformation Model

Y

Finite Differences

Coefficients

Y

Tridiagonal Solver

]

Figure 6.1: Runout Table Model Flowchart

) ) : Head

. " Volume element
|
|
|

Strip motion

Figure 6.2: Runout table model reference system

152



Chapter 6. Runout Table Model

7450

Illllllllllllllllllll

r2=0.999986

IlIIlIIIlliIIlI‘IIIIIIIll

llII[IlIIIlllllIIII[I

- p=8064.556-0.5167*T

11113

Illlllllllllllllllillll

1

700 800 900 1000 1100

(o> BN o) ]
SO
o O

Heat Capacity (J/Kg/°C)
(0] (@)}
S 3

620

Temperature (°C)

lIlII!I!IIIIllIIIIII

Cp=504.9+0.134T
2209412 =

o/
Cp=628.5+0.0195T
r’=0.773

lllllllillllllllllll

—IIIIIIIIIIIIII‘IIIIIIIIIIIIII'IIII—

—lll[lllIIIIII‘Illllllllllllllllllll—

300 600 900 1200

Temperature (°C)

w
(@

0

N

A O

T T T 71T TTT

1111

L

r2=0.9959
k=15.8+.0116T

lllllllllllllll

lllllllllllll|ll|l|ll||l||||lllll

- Thermal Conductivity (J/m/sec/°C)

- _é.Oe-6
5.8e-6
5.6e-6
'S 5.4e-6
5.2e-6

mal Diffusivity (m2/sec
(0)]

o 4.8e-6
£

F 4606

600 800

N N N N N N N
(o)}
T T T[T TV [T T [P T T OO T T T[T oot

o w

00 800

Temperature (OC)

1000 1200 1400

rrrrJrrrrr

IlIIlIIllllllllllll|IIIIIIIIIIIIII

T 1T 1T 1T [ rrrr

Illllllllllllllllll

|lIII|II]llllll[lIIIIIlllJ!Jll

Temperature (OC)

1000 1200 1400

Figure 6.3:Thermophysical Properties of A36 austenite. Measured data by BISRA*

153




Chapter 6. Runout Table Model

7750

T

7700

7650

7600

7550

Density (Kg/m3)

7500

IIIl]lIIIlIIlI|IIII|IIIIIlII

T

1.4

lllllllllllllllll!

0=8111.4-0.561*T
r2=0.99994

II'lIIIlIIII’lJIlIIlIIlllll

Illlllllllllllllllli_

7450

700 800 900 1000 1100

Temperature (°C)

670 B T T T 1 ] I T T T ] T T m
%) - 0000000 -
Q_ 668 [ -
S, - .
X C N
= 666 - ]
Pan) C i
© - o .
S 664 - .
a - .
@) N ]
T 662 - .
L - i

660 C L m pl [ [ |_

600 900 1200

Figure 6.4: Thermophysical Properties

Temperature (°C)

BISRA*

Thermal Diffusivity (m2/sec)

154

~ Thermal Conductivity (J/m/sec/°C)

w
o
T

N
©

N
(o]

N
(o}

N N
()] ~
T T T[T T T T [ A T T T[T T [T T T[T

Illlllllllllll

k=17.2+.010T
r2=0.9941

IllllIIIII|IIII

IlllllllllllllllllllllIII

N
N

600 800

5.8e-6

5.6e-6

5.4e-6

5.2e-6

5.0e-6

-4.8e-6

4 .6e-6

600

1000 1200 1400

Temperature (OC)

IIIIIIIllllllllllllilllllllll

L l T 1T 71 I T 1771

llllllIIll!IIIllllllllIlIllll

| | | Lol 1 1 | | I T |

800 1000

Temperature (OC)

of DQSK austenite. Measured data by

1200



Chapter 6. Runout Table Model

7900 LRI DAL BRI BB L B 670 TT T T VI T[T I T T[T T T T[T TTT]
-42 ]
p=7870-.164T-5.72x10 "T* Q_ i
7850 @ +4.59x107T° - o k=64.1-0.0432T ]
—~ - 1 E 60 r2=0.9956 ]
©c 7800 - 2=00073 § 2 ]
-~ [ . > L .
2 7750 | 5 £90r E
>, . 1 © C ]
2 7700 | 1 32 4h 3
(] u ] @) 30 B ]
o I © n B
7600 - E g [ ]
7550_IIII|IIII|IIII|IIII|IIII— 220~,,,,[,”|],|,,|1||||11|_
-~ 0 200 400 600 800 1000 F 0 200 400 600 800 1000
0]
Temperature (~C) Temperature (°C)

—~ 1.86-5 T T TT l T T T 17T [ T TTT T 17T T]

9 : - 5

& 16e5E =

NE 1.4e-5 - =

> 12e5F 3

= - ]

é 1.0e-5 E_ —E

5 80e6 =

© 6 £ =

E 6.0e-6 - . ]

_8 4.0e-6 - =

}._ 2.09-6 :IIllllllllll[lilllllllll:

0 200 400 600 800 1000

Temperature (OC)

Figure 6.5: Thermophysical Properties of Ferrite. Measured data by BISRA*

155



Density (Kg/m3)

Heat Capacity (J/Kg/°C)

Chapter 6. Runout Table Model

800

N OO N N
o g O O
o O o o

550
500
450

llllllllllllllllll!llll

IIIIIIIIIIIIIIlIIIIlIlI

llll[llllllllllllll

1

k=50.7-0.031T

r2=0.9943

llllllllll[lllllllllllJI

It 11

|Illll|ll|||||l

08
S0
p=7865-0.346"T 4 @ 50
- 2 1 £
. r<=0.9959 ] =
: 1245
- 3 2
- 1 240
- . o
- ] >
- 1 B35
- - o
r ] O
- 4 w30
» ] g
Covna b bvvan L L N g 0)25
0 200 400 600 800 1000 =
Temperature (OC)
r T 1T | T T T 17T I UL I T 1T I_ 1.49-5
- o g g
- Cp=449+0.45T 4 ®12e-5
F r?=0.9869 1 e
- 1> 1:.Oe-5
- 4 S
C 1 ‘» 8.0e-6
C 19
- 1 E
- 3 D 6.0e-6
- i ®©
- 1 E4.0e6
n 4 @O
C 3 L
Cov v b v b v by a3 l"" 2.06‘6
0 200 400 600 800

" Temperature (°C)

o

200 400 600 800

Temperature (°C)

l]llllllllllllllllllllllllll

Lo L1 1

T T 1T [ T VT 0 [T T T

lIll]ll.Illllllllllllll[lIll

Il]llllllllllll

200 400 600 800

Temperature (°C)

Figure 6.6: Thermophysical Properties of Pearlite. Measured data by BISRA *

156



Chapter 6. Runout Table Model

Table 6.1: Summary of Thermophysical Properties of Steel Microconstituents

Constituent Equation Range (°C)
Density (Kg/m’)
Austenite A36 p, =8064.56—0.517T 700-1100
Austenite DQSK | p, =8111.4-0.56IT 750-100
Ferrite P, =7870—01644T - 5722x107' T? +4.590x107 T* 0-900
Pearlite p, =78650-0.3461T 0-800
Heat Capacity (J/Kg/°C)
Austenite A36 Cp, =628.51+0.0195T 7<1075
Cp, = 504.9+0.134T T>1075
Austenite DQSK | Cp, = 668 7>925
Cp, =660 7<925
Ferrite Cp, =—10034.5+ 5.9668T. + 5.2002x10° T.” 1>787
Cp, = 34754.5— 3191967, 769<T<787
Cp, = —11462.6 +12.4346T; 727<T<769
Cp, = —4704.5+4.568T, + 1.10577x10° T, S27<T=727
‘ ' 7<527
Pearlite Cp, =449.04+0.450T 0-700
Thermal Conductivity (J/m/sec/°C)
Austenite A36 k, =1582+ 1156x1072T 700-1200
Austenite DQSK k,=1717+ 104x107T 750-1200
Ferrite k, =64.07-432x107T 0-900
Pearlite k, =5074-3.07x107T 0-800
Enthalpy of Transformation* (J/Kg)
-0 H,,, =221656.4—864.4T +19795T% - 0.001478T" T<720
H,_, =-2917x10" +114590T - 148.8T" +0.06399T° | 720<T<780
H,_,, = 3277373 10575T + 11.545T° — 0.00424T° T>780
Y-p H,_,,, =70651+225.23T-0.3469T" +6.755x107° T*
TxisinK
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Table 6.2: Thermophysical Properties of Air

Property Range Equation Units 2 Ref.
(°C)
Conductivity | 75-780 | k = 0.02526 + 69834x107°7 — 1.8419x10°7> | W/m/°C | 0.999 | 5
Density 75-780 | p=12744-2.778x107T +2.1185x10° T Kg/m' [0.981 | 5
Heat capacity | 75-780 | Cp=100268+113076x10"* 7 +11716x107 72 | J/Kg/°’C [ 0.996 | 5
Kinematic 75-780 | v=13425x10" +9.1179x10* T+ 75913x10"' 72 | m%/s 0999 | 5
viscosity
Tin°C
Element

— for

N’ .

=~ analysis

Figure 6.8: Schematic runout table rolls cooling
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Chapter 7. Model Validation, Results and Discussion

7. MODEL VALIDATION, RESULTS AND DISCUSSION

This chapter deals with the validation of the predictions of the different models
that are part of the runout table model. Comparison of the results of these models with the
experimental measurements published in the literature and with measurements done

during the development of this work is presented.

As previously discussed, the calculation of the local heat-transfer coefficients
during water cooling in the runout table is an important part of this work. This is done by
the application of the boiling curve model during jet cooling presented in Chapter 5 to the
runout table model described in Chapter 6. Hereafter, In order to define the regime in the
boiling curve where discussions are being focused, each of the components of the boiling
curve model will be referred to either as the film boiling model, the nucleate boiling
model or the transition boiling model. In particular, since the film boiling model is very
important to the development of the transition boiling model, it is highly desirable to

discuss in detail its results.

The discussion starts with the bbiling curve model and its components.
Verification of the film boiling model is presented by comparison with measurements in
this boiling regime, and also by the analysis of the effect of the process variables on the
film boiling phenomena. Then, the validation éf the other components of the boiliﬂg
curves is carried out by comparison of the; model predictions with experimental

measurements published in the literature.
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The runout table model is verified by comparison of its predictions with
measurements conducted during the processing c;f strips under air cooling only, then with
measurements-using different laminar cooling configurations. Predictions of the thermal

history are compared with the measurements shown in Appendix B.

7.1 Boiling Curve Model
One of the most important components of the runout table model, and an
important contribution to explain how the heat is extracted during laminar cooling, is the

boiling curve model.

Firstly, the results of the film boiling: model developed in section 5.2 are
presented, providing the background into the behavior of the transition boiling regime
which is the region of main interest in this work.v After,.the heat transfer during transition
boiling is explained in terms of the local heat transfer during the liquid-solid and vapor-
solid contacts. Comparison between the boiling curve model results with many of the

experimental results shown in the literature review is presented.

7.1.1 Film Boiling

As it was discussed earlier, the analysis of the film boiling phenomena is very
important to understand the experimental resuljtslbbtained by the different researchers. In
this section, it will be shown that the effect of :the different process parameters on the
boiling curves, and more specifically on the gransition boiling, can be explained by
understanding the behavior of the vapor layer thickness. The analysis is focused on the
heat transfer in the impingement region of water bars and curtains, because the behavior

of the parallel flow region is only a special case (no pressure gradient) of the general
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problem solved. The film boiling model presented in section 5.2 was run for a constant

position downstream.

Comparison of the model predictions with the measurements in the film boiling
region carried out by Ochi et al. ' during the impingement of a water bar jet on a non-
moving surface (see Figure 2.5) are presented in Figure 7.1. Figure 2.5 shows that for
relatively high water temperatures it is possible to observe an extensive the film boiling
regime, which is the section of the boiling curve _that is almost flat; in this region the heat
fluxes increase with decreasing water temperature. In Figure 7.1, the total heat flux, that
is, the convective plus the radiative components of the heat transfer, was calculated
adopting the empirical equation [2.4.4.9] by Nakanishi et al. %, and the agreement found

was good.

Predictions of the film boiling model are compared also with the measurements
by Ishigai et al.” in the film boiling region during the impingement of a water‘ curtain on a
non-moving surface (see Figure 2.10). The total heat flux was calculated by equation
[2.4.4.9]. The results are shown in Figure 7.2, and as it can be seen, a reasonable
agreement was found. Similarly with the film bo'iling for water bars, the heat fluxes vary

slightly with superheat and decrease slightly with water temperature.

Comparison of the model predictions adopting a more common expression for the
total heat flux (Equation [5.6.3]) with the same experimental data of Figure 7.1 is
presented in Figure 7.3. The curves predicted are about 50% below the measurements, but

the trend predicted is in reasonable agreement with the measurements.
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The typical. operatiﬁg conditions of company C were adopted (Ujer=6.78m/s,
h=2.17m, dypzz1¢=0.0186m) to analyze the effect of water temperature and strip speed on
the film boiling phenomena. Prediction of the convective heat fluxes and heat-transfer
coefficients appear in Figure 7.4. The effect of the strip motion is very small at high water
temperatures, but it increases while decreasing the water temperature. Quantitatively,
within the range of conditions of interests in the runout table eperations where film

boiling might be present (T,,,,,<40°C, and AT

sat

>800°C), the effect of the strip motion on
the heat fluxes is relatively independent of supeeheat, and the heat fluxes might increase
up to 20-30% with increasing the strip speed (0-8m/s). For the sake of comparison, the
same conditions were analyzed for a planar water jet (#je/~6.78m/s, h=2.17m,
Whnozzle=0.0186m). The results shown in Figure 7.5 indicate clearly that the same effects
of water temperature and strip speed are seen. However, the heat fluxes are slightly
higher in the case of the bar jet because of the higher pressure gradient for the bar jet

than for the planar jet.

Figure 7.6 shows the pure convective heat transfer results obtained for the planar
jet, and compares them with the total heat flux calculated by the Equations [2.4.4.9] and
[5.6.3]. Even though equation [2.4.4.9] gives good agreement with the experimental
measurements presented for high water temperatures and low jet velocities, it is clear that
for the moving strip case and low water temperatures, the heat fluxes are higher than
expected for film boiling, even being higher than those measured in transition boiling
under similar circumstances. Therefore, it is believed that the conventional equation

[5.6.3] gives better results in the range of the runout table operations.
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An important factor to consider during boiling is the surface condition of the
substrate. Generally, the effect of roughness during cooling on the runout table is
acknowledged, but its quantification has not been done. In this respect, the calculation of
the vapor layer thickness during quenching may help as a good first approximation of the
effect of the strip roughness. The vapor layer thickness during the typical operation of the
water bars of company C were calculated, as shown in Figure 7.7[a]. From this figure, it
is expected that in the runout table the vapor layer should lie within 2-20pum, and
consequently, the roughness of the substrate should be higher than those values to
produce a contact of the liquid-vapor interface with the substrate, which would have an
appreciable effect on the heat transfer. On the other hand, micro roughness may also have
an effect on the nucleation rate of bubbles. The momentum boundary layer in the water,
which gives a measure of the depth of the effect 6f the strip motion and vapor motion on
the water flow, is shown in Figure 7.7[b]. It. is approximately 30um, and almost
independent of operation conditions. Similar calculations were carried out for the
equivalent planar jet, as shown in Figure 7.8. The vapor layer thickness and the
momentum boundary layer thickness are seen to be slightly higher than those for bars, but
their behavior is very similar. Figure 7.9 shows that the thermal boundary layer thickness
in the water is of the same order as the momentum, which is expected for Prandtl
numbers of the order of unity, being approximatély 28um for typical conditions of water

bars, and 32um for water curtains.

It is also important to determine what fraction of the heat released during film

boiling goes into the formation of vapor. Figure 7.10 shows that for water bars or curtains
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more than 80% of the convective component of the heat reaches the liquid-vapor interface
and is further conducted through the liquid layer. Therefore, less than 20% of the total

heat flux helps in the formation and superheating of vapor.

The effect of the impinging jet veloc;ity 6f a water curtain and a water bar on the
heat flux is shown in Figure 7.11 and Figure 7.12 respectively. Figure 7.11 shows a
comparison between the measurements for planar water jets done by Ishigai et al.* (only
taking the film bloiling part of Figure 2.11) and the model predictions of the total heat flux
using Equation [2.4.4.9]. Although the agreement is good for lower jet speeds, the
theoretical model is not capable to reproduce the measurements at higher jet speeds.
However, given the specific experimental conditions and the assumptions of the model,
the behavior of the heat fluxes with variations in the jet velocity is reasonably predicted.
In Figure 7.12 predictions for conditions closer to those typical of the runout table
Qperations are presented. In this figure, the darker lines correspond to the total heat flux
while the lighter represent the convective heat flux. Increasing the jet velocity within the
expected range in a runout table enhances‘ slightly the rate of heat extraction in film
boiling (=10%), which is in good qualitative agreement with the experimental data shown

in Figure 2.11.

The impinging jet diameter has a stronger effect than jet velocity on the local film
boiling heat transfer, as shown in Figure 7.13 and Figure 7.14. Figure 7.13 shows a
comparison of the model predictions of the total heat flux using Equation [2.4.4.9] with

the measurements for water bar jets by Ochi et al.' (see Figure 2.6). The agreement found

was good, specially at larger jet diameters. Decreasing the impinging jet diameter within
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the typical range of many runout table operations (0.0075-0.015m) produces an increase
of up to 50% in the local heat fluxes, as shown in Figure 7.14. These results are in good

qualitative agreement with the experimental data shown in Figure 2.6.

Figure 7.15 shows the effect of the impinging jet angle on the heat fluxes during
film boiling. Increasing the angle from the vertical by 30° reduces the heat fluxes
approximately by 25%. These‘ results are in good agreement with the discussion in the
literature review (section 2.3.4[c]). Consequently, for bottom jet cooling, the local heat
fluxes during film boiling for the same jet conditions will be in most of the operations
smaller than for top jets, because at the bottom the jets are slightly inclined. However,
the main reason for the lower heat fluxes encountered in bottom cooling is the direction

of gravity.

All of the heat transfer results presented during film boiling can be explained
exclusively by the effect of the different process variables on the vapor layer thickness,
because the heat transfer coefficients are in\;ersely proportional to the vapor layer
thickness. Under the assumption that the vapor inertia and convection terms in the vapor
are negligible because of the much higher liquid density, the temperature profile in the
vapor layer is linear, according to Equation [5.2.11]. Consequently, the Nusselt number is

given by Equation [5.4.1]:
[7.1.1]

It is important to mention that equation [7.1.1] is valid whether the jet flow is

laminar or turbulent. The vapor layer thickness is defined by the energy equation at the
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liquid-vapor interface, Equation [5.2.31], and the shear-stress continuity equation,

Equation [5.2.32].

Qualitatively, the trends of the behavior of the film boiling heat transfer
coefficients with operating parameters is similar to those found in transition boiling for
the operating parameters studied experimentally, as shown in the literature review. These
parameters include superheat (strip temperatﬁre), water jet temperature, velocity,
diameter, and impingement angle. These observations are of significant importance to
understanding the behavior of the boiling curve during the runout table cooling, and are

consistent with the boiling mechanism suggested in section 5.1.

7.1.2 Heat fluxes and fractional contact area during Liquid-Solid contact

The procedure to calculate these parameters was explained in section 5.5.
Verification of the model predictions with measurements is presented here. However, the
heat fluxes and the area of contact of the liquid-vapor interface with the substrate have
not been measured during jet cooling, so comparison is possible only between the model

predictions with measurements in other systems.

Comparison between the model predictions during the impingement of a planar
water jet at different water temperatures with measurements during the falling of a water
drop on an Inconel surface * (see Figure 2.25) is presented in Figure 7.16. The
experimental data for a falling drop reveals 1{0 dependence of the heat transfer with water
velocity, which is not surprising since it is well éstablished that fully developed nucleate
boiling is not affected by the water velocity. Equation [5.5.4] expresses the liquid-solid

contact heat transfer in terms of the pure boilihg component plus the convective term.

168




Chapter 7. Model Validation, Results and Discussion

However, it was verified that the second component is negligible except at superheats
close to zero. Consequently, the heat transfer calculated through equations [5.5.1] and
[5.5.4] shows no dependence on water velocity. The exponent DX in equation [5.5.1],
accounts for the observed decrease of heat v‘icransport at higher superheats in the
experimental data. The exponent DX is dependent on water subcooling according to the
experimental data. The calculations for the planar jet are higher than the measurements
for the falling drop, but the measured boilin/g curve for the bar jet by Hall et al. ° (see
curve for 0mm in Figure 2.8) plotted in Figure 7.16 shows that these heat fluxes are close

to the values that would be expected.

Predictions of the fractional liquid-solid contact area, F, in the impingement and
the parallel flow regions of a planar jet are ?ompared with measurements ¢ during
saturated pool boiling in the transition boi1i1:1g region in Figure 7.17. This Comparison is
valid only in a qualitative sense, since the actua¥ values for subcooled flow boiling must
be different to those for saturated pool boiling. Nevertheless, the comparison is very
useful since it shows that the behavior of this parameter within the operational conditions
of the runout table is similar to that found in saturated boOl boiling. The experimen‘;al
data shows that very different results can be obtained according to the differences in the
experimental setup and the definition of thisa parameter. The contact decreases by
increasing the surface temperature and the water tempefature, in agreemént with the
discussion presented in section 5.4. Higher liquid-solid contact occurs in the impingement
region as compared to the parallel flow region bécause of the pressure exerted by the jet.

The calculated lines reflect the same behavior as the measurements. It is interesting to
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note that the liquid-solid contact does not cover the entire surface in the transition region
nor at some part of the nucleate boiling regime. In this work, the values of F obtained are
lower than the measurements reported close to the critical heat flux in accordance with
more recent photographic evidence obtained by Galloway et al.” and the mechanism of

boiling proposed, as discussed in section 5.1.

The vapor\layer thickness during turbulent parallel flow was calculated for a
typical water velocity of 6.5m/s and different water temperatures (neglecting the strip
motion) using the equation developed by Filipovic et al. ®. This equation was used in the
transition boiling model (see Equation [5.7.4]). Results appear in Figure 7.18 together
with predictions of the amplitude of the liquici;vapor interface and the corresponding
fractional liquid-solid contact areas. It is clear that the behavior of the vapor layer with
variations of water temperature is similar to tha't.found in the impingement region. The
vapor layer is thicker in the parallel flow region as expected (compare with Figure
7.7(a]). The calculated amplitude of the interface behaves similarly to the measurements
by Nigmatulin et al.® for quasi-étationary film boiling in external flow on a horizontal
cylinder in a pool of water, as shown in F igﬁre' 2.29. The liquid-soli'd contact is enhanced
considerably by decreasing the water temperature, as discussed in Chapter 5. Calculations
for the vapor layer thickness were carried out fo; conditions similar to those of Weichert
et al.'’, who measured the vapor film thickness ét the equator of a sphere immersed in a
pool of water af 55°C during film boiling. Weichert et al. '® measured vapor film
thicknesses of Q.2 and 0.1 1mm for surface temperatures of 690°C and 420°C respectively.

Using the equation adopted in this work, which was developed by Filipovic et al.* for
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turbulent forced flow on a flat plate, the vapor film thicknesses are 0.204 and 0.078mm
respectively, assuming bulk flow of 1.0m/s. These results are in good agreement with the

measurements by Weichert et al'.

The magnitude of the vapor layer thickness presented in this work can be applied
to estimate the effect of surface roughness on the transition boiling regime, as previously
discussed. According to the predictions, the vapor layer thickness is in the range of 2-
20pum in the impingement zone, whereas it is 2-100pm in the parallel flow region. The
effect of roughness within these ranges should be important. These predictions are in
excellent agreement with industrial findings. Shimizu et .al.'' found that during the
cooling in the runout table, a 21pum-thick scale generated on one steel (two or three times
greater than that genérated on other steels) was responsible, due to the increased
roughness of the surface, for a substantial increase in the heat fluxes. The higher heat

fluxes were reflected in a drop in coiling temperature of more than 50°C.

7.1.3 Boiling Curves for Non-Moving Surfaces

In this section, comparison between .the predictions of the transition model
described in sections 5.6 and 5.7 with some of the experimenfal data available is

presented.

It is important to highlight that the models developed in this work were created to
reproduce the thermal histories expected in the runout table, where the strip motion
promotes thermal gradients along the longitudinal axis of the strip of only 10-100°C/m,
whereas during the measurements reported in the literature on non-moving surfaces these

thermal gradients are of the order of 1000°C/m. This implies that the runout table operates
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nearly in steady state for a fixed position in space, and significant segments of the strips
are nearly isothermal. These fundamental differences should have an effect on the
development of the liquid-vapor interface and in the heat fluxes expected in the transition
boiling regime. Consequently, the runout table cooling can be considered under steady
state and sections of the steel are nearly isothermal in the parallel flow region, whereas

the experimental data published corresponds to transient non-isothermal cooling.

Another important difference betwegn the runout table operations and
experiments in the laboratory is the quality of thé water employed. Most of the laboratory
measurements employ relatively pure water, with low-gas entrapment and hardness,
whereas during the runout table operations frequently the water used has significant
hardness levels and air absorbed. The recent findings by Jeschar et al.'? show that the
temperature at the minimum heat flux (Leidenfrost temperature) during the cooling of a
sphere always increases with the additions of salts, especially with salts such as CaCl,
and MgCl,. Those salts are found in water with higher hardness. The Leidenfrost
temperature can increase up to 100°C at concentrations of CI" of about 300 mg/l. The
same authors also showed that the dissolved gasés in the water coolant can have a higher
effect on the Leidenfrost temperature. Therefore; since the Leidenfrost temperature may
give a measure of the stability of the vapor-liquid interface during film boiling, it may be
inferred that variations in water hardness and gas entrapment between operations can
have a substantial effect on the boiling characteristics, and consequently on the heat

fluxes expected in the transition boiling region.
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7.1.3.1 Impingement region

The effect of water temperature on the boiling curves in the impingement region
of a water bar is shown in Figure 7.19. Predictions of the transition boiling model are in
good agreement with the measurements carried out by Ochi et al. ' (see Figure 2.5). The
boiling curves, especially in the film and transition boiling regimes, are displaced to
higher heat fluxes and superheats by lowering \.Nater temperature. This behavior can be
explained by the effect of water temperature on the vapor layer thickness (see Figure
7.7[a]). The vapor layer thickness decreases significantly with decreasing the substrate
temperature when superheat is high, and when water temperature is also high. However,
this effect is less pronounced at lower water temperatures and superheats. A lower water
temperature produces a thinner vapor layer, prbmoting more liquid-solid contact and
increasing the heat fluxes during the contact. The high heat fluxes found during the
liquid-solid contact magnify the effect that the process variables have on the interface, as
compared to the film boiling regime, promoting large variations of heat fluxes in the

transition boiling regime.

The impinging jet velocity has a relatively smaller effect, as shown in Figure 7.20.
Comparison between the model predictions with the experimental data for the planar jets’
shown in Figure 2.10 and 2.11, shows good agreement, but the effect of velocity is
smaller 'in the model than in the measurements. If the effect of jet velocity on the
transition boiling is explained in terms of its effect on the vapor layer thickness (or the
convective heat fluxes in the ‘ﬁlm boiling regin;e), Figure 7.11 reveals that jet velocity

has a small effect on the heat fluxes in the ﬁlrﬁ boiling regime, and consequently the
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vapor layer thickness. The transition boiling model is consistent with this. Perhaps, the
larger magnitude of the effect of jet velocity observed in the measurements is a result of
the differenceé in the impingement jet widths (4.8 and 5.7 mm for u,,,, equal to 2.1 and
1.0 m/s respectively). These variations in jet width imply a difference of about 18% in the
pressure gradients, which is inversely proportional to the jet diameter or width. As it was
shown in Figure 7.13 and in section 2.3.3[b], variations in jet diameter can create
considerable differences in the heat fluxes not only in the film boiling, but also in the

transition boiling regime.

Figure 7.21 shows the effect of water temperature on the boiling curves in the
impingement region of a planar jet. Given that the transition boiling model was tuned to
reflect the real runout table conditions, its application to laboratory conditions is in

reasonable agreement with the measurements® shown in Figure 2.10.

7.1.3.2 Parallel Flow

In this section, comparison between the transition boiling model predictions with
the measurements carried out by Filipovic et al."” (see Figure 2.16) during the cooling of a
non-mo?ing flat plate by water parallel flow, and with the’ measurements done by
Hernandez-Morales et al.' (Figure 2.18) during the forced convection quenching of a

steel rod in a pipe.

Comparison of the model predictions with the measurements by Filipovic et al. '
for a water temperature of 25°C and u=2m/s is shown in Figure 7.22. Predictions are in
good agreement with measurements in the range of runout table applications taking into

consideration the differences between the experimental setup and the runout table
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conditions. The measurements correspond to two different boiling curves obtained at two
different locations. The lower heat fluxes found at a position further downstream are the

result of higher local water temperatures.

In order to estimate the capabilities of the model for different water velocities,
comparison between model predictions and measurements'* during the quenching of a

steel bar in a pipe (T

water

=25°C) is presented in Figure 7.23. Comparison between the
velocities in an internal flow with the paral_lelﬂow on a flat plate can be done by
assuming that the maximum velocity in the internal flow is equivalent to the free stream
velocity on the flat plate flow. This approximation has been used extensively to compare
flows"”. The maximum velocities obtained under laminar flow conditions were obtained
applying a laminar flow solution'® for this configuration. Results are presented in Table
7.1. If the ﬂovx; was turbulent, the equivalent free stream velocities have to be between
the bulk flow velocity and the maximum velocity for laminar flow. The model results

compare very well with the measurements vfor the flat plate velocities of 10 and 6.8 m/s.

Figure 7.24 shows a comparison between the model predictions and
measurements" for parallel flow on a flat plate ﬁsing water temperature at 55°C. Even
though the CHF’s are underpredicted, the agreerﬁent is also good in the typical range of
the runout table temperatures (superheat above 360°C), and the effect of water velocity is
predicted satisfactorily. It is important to note that the measurements at 2 m/s correspond
to an initial water temperature of 25°C, but as it was discussed in the literature review, the

local water temperature at this position can be close to 55°C. Figure 7.25 shows that in
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the case of the quenching in a pipe', the predicted curves are lower, but still within

‘reasonable values.

Model predictions for a water temperature of 75°C compare favorably with
measurements'* in the quenching of a bar, as shown in Figure 7.26. The agreement is very
good at superheat above 500°C, which is typically the range in the runout table

operations.

7.1.3.3 Boiling curves for typical jet temperaturés and velocities in the runout table

Predictions of the boiling curves in the impingement zone of a water bar for jet
velocities of 5.5-6.5m/s and water temperatures of 25 and 35°C are presented in Figure
7.27. These are typical operation conditions in full-scale operations. The heat fluxes are
within 4-10MW/m?, and the transition boiling regime is extended down to a s_trip surface
temperature of 450°C. The effect c;f jet velocity within industrial operations is relatively
small compared to the more common variations in water temperature, which have a more

pronounced effect.

In the parallel flow region, the heat fluxes are smaller than in the impingement
region, and the effect of the water velocity is small, as it is seen in Figure 7.28.
Transition boiling is present in practically all operations, but as the water ﬂ;)ws on the
strip, the water stream warms up to the point where film boiling appears. Heat fluxes
typical of film boiling appear at water temperatures close to 75°C. This, as it will be

discussed later, has a very important effect on the performance of a cooling system.
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7.1.4 Boiling curves for a moving surface

The measurements carried out by Hernandez et al.'” described in the literature
review were re-analyzed in order to obtain the boiling curves for the impingement and the
parallel flow zones. The plate surface temperatures measured by two thermocouples
attached to the cooling surface are presented in Figure 7.29[a]. The temperatures
measured by the two thermocouples indicate that some differences, especially in the heat
fluxes in the impingement region are to be expected because of the differences in the
depths of the “peaks” measured. This figure shows that once the plate reaches the
countercurrent parallel flow region, the cooling commences immediately with a steep
temperature drop, followed by a steeper cooling in the irr{pingement region. After leaving
the impingement region, the heat fluxes at the surface decrease and cannot maintain that
low temperature, so the heat conduction from the interior of the plate increases the

surface temperature. Finally, during air cooling the temperature recovers.

The heat fluxes calculated from the temperature measurements by thermocouple
TC1 are presented in Figure 7.29[b]. Neglecting the “noise” in the heat fluxes, it can be
seen that the heat fluxes increase monotonically in the countercurrent parallel region,
until the plate reaches the impingement region, Vivhere the heat fluxes reach a maximum.
After, in the following parallel flow region, which in the case of this experiments is much

shorter, the heat transfer also decreases monotonically.

By means of the application of an analysis technique that will be discussed in
section 7.2,3, the boiling curves in the cooling of a moving plate for the initial water

temperature can be obtained from the heat flux distributions, such as the one in Figure
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7.29[b]. The measured boiling curves for the impingement region of a planar jet

impinging on a moving surface (u,=4.6m/s, T

water=24°C, u,;=1.45m/s) are compared with
reported measurements ' * on non-moving surfacgs for conditions close to those of the
moving plate experiments in Figure 7.30. Predictions by the transition boiling model are
also presented. The heat fluxes measured for the moving plate vary considerably for the
different jets, even though they operate almost under the same conditions. Due to the
extremely short time that the plate resides in the impingement region (0.0024-0.0043sec),
it would be expected that the thermal response of the thermocouples is not fast enough to
generate very accurate temperature measurements in this region. However, the
measurements for the moving plate compare favorably with the measurements for both
bars and curtains. The transition boiling model predicts a boiling curve which is in
reasonable agreement with some of the heat fluxes measured for the moving plate,
whereas in some other cases the model results are above the measurements. Given the
wide range of measurements reported in the literature, and the uncertainties present in the

measurements for the moving plate, it may be concluded that the model predictions are in

good agreement.

The measured boiling curves for the pérallel flow regions of the planar jets
impinging on the moving plate are compared with some reported measurements'>"* for
non-moving surfaces, and with predictions by the transition boiling model in Figure 7.31.
The measured boiling curve for the moving plate is in excellent agreement with the
measurements in both, the parallel flow and pipe flow. It is evident that the effect of the

strip motion within this experimental setup is negligible. The transition boiling model

178




Chapter 7. Model Validation, Results and Discussion

predictions for the moving plate experiments are in excellent agreement with all these

measurements.

With respect to the effect of the strip motion on the boiling curves, the results of
the film boiling model presented here and those reported by other researchers for laminar

18,19

film boiling ™" reveal that the strip motion increases the heat transfer. In turbulent flow

conditions, the opposite effect has been predicted ®.

It is important to mention that during a previous research work by this author"’
and at the beginning of the development of the present transition boiling model, the strip
speed was believed to have a strong effect on the boiling curves. However, during the
trial and error procedure adopted to obtain the parameter F in the transition boiling
model, it was seen that to obtain good predictions for the boiling curves measured and the
coiling temperatures, a dependence of the boiling curves on the strip speed was not
necessary. Neglecting the effect of the strip rhotion on the local boiling curves was
possible without diminishing the accuracy of tﬁe model predictions. Consequently, the
boiling curves predicted by the transition boiling model are not dependent on strip speed.
Perhaps, the effect of the strip motion on the boiling curves exists, but is probably small
enough to be masked by other processes that are also dependent on the strip motion, such
as the mixing of water, which affects the local subcooling very significantly, and also the

length of the different cooling zones.

7.2 Runout Table Model
In this section the runout table model predictions are compared with the

measurements presented in Appendix B. These comparisons serve as verification of the
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performance of the different components of the runout table. In the previous section,
verification of the boiling curves used in the runout table model was presented, and

explanation of the mechanisms of cooling was also included.

This chapter deals first with predictions for strips cooled in air, which helps to
verify the model predictions without water cooling. Analysis of the contribution of the
different components to the total heat transfer is presented, including the runout table
rolls. After, a thermal analysis of some measurements during laminar cooling operations
is presented to verify the consistency of the mill data obtained. An analysis of the effect
of water flow distribution at the top surface of the strip on the thermal histories is
presented. This analysis was done to identify the conditions where the cooling by the
flows presented in Chapter 4 can be approximatéd by 1-D models. The development of a
heat transfer map that explains the performance of a cooling setup is presented. Then,
verification of the predicted coiling temperatﬁres with the measurements shown in
Appendix B is presented. Finally, a sensitivity analysis of the effect of some design and

operating parameters is presented to identify their effects on the coiling temperature.

7.2.1 Air cooling

In order to establish which is the main cooling mechanism during cooling in air, a
sensitivity analysis of the relative importance of t_he different parameters and mechanisms

within the typical runout table conditions was done. Results are summarized as follows:

(a) Radiation heat transfer is the major contributor to cooling in air, and convection heat

transfer in any case is below 20%.
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(b) Air velocity has an important effect on forced convection, but the real effect at the
typical runout table conditions (where natural convection contribution is also
important) is approximately 5%. Therefore variations in air velocity may be assumed

negligible in the overall cooling.

(c) Air temperature variations have negligible effects on radiation and mixed convection

heat transfer, and their contribution can be neglected.

(d) Lower strip speeds reduce significantly forced convection, but the effect in the mixed
convection regime is very small. Strip speed variations are also negligible for the

overall local heat flux.

(e) The surface length where air cooling applies (characteristic length in convection
equations) has an important effect on the average forced convection heat transfer,
which increases with decreasing length. A similar effect is found in natural

convection, but the effect is smaller. In mixed convection this effect is also small.

The importance of radiation heat transfer in comparison with the convective air
cooling mechanisms is clearly seen in Figure 7.32. The possible variations in emissivity
may represent as much as 10% of the total heat flux, which in many cases is higher than

the contribution of convection heat transfer to the overall cooling.

The runout table model was run for the operating conditions of the strips cooled
by air exclusively (see Table B.17). The chemical composition of the steel analyzed was:
%C=0.062, %Mn=0.95, %Si=0.198, %Cu=0.439, %Ni=0.134, %Cr=0.090, %V=0.003,

%Nb=0.014, %Mo0=0.036, %Al=0.034, %N=0.0092, for which a carbon equivalent of

181




Chapter 7. Model Validation, Results and Discussion

%C,=0.22 was calculated. A corresponding _T,:\E3=856°C was obtained. This chemical
composition is intermediate between the nominal .A'36 and DQSK compositions shown in
Table B.1, for which the calculated percentage of carbon equivalent, %C,,, were 0.29 and
0.088 and the equilibrium temperatures T,z; were 824°C and 883°C respectively. The
predicted coiling temperatures for the coils with gages of 9.53 and 12.7 mm are compared
with the measurements in Figure 7.33. The linear behavior of the experimental data and
the model predictions reveals that at those coiling temperatures no austenite
decomposition took place. The model predictibns are in good agreement with the
measurements, but they are consistently higher by approximately 10°C. The error in the
pyrometer reading during these measurements‘is usually of the order of 1%, which
represent uncertainties of 8-9°C. Also, the chilling caused by the runout table rolls contact

to the strip may be also responsible for the discrepancies. An analysis of the effect of roll

chilling will be presented later.

The coiling temperatures calculated for the nominal A36 and DQSK chemistries
are compared with the measurements for the 4.72mm gage strips in Figure 7.34. The
measurements in this case, present a deviation from the linear behavior observed at higher
temperatures in this figure and in the cooling of the higher gages. The measured coiling
temperatures do not decrease linearly with the finishing temperature when the entry
temperatures to the runout table are below 840°C. This is consistent with the value of T,
calculated for this chemistry. The coiling temperatures are higher because of the heat
generated by the austenite decomposition during cooling. The contribution of the heat of

transformation during these measurements promotes an increase of approximately 30-
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40°C in the coiling temperature. Predictions adbpting the nominal A36 steel chemistry
show good agreement with the linear behavior present at higher coiling temperatures. For
the lower coiling temperatures, there are differences in the transformation start
temperature due to differences in chemical composition. It is clear that the transformation
starts for the predictions at about 810°C, which implies an undercooling for the
transformation to start of about 14°C, which compares well with the approximately 16°C
found in the measurements. Therefore, the deviaﬁions in behavior can be attributed to the
chemistry differences between the two steels. Plredictions assuming the nominal DQSK
chemistry show that the austenite decorﬁpositioﬁ would start at higher temperatures, and
for the whole range of coiling temperatures presented in the Figure, at least some fraction
of the steel would have transformed, causing a significant increase of the coiling
temperature. These predictions show that the effect of chemistry is extremely important
for the control of the coiling temperatures, especially When only partial decomposition of

the austenite occurs in the runout table.

In order to estimate the chilling effect of the rolls on the strip, the mathematical
model for the runout table rolls cooling presented in section 6.1.3 was run to calculate the
maximum possible effect of roll cooling. Since the heat-transfer coefficients during the
roll to strip contact are unknown, a maximum expected value of 5000W/m*C was
adopted for the present calculations®. The roll parameters were taken from the operation

of company G and are summarized in Table 7.2.

Predictions of the maximum effect of roll cooling for different strip initial

temperatures, gages, and speeds within the typical operations of companies G and C are
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presented in Table 7.3. From the calculations of the temperature drop in the steel during
passing on a single roll, AT in strip, it can be seen that for the air cooling measurements
analyzed in Figure 7.33 and Figure 7.34, the maximum total temperature drops expected
by the 91 rolls are 8.7-13.1°C, 6.6-8.2°C, and 8.2-9.8°C, for gages 4.72, 9.53 and 12.70
mm, respectively. However, Table 7.3 shows that the heat fluxes during the strip-roll
contact may seem higher than expected in an operation. Accordingly, the real effect of
roll cooling should be smaller than what these predictions show. It is noteworthy that
extremely high values of the temperature drop per roll were obtained at a gage of 2mm.
The reason for this was an unrealistic prediction of the strip-roll contact length. Based on
these results, it is believed that the effect of roll chilling on the coiling temperature is
negligible for gages above 4mm. Perhaps, the effect may be more observable for thin
strips, but the uncertainties with respect to the actual heat transfer coefficients and the
contact length are so significant, that calculations by means of the procedure followed in
this simple model are not meaningful. Probably, a better description of the roll chilling
effect requires measurements of the roll to strip interface heat transfer coefficients and
consideration of the non-elastic behavior of the strip. Accordingly, the roll cooling effect

was neglected for the rest of the calculations presented in this chapter.

7.2.2 Experimental correlation between process variables and water cooling performance

Experience in the development of process control systems has shown that the
cooling performance of each individual jet line in the runout table is as a first
approximation constant, provided that the laminar cooling conditions (water temperature,

flow rate and quality, jet lines pattern) and the steel grade are the same.
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Experimental correlations between process parameters and the cooling
performance of a jet line can be obtained from the application of such findings. In order
to obtain a first approximation of the temperature drop in the strip per jet line, it is
assumed that: [1] the heat extracted per jet line is approximately constant, [2] the thermal
gradients in the steel strip have a small effect on the total temperature drop, and [3] the
strip thermal properties are approximately constant within the range of water cooling.
Under these assumptions, a heat balance was performed on a lumped element to give the

following expression for the temperature drop:

AT, = (1 * Do) 1 [7.2.2.1]

drop p Cp t h

This relationship gives a linear relation between the temperature drop in the steel
and time, ¢. This is a good first approximation of the thermal histories obtained by the
present runout table model for a substantial part of the strip. It is evident that the time

under water cooling, ¢, is given by:

No. Jet lines at top) (d ., 1.ceat 1o
_( ! P) (s ies ar 1op) [7.2.2.2]

L

t

which substituted in equation [7.2.2.1] to obtain the following equation:

No. Jet lines at top) (d ...
ATdm = m( o.Jelt ines a Op) ( Jet lines alll)p) [7223]
" (U, )(th)

where m=(qt0p+qb0ﬂom)/pCp must be a constant.

This equation was adopted to correlate the temperature drop in the strip by water

cooling exclusively with the process parameters. The constant, m, was determined by
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regression analysis. Figure 7.35 shows the results for company C while processing two
different grades, DQSK and A36 respectively (data from Appendix Table B.13 and Table
B.14). As it is seen in Figure 7.35, good correlation was found for both steels.
Interestingly, the constant m is dependent on steel chemistry, but it is independent of strip
speed and thickness even for wide ranges of operation. Results indicate that a jet line
removes more heat while cooling a steel with a higher carbon content. Thus, the amount
of jet lines working necessary to cool a DQSK strip to a fixed coiling temperature is
0.4965/0.399%100=24% more than for an A36. This is in excellent agreement with the
findings by Hurkmans et al.*', who found that going from a steel (%C=0.11, %Mn=1.070,
%Si=0.24, %A1=0.060) with a %C,,=0.288 (compare to 0.299 of nominal A36) to a lower
carbon steel (%C=0.04, %Mn=0.220, %Si=0:.01, %Al=0.050) with a %C,=0.077
(compare to 0.088 of nominal DQSK), required an increase of 24% in the number of jet
lines used to attain the same coiling temperature. It is important to mention that this effect
is a result of the differences in the austenite decomposition process, which generates heat
and also phases with different thermoph};sical properties at different stages of the

processing.

The cooling performance of a laminar sygtem can be estimated relative to that of
anothér system. Figure 7.36 shows the correlatic;n found for two other companies (data
from Appendix Table B.11 and Table B.15), Which include a systém using jet bars
(company A) and one using jet curtains (éompany E) for two different steels. Also good
results were obtained. These results together with those shown in Figure 7.35 can be used

to estimate the relative performance of the different cooling systems. Given that the
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parameter m gives a measure of cooling performance per unit area, comparison is only
possible in terms of a parameter m’=m*dje(Jines, Bécause the distance between jet lines is
quite different between the companies. The parameter m’ gives a measure of cooling
performance per unit length across the width. Such a comparison is summarized in Table

7.4.

Comparison of the cooling performance parameter, m’, between companies C and
A (see Table 7.4) reveals that the cooling system of this latter company removes only
0.160/0.228*100=70% of the heat removed per jet line by company C, even though the
distance between jet lines for company A is 0.69/0.46=1.5 times that of company C.
These results can be expected, since the water density supplied (water flow rate/length
across width) was 3.63x10~° m*(s m) in the case of company A compared to 7.4x10”
m3/(§ m) in company C (obtained from data in Appendix Table B.2 and B.4). Similarly,
comparison between water curtains (company E) and bars (company C) for the DQSK
steel shows that the bar system cools the strip only 0.184/0.235*100=78% compared to
the curtain system. The water density used in the operation of company C was 7.4x10”
compared to 17.0x10° m’/(s m) used in conipény E, which explains these results. It

should be noted that the parameter m is dependent on the initial water temperature.

All these results indicate that the chemistry of the steel has an important effect on
the amount of water needed to attain a specified coiling temperature. Also, the cooling
performance of a laminar system depends strongly on the flow density of the water

supplied.
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The number of top jets calculated by equation [7.2.2.3] is compared with the
actual number used in operation, as shown in Figure 7.37 and Figure 7.38. Even though
equation [7.2.2.3] was developed under apparently very restrictive assumptions, its
capabilities to predict a first approximation of the number of top jets used in operation are
significant. Figure 7.37 and Figure 7.38 show that in most of the cases the errors are

within £5 jet lines.

Among the many possible applications of equation [7.2.2.3], an important for this

~work is the detection of inconsistent measured data. The mill data for the different

companies can be analyzed by plots such as the ones shown in Figure 7.39 and Figure
7.40. The line at zero in these figures represents the average behavior of the data set.
When the error is positive, the predicted Coiling .temperatures should be higher than the
measured coiling temperatures and vice versa. It is assumed that within a variability of +5
jet lines the data is consistent. When variations ‘are more significant, it may indicate that

the mill data is not consistent with the whole data set.

7.2.3 Heat transfer analysis of the actual flows observed during industrial and pilot-plant
operations

The objective of this section is to analyze numerically some of the photographic
observations presented in Chapter 4 by means of the application of the runout table model
to the different water flow distributions observed across the width of the strip during

operation.

Thus, the objective of this 2-D (thickness and width of the strip) analysis was

primarily to establish the conditions where a 1-D model (thickness) is applicable.
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Additionally, this study was pursued to delineate the thermal conditions for localized
cooling to take place on the runout table. Finally, a behavior diagram was created to

define where and when transition or film boiling occurs.

In Chapter 4, localized cooling was shown to occur in basically the following
regions: [a] The impingement band, and [b] Regions in the parallel flow zones where
high concentration of water exists. That is, regions where thick water stripes appear, or in
the countercurrent parallel flow region when the film of water is thick. Additionally,
whenever sweepers are used, a recirculating flow is created that increases the local heat

transfer.

The video recordings and also the pictures in Chapter 4 show that in many cases
where water bars are used, in some degree the top surface of the steel strip has “stripes”
of different tonalities, suggesting that the cooling in the downstream parallel flow zone
occurs mainly in bands or stripes parallel to the longitudinal axis of the strip at least close
to the impingement band. The thickness of those stripes is variable, depending on the
runout table configuration, and the tonalities that the strip surface shows vary with each
mill. The thickness of the stripes seems to be between the jet diameter and the

impingement region diameter.

In harmony with these observations, an analysis was carried out to identify the
conditions where: [a] Thermal gradients (through the thickness) appear, and [b] The heat

transfer across the width of the strip is significant..

[a] Estimation of the conditions where thermal gradients exist.
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A non-negligible thermal gradient appears when the through-thickness Biot

number is greater than 0.1, that is when

Bi=h—L>0.1
k

For typical runout table operations the parameters of this equation are:

0Ix10°W /m* C<h<10x10°W/m*’ C
0.002m< L<0.0l5m

250/ ms C<k<64J/ms‘°C

which give a minimum Biot number of:

B 0.1x10° *0.002
min 64

Bi =3.1>0.1

and therefore, during water cooling the steel thermal resistance is always important, and

there will always be thermal gradients.
[b] The heat transfer along the axis and across the width of the strip.

Performing a heat balance on a differential element (Eulerian approach with no

heat generation) on the configuration shown in Figure 6.9, renders the equation:

ox\ ox) oy\ oy) oz\ &z Pox ot

which can be put in a dimensionless form

* *

o’'T" Uyt or" oT
oz L ox" ot

X

*

o°T” o'T
(Fox)ax—,z + (Foy) 5

+(Foz)

by defining the following dimensionless variables:
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k
. . P z =—; t =—, o.=——=constant
AT, L, L, L, - pC

L, = Distance between jet lines, Ly = Strip Thickness; L, = Distan ce between nozzles/ 2

U,=2-20m/s; o=4x10"-12x10"

ot  Rate of heat conduction across L
= / Note that

where  Fo = Fourier number = — = - 3
L°  Rate of heat storage in volume L

0<x",y",z",T",t" <1, and given that all the differential terms are of order 1, the relative

values of the Fourier numbers dictate which terms are more important. Since it is well
known that most of the heat extracted comes from the top and bottom surfaces, the

Fourier number in the y direction will be taken as a standard for comparison.

o Heat Transfer in the x-direction.

Diffusion in the x - direction _ Fo, (_Llj :

Diffusion: : — = =
Diffusion in the y - direction  Fo,

The maximum value for this ratio was found to be approximately 0.01, and
therefore it is always negligible. The minimum Peclet number (ratio of the convective
heat transfer over the diffusion heat transfer) is approximately Pe,_;,=1.6x10°L,. which

again establishes that the diffusive term is negligible.

. Convection in the x - direction L, U,L,
Convection: — —— = =
Diffusion in the y - direction Fo, oL,

this ratio is always higher than 0.2, and therefore is never negligible.

e Heat Transfer in the z-direction.
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Diffusion:

Diffusion in the z - direction _ Fo, ( L J ’
Diffusion in the y - direction  Fo,

The values of this ratio range from 0.0027 to 0.19, but for most conditions it is
less than 0.1. Since the thermal gradients in the z-direction are slightly smaller, the heat

transfer in the z-direction is negligible.

An important result of this analysis is that a 1-D (through the thickness) heat
transfer model, as the one presented in this work, is applicable to any position across the
width of the strip if the proper boundary conditions are adopted. Consequently, a 2-D
analysis of the cooling in the runout table can be accomplished by running the runout

table model for the different water flow conditions across the width.

In order to analyze the effect of position across the width of the strip, the runout
table model was run for different water flow density distributions on the surface, whose
thermal histories may correspond to what would be seen by a thermocouple installed at a
certain position across the width. Since the best observations of the water flowing on the
strip were obtained for company H, a 6.55mﬁ1 coil (CNZ) from that company was
selected for analysis. Two water flow densities were considered, the high, corresponding
to the water flow rate from a nozzle ﬂowiﬁg on a band of width equal to one half of the
distance between nozzle centers, whereas the low corresponds to the same flow rate
flowing on a band of a width twice the distance between nozzles. According to the video-
recorded observations these may be good approximations of the extreme cases. In the
case of company H, the jet lines are alternated at distances of 0.067 and 1.37m, and the

nozzle arrangement between jet lines is offset by one half of the nozzle-nozzle distance
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within one jet line to ensure that the water distribution is as homogeneous as possible. It
is important to observe that due to the offsetting of the nozzles, for some fixed positions
across the width of the strip, the thermal history would reveal that the jet impingement
zone of an individual jet appears once each two jet lines. The cooling patterns analyzed
are presented in Table 7.5. In the cooling pattern, the term “short” is given to the jet lines
with a distance of 0.067m. to the next jet line downstream, in which the impingement of a
jet is seen. The term “long” corresponds to jet lines with a distance of 1.37m. to the next
jet line downstream, wherein the impingement of a jet is not seen because of the alternate
arrangement of the nozzles. The characters H and L correspond to high and low water

flow densities respectively.

Details of the thermal histories such as the top surface temperature, heat flux and
water temperature are presented in Figure 7.41 to Figure 7.45. For run 1, shown in Figure
7.41, the water is concentrated only in the impingement band, whereas it is assumed that
in the parallel flow downstream the water flow density is lower than actual. The predicted
coiling temperature of 724°C for this cooling pattern is 43°C higher than the actual
measured temperature of 681°C. The cooling pattern of run 1 represents an extreme case
of low water flow density, that is perhaps only possible at the edges of the strip.
However, it is interesting to note that when the water flow density is low, after the
impingement band has been passed, the steel surface temperature immediately rises due
to the heat conducted from the interior. The heat flux history shows that even though
transition boiling occurs in the parallel flow region, the heat flux decreases with position

because of the “buffering” effect of water heating, which decreases very significantly the
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effectiveness of cooling. That is clearly shown in the shape of the water temperature
history, where the water can reach temperatures even higher than 80°C. Thus, in the
parallel flow region downstream, the transition from transition boiling to film boiling is
smooth and caused by an increase of the local water temperature. Peak heat fluxes at the
impingement region increase according to the transition boiling curve in that zone, but for

this case, the heat fluxes vary only within 5-6MW/m’.

In the case of run 2, the cooling pattern is very similar to the previous, except that
the water flow density in the long parallel flow regions was alternated high-low-high-high
and so on. Figure 7.42 shows a similar temperature history, except that when high water
density was present in long parallel flow regions, the surface temperature does not
recover, but decreases sharply at the beginning; after about 0.5m, the temperature
reaches a local minimum. This water flow distribution is believed, according to the video
observations, to be representative of the most common flows during the operation. The
predicted coiling temperature is 689°C, which is very closed to the 681°C measured. As a
consequence of a higher water density, the water temperature increases only up to 60-
70°C, compared to 80-90°C in the low density areas. The transition from transition
boiling to ﬁlm boiling is not clearly seen, and the heat fluxes are always above

0.8MW/m?.

Runs 3 and 4 are believed to represent the two most extreme cases that can be
seen in the operation of company H. Run 3 represents the cooling of the strip with the
highest water flow density possible, whereas Run 4 with the lowest water flow density.

Figure 7.43 shows that with high water flow density everywhere, the coiling temperature
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would be as low as 617°C (64°C lower than meaéured under normal conditions). The top
surface temperature behaves very similar to the high density case of run 2, and after a
sharp temperature drop, the temperature recovers slightly when the water temperature is
above 50°C. Run 4, is a very similar case to run 1, except for the low water flow density
in the short parallel flow zone. Figure 7.44 shows that the predicted thermal histories and
coiling temperature are almost identical for runs 1 and 4. Run 7 represents the case where
a piece of steel for some reason does not reach the impingement region of any jet, but it is
subjected to the most common water flow densities found. The predicted coiling
temperature was 695°C, which is in good agreement with the 681°C measured and with
predictions for cases such as run 2. Interestingly, the results shown in Figure 7.45 are
almost identical to those of case 2, except for the existence of the typical peaks in the

temperature and heat flux histories corresponding to the impingement of a jet.

In order to determine if the 1-D representation of the cooling can be as accurate
without establishing a specific pattern such as the ones used in this analysis, but only
taking into consideration the jet lines working, the logical assumption of a homogenous
water distribution in the parallel flow region was adopted. It is important to mention that
this happens often in the actual operation. As Table 7.5 shows (see standard case) the
predicted coiling temperature is in very good agreement with the 681°C measured and

with the numerical results already discussed.

The generality of these results was tested for several coils, and companies. In
particular, results for a similar 2-D anélysis for a 9.4mm strip from company A

(CT =683°C) are summarized in Table 7.6 . Runs 1-3 and 6 represents the typical

measured
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water flow densities observed, and as it is showh in the table, variation among them are
insignificant. In the standard case, where the wéte; flow density was assumed constant
and intermediate between H and L, the predicted coiling temperature is in excellent
agreement with those runs. In general the predicted coiling temperatures are less than
10°C from the actual temperature. Results from the extreme cases 4, 5 and 7 reveal that
for thicker strips, variations in water distribution can have a rhuch more important effect
on the coiling temperature, and consequently, during rolling of higher gages, more

attention needs to be paid to ensure homogenous distribution of water.

From these results, it is seen that the actual effect of the local heat extraction in
the impingement zone of a jet on the final coiling temperature is small. However, the
impingement region of a jet is extremely important because it supplies the fresh, colder
water to the surface. As seen in the literature review, the video recordings and the
experience shows that the single most important parameter to control in a cooling system
is the local water temperature on the strip. In practice, the local water temperature is a
function of the design of headers, the design of fhe nozzle arrangement and the flow rate
and temperature of the water supplied. From a fnodeling point of view, these results show
that a 1-D runout table model assuming homogenous water flow distribution can be as
accurate as a 2-D model for prediction of the coiling temperature, without sacrificing any

physical significance of the results.

Finally, in order to verify these conclusions with real operation results,
measurements of the water temperature at a specific location in the parallel flow region of

a top jet were performed during the runout table cooling of two coils of a DQSK steel®.
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Measurements were carried out by setting a thermocquple connected to a data acquisition
system to the water stream falling off the top surface. These measurements were done for
coils ¢140751 and c140753 of company I, with the operating conditions shown in
Appendix Table B.12. The runout table model was run assuming a homogenous water
flow distribution across the width. Comparison between predictions and measurements is
shown in Figure 7.46 and Figure 7.47, for coils ¢140751 and c140753 respectively. In
Figure 7.46 the agreement between measurements for the coiling temperature and water
temperature is exceptionally good. Given that the residence time in each jet line is short
for small gages, the thermal gradients are small and the temperature peaks are short. Heat
fluxes increase in the countercurrent parallel flow region while approaching the jet
impingement zone, where heat fluxes of the order of 4-5 MW/m’® are seen, and after, in
the downstream parallel flow region, the heat flux decreases smoothly according to the
local temperature variations. As it is shown in this figure, water temperature variations in
the parallel flow region, of about 35°C/m, are quite significant. Differences in the
maximum water temperature reached are related to the differences in length between the
parallel flow regions. Figure 7.47 shows a similar agreement, and gives evidence of the

consistency of the model predictions.

7.2.4 Heat Transfer maps and the cooling performance of a jet

In order to establish a simple method to characterize the effect of variables such
as -strip thickness, speed and surface temperature, residence time under cooling, jet
diameter, height, velocity and temperature, and their effect on the performance of a

cooling jet, a heat transfer map is proposed. This'map is a useful tool to explain the local
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heat transfer events during cooling and in helpful in optimizing the operating parameters

of a laminar cooling system.

The proposed heat transfer map consists on a plot of the local heat fluxes found at
different position in the runout table versus the local top surface superheat. This map is

similar to the standard boiling curve, but its meaning is quite different.

Heat transfer maps were developed for the cooling patterns corresponding to runs
1 and 2 of company H in the previous section (see Table 7.5, Figure 7.41, Figure 7.42),
and they are shown in Figure 7.48. Along with the maps, the boiling curves for the
impingement at the initial water jet temperature, T,,.., and parallel flow regions, for
different water temperatures, ranging from the initial temperature up to 95°C were
plotted. The first graph of Figure 7.48[a] shows that at the countercurrent parallel flow
region (position increases downstream from the countercurrent region as defined by the
arrows) the local water temperature decreases while approaching the impingement region
until it reaches a maximum heat flux in this regibn, which correspond to the initial water
temperature of the jet. When the impingement region is reached, the heat flux increases
significantly to reach the boiling curve for that region, and since the water temperature is
virtually the same, the heat flux increases following that particular boiling curve. After, in
the short downstream parallel flow region (approximately 0.07m) the heat fluxes follow
the boiling curve for the parallel flow region at the initial water velocity, because of the
high water flow density and short length of this zone. Once the next jet line is reached,
the heat fluxes follow the same boiling curve because the water temperature is practically

the same. After, when the long downstream parallel flow region is reached, the local
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water temperature increases significantly, and the local heat fluxes decrease accordingly,
until values typical of film boiling are reached. Tilese results are obtained because the
water flow density assumed in this region was low. The transition through the different
boiling curves and boiling regimes (transition to film boiling) is completely smooth and
determined by the local water temperature. The second graph of Figure 7.48[a], shows
similar features, but a major difference is found in the long parallel flow zone, where the
assumed higher flow density makes the system follow the boiling curve for the initial
temperature for some time, and then a gradual decrease of cooling until a “nose” is seen
when the water temperature is slightly above 50°C; the strip temperature recovers
afterwards because the heat fluxes are small. Results for run 1 shown in Figure 7.48[b]
exhibit a similar behavior as the first graph of Figure 7.48[a]. Because all the long
parallel flow regions are assumed to have a low water flow density, the strip top surface

temperature recovers throughout the cooling in this region.

A similar heat transfer map was obtained for a jet line adopting the cooling
configuration of runl of company A (see Table 7.6), which is found more typically in
runout table operations. Results are showﬁ 1n Figure 7.49. The map has been divided into
several sections (A-G) with the purpose of explaining the effect of the different process
variables on the shape of this map. Region A éoffesponds to the cooling in the upstream
parallel flow region, for which the water température decreases while approaching the
impingement region, and the heat fluxes are accordingly increased. This part of the map
is almost linear, and its length increases with increasing the water temperature of the

downstream parallel flow of the previous jet line. Increasing the water flow density in this
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region moves this line around the pivotal poinf B in the direction of the curved arrow
shown in the figure, until a maximum is obtained, when this line reaches the boiling
curve for water at the initial temperature. The boiling curves for the initial water
temperature are the thicker lines shown in this figure. Point B consequently, represents
the iﬁtersection between the boiling curve at the parallel flow region for water at the
initial temperature, the upstream parallel ﬂow region section of the map, and section C.
Section C is a region of transition between impingement region and parallel flow region,
and it corresponds to those positions where the;pressure gradient is small but not zero,
which according to Figure 2.4, can be extended a measurable distance. Evidently, the
sudden increase in heat flux depends on the difference between the boiling curves in the
impingement and parallel flow regions, whereas the slope of the curve depends on the
heat conduction characteristics of the substrate. The difference between the boiling curves
for both regions is dependent exclusively on the jet characteristics. Region D, the
impingement region, lies mainly on the boiling curve for water at T,;;,, and decreases
slightly at the end because of a small temperature raise of the water in this region. The top
surface temperature drop in this region increases with increasing the substrate thickness
and the jet diameter or width, and also with decreasing the strip speed (increasing the
residence time). Region E is similar to region: C, but the temperature of the surface
increases instead of decreases because of the heat conducted from the interior of the
substrate. Point F corresponds to the intersection of section E, the boiling curve for the
parallel flow region at T, and section G, the downstream parallel flow region. It is
noteworthy that the section of the boiling curve that applies for this range of surface

temperatures is defined approximately by the line drawn by the points F and B. This is
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extremely important in analyzing the experimental measurements on the moving plate.
Finally, section G is characterized by a small theﬁnél recovery immediately after point F,
which is more evident increasing the thickness of the substrate or increasing the
difference between the boiling curves in the impingement and parallel flow zones. This
curve tends to move in the direction of the curved arrow shown in the figure with

increasing the water flow density (compare with the second graph of Figure 7.48[a]).

Among the various applications of this heat transfer map, one is in the
optimization of the process variables to attain the maximum cooling possible from a jet.
Evidently, increasing the water flow rate per nozzle would increase the cooling
performance of the jet, but as it is seen in this heat transfer map, the maximum cooling is
bounded by the boiling curves. When the water flow rate per nozzle is increased, the
water flow density, the jet width and velocity increase. However, the impingement jet
velocity is mainly controlled by the height of the nozzle (see Table B.10), and the slightly
higher jet velocity would have an insignificant effect on the boiling curves. On the other
hand, the increased jet diameter increases the impingement area, but as it was discussed
in the literature review and in section 7.1.1, the increased jet diameter also decreases the
boiling curve. Consequently, the variation produced on the jet diameter should be small.
Therefore, the enhancement of cooling with increasing the water flow rate per nozzle is
mainly due to the augmented water flow density, and disappears when the local water
temperature reaches T, Another obvious way to increase the cooling performance of
the jet would be to decrease the supplied water temperature. This has been found to be a

very practical solution in some runout table operations. In the construction of new
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laminar cooling facilities, special attention is paid on the design of the cooling towers to

be used to maintain the low water temperature, such as one recently built by company K.

Another important application of this map is in the analysis of the heat transfer
data from experiments on moving surfaces. In order to verify the analysis presented, the
measurements during the cooling of a moving plate carried out by Hernandez et al.'” were
plotted in the form of these heat transfer maps. Results are shown for four different planar
water jets in Figure 7.50. The obvious similarity of these measurements with predictions
such as those shown in Figure 7.49, confirm that the analysis presented is reliable. The
corresponding points B and F in each of the graphs were obtained (see dotted lines in
Figure 7.50), which define the boiling curve for the parallel flow region of jet cooling a
moving surface. The black points corresponding to the impingement region also are part
of the boiling curve for the impingement region; All the points obtained were plotted in
Figure 7.30 and Figure 7.31, for the impingement and the parallel flow regions,

respectively.

From Figure 7.50 it can be seen that the water flow rate employed during the
pilot-plant cooling was relatively small, and the heat absorbed by the water increased its
temperature significantly. Interestingly, these experiments were catried out with the

lowest water flow rate possible while maintaining the stability of the jet.

7.2.5 Thermal evolution during laminar cooling i

One of the most important problems to be solved nowadays during the hot rolling

of a strip is to find the operating conditions during laminar cooling that enable to produce
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consistently and uniformly a specific microstructure and mechanical properties. For that

purpose, the coiling temperature is controlled usually in a range of £20°C from the target.

In this section, the runout table model predictions for the thermal history of some
strips are presented. In a subsequent section, the relationships between some individual

laminar cooling parameters and coiling temperature are explained.

The thermal history dufing the cooling by company C of a 9.5mm A36 strip is
shown in Figure 7.51. The temperature predictions reveal that the top surface cools at a
much faster rate than the bottom surface, which is mainly caused by three effects of
gravity: [1] The extended contact of the strip with the water flow on the top surface
(longer parallel flow regions), and [2] The lower local heat fluxes due to higher stability
of the ’vapor-liquid interface of the bottom :céoling configuration, and [3] Water jet
velocities are much smaller for the bottom jets than for those at the top, even for the same
velocity at the nozzle, because gravity accelerates the jet at the top, increasing its
velocity, whereas the opposite happens at the bottom . The temperature differences
between both surfaces increase during laminar cooling, and may be higher than 400°C,
but they rapidly decrease during cooling in air. Interestingly, the bottom surface cools
slower than the center, which again highlights the importance of the top cooling, but also
demonstrate that the thermal gradients between ‘the center and the bottom surface are
small. This implies that most of the cooling is localized in a region close to the top

surface, whereas in the rest of the strip the thermal gradients are comparatively small.

Another important observation is that in the region of water cooling, the thermal history
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at the center is almost linear (cooling rate is nearly constant). This is also supported by

the experimental correlation (equation [7.2.2.3]) obtained in section 7.2.2.

The effect of the strip thickness on the thermal evolution of the steel is seen in
Figure 7.52 and Figure 7.53 for strip thicknesses of 6.0 and a 4.8mm, respectively. The
thermal histories shown in Figure 7.52 and Figure 7.53 are similar to the one for 9.5mm,
but the temperature differences between both surfaces are considerably reduced with
decreasing thickness. These differences are approximately 300 °C and 200°C for the 6 and
4mm strips respectively. It is important té mention that the temperature differences
between the top and bottom surfaces are not only dependent on the steel thermal
resistance, but also on the residence time during each jet line. The residence time is

dependent on the strip speed, which is adjusted according to thickness.

Results were obtained for a 2.5mm DQSK steel, as it is shown in Figure 7.54. The
thermal history is slightly different, especially in the shape of the curve at the center,
where the cooling rate is not nearly as constant as in the previous cases. The temperature
differences between surfaces are approximatély 1:00°C and are not higher at the end of the

main water cooling zone.

7.2.6 Comparison between model predictions and measurements in full-scale operations
of the coiling temperature

This section deals with the verification of the runout table model predictions of
one of the most important quality control parameters, the coiling temperature.

Comparison between the model predictions with measurements from different companies
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and processing conditions was carried out. The: operating conditions and measurements

are presented in Appendix B.

Usually, during the runout table operation, the control systems that are placed in
the process are based on off-line and on-line models. The off-line models are useful to
estimate the initial cooling conditions and to analyze the process more in detail. The on-
line models may be simplified versions of off-line models that enable a rapid setup of the
process and corrections to the original settings while processing. Control is aimed to
restrict variations in the coiling temperature in many cases within £20°C. Strict control of
the coiling temperature is necessary to maintain a uniform microstructure and mechanical
properties in the whole strip. One of the main applications of the present runout table

model is in the prediction of the coiling temperature.

The model was run for the strips whose operating conditions are shown in
Appendix Tables B.11 to B.18. The coiling temperatures predicted by the model are
compared with the measured coiling temperatures in Figure 7.55. Results indicate that the
coiling temperature is predicted for most of the cases within +20°C. The error in the
coiling temperature predictions is relatively. small, and it gives confidence on its
application as an off-line model to setup the cooling conditions for an operation. It is
extremely important to note that the model was applied to two different chemistries, and a
very wide range of operating conditions. The strip speed ranged from 2 to 18 m/s, the
gages from 1.8 to 16mm, the finishing mill temperatures from 850 to 950°C, and the

coiling temperatures from 540 to 740°C. The laminar cooling systems analyzed ranged
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from low-flow bar cooling systems to the high-flow curtain systems. For the wide variety

of conditions, the results are remarkably good.

7.2.7 Effect of some laminar cooling parameters on the coiling temperature

The need for relationships between individual laminar cooling parameters and the
coiling temperature was emphasized in section 7.2.5. In this section, relationships
between the top and bottom flow rate, nozzle height and diameter, number of nozzles per

jet line and initial water temperature and the coiling temperature are presented.

With this purpose, three coils from the operation of company C were selected:
Coils ¢907619m (DQSK) with a measured coiling temperature of 566°C, c907272m
(A36) with a measured coiling temperature of 665°C, and c907968m (DQSK) steel with

a measured coiling temperature of 671°C, which will be called DQSK* hereafter.

The effect of top water flow rate on the coiling temperature is shown in Figure
7.56. The coiling temperature decreases linearly with increasing the top water flow rate.

1.2, and are

These results are in very good agreement with the findings by Wilmotte et a
also consistent with the measurements of the effect of water flow rate on the average heat
fluxes (see Figure 2.12[a]). It is important to note that the effect of chemistry is small, but
the effect of the target coiling temperature is comparatively strong. This is because the
cooling is well within the transition boiling regime even for high local water
temperatures. It is seen that variations in water flow rate of +40% from the nominal 931
l/min/jetline can cause variations in coiling temperature of about 90°C for target coiling

temperatures close to 550°C, whereas for coiling temperatures around 650°C variations

are 35 and 50°C for A36 and DQSK respectively. These results indicate that during
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processing of low coiling temperature steels, which sometimes is the case for the DQSK
grade, variations in water distribution and flow rate should have an important effect, and
control of the coiling temperature should be more difficult. In fact, controlling the cooling
to attain a low target temperature has been observed to be more difficult in the operation
of several mills''. It is important to note that tﬁe strong effect of water flow rate is caused
mainly by the increased amount of water available for cooling, and to a lesser extent by

the increase in the impinging jet velocity and diameter.

The effect of variations in the bottom water flow rate is presented in Figure 7.57.
As this figure shows, the coiling temperature decreases with increasing flow rate but in a
lesser extent, simply because most of the cooling takes place at the top surface and the
bottom surface is a small contributor. It is important to note that these calculations
assume that the length of the contact of the bottom water stream with the under surface
of the strip surface remains constant, since the effect of jet velocity on the that length is

unknown.

One important design parameter is the height of the top nozzles. The effect of
nozzle height on the coiling temperature is shown in Figure 7.58. The coiling temperature
decreases with increasing the nozzle height until a minimum is found, and then the
coiling temperature increases again, the effect Being more pronounced at lower target
coiling temperatures. The effect of chemistry is sﬁall and slightly more noticeable at low
heights. Within the operating conditions aﬁaljrzed, the total variations in coiling
temperature are 52, 15 and 32°C for the coils DQSK, A36 and DQSK* respectively. The

reason for the existence of such an effect is that the impinging jet velocity in most
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operations is mainly determined by this design parameter, and the boiling curves are
directly dependent of the jet velocity. Then, increasing the nozzle height results in a
higher jet velocity and higher local heat fluxes because of the higher boiling curves.
However, this effect is counteracted by the decrease in the impinging jet diameter, and
consequently in the impingement region area. Since jet velocity affects slightly the
boiling curves in the pérallel flow region, these two counteracting effects produce an
optimum height for a given water flow rate and nozzle diameter. In this case, the
optimum height for maximum cooling was found to be 2.4m, which is very close to the
2.17m adopted in operation. These results are consistent with the results shown in Figure
2.12[b], where it is seen that the effect of nozzle height is relatively small at high
temperatures but increases with decreasing temperature. Also that figure shows that the
average heat flux can be increased or decreased with nozzle height. It is important to
mention that other important factors may contribute to the behavior of the coiling
temperature during the changing of the nozzle height, such as the air entrapment, the

instability of the jet, turbulence, etc.

Another design parameter analyzed was the number of nozzles used in the top jet
lines. The effect of the number of top nozzles used per jet line while maintaining the total
water flow rate per jet line constant is seen in Figure 7.59. Within the operating
conditions analyzed, the effect of the number of nozzles is negligible in the coiling
temperature. Although a larger number of nozzles may seem to increase the total
impingement area within a jet line, the diameter of each jet is also decreased,

compensating for the larger number of them. However, in operation, significant
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variations in the number of nozzles may have an effect, reflected perhaps on variations of
temperature across the width of the strip, which are not analyzed in this work. On the
other hand, changing the number of top nozzles while maintaining the water flow rate
per nozzle constant, and consequently increasing the water flow rate per jet line give
different results. Such calculations are presented in Figure 7.60. The results show that the
effect of increasing the top nozzles is very similar to that seen for increasing exclusively
the water flow rate (compare with Figure 7.56). The number of nozzles used for cooling
within reasonable variations has a negligible effect on the coiling temperature, provided

that the flow rate per jet line remains constant.

The effect of the diameter of the top nozzles was studied, and results are shown in
Figure 7.61. For target coiling temperatures around 650°C, the effect is small and almost
independent of chemistry. The coiling temperature decreases 9°C changing the nozzle
diameter from 0.01 to 0.019m, whereas above that range the coiling temperature remains
constant. For a lower target coiling temperature a more pronounced behavior was

observed, and variations in coiling temperature may be higher than 40°C.

Whereas design parameters are mainly ﬁxed, process parameter such as water
temperature are critical in the operation of the runout table. The effect of water
temperature variations from 20 to 35°C were considered. Results are presented in Figure
7.62. The coiling temperature increases linearly with water temperature by about 47 and
73°C in the A36 and DQSK* strips respectively, which have similar target coiling
temperatures; whereas, in the case of the lower target coiling temperature, the coiling

temperature varies linearly with water temperature and the increment was 147°C. In this
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case, it is seen that the effect of water temperature is dependent on chemistry and the
target coiling temperature. Very strict control 1n the supplied water temperature is
necessary to maintain a good control of thé coiling temperature, and this is more so at
lower coiling temperatures. At lower coiling temperatures the critical heat flux is nearly

reached and the heat fluxes are very high for almost any water temperature (see Figure

7.27 and Figure 7.28).

In order to verify the performance of the model with variations of some of these
variables, comparison between model predictions with plant observations of the effect of
water temperature, water flow rate and nozzle diameter, and chemistry is presented in

Table 7.7.

According to some observations in a plant®, the number of jet lines working
necessary to attain a specific coiling temperature has to be increased by approximately
1% when the supplied water temperature is increased by 1°F in the range of 25-35°C. The
runout table model predicts for the strips DQSK, A36 and DQSK* a value of 1.6%/1°F,
1.6%/1°F, and 1.5%/1°F, respectively, which results in excellent agreement with those
observations, taking into cénsideration that thése results correspond to very different
cooling conditions. Interestingly, the model predicts that the magnitude of this effect is
independent of chemistry and target coiling temperature, as observed in the plant

operations.

In the same plant, trials were conducted increasing the water flow rate and the
nozzle diameter by 50% to enhance the cooling capabilities of the system. However, the

number of jet lines working to attain a specific coiling temperature were reduced only by
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approximately ¥4 (25%). The exact water flow rate conditions and nozzle diameter were
not specified. However, this result indicates that not only the total amount of water
supplied determines the coiling temperature, but also its distribution along the runout
table. In this case, the model predicts a reduction of 18%, 17% and 15% for the DQSK,

A36 and DQSK* strips respectively.

On the other hand, as it was previously mentioned, the trend in runout table
operations is to produce steel with specialty properties using normal carbon grades by
cooling with different patterns and coiling temperatures. One example is found in the
tests carried out by Auzinger et al.”’. Such specialty properties were obtained by cooling
the strip to 250°C along a pre-defined special cooling curve. They are currently
investigating the way to reduce considerably the large number of different chemical
compositions of the steel normally required to produce strip with defined mechanical
properties simply by adapting the cooling strategy. The chemistry effect on coiling
temperature is well established. Hurkmans et al.”' reported that the number of cooling
units used to reach a certain coiling temperature has to increase by 24% from processing a
steel with a similar chemistry to the A36 to one close to the DQSK. Very similar
experimental findings in this work were presented in section 7.2.2. The runout table
model predicts an increase of 13%, 17% and 18% for the DQSK, A36 and DQSK* strips,

which results in good agreement with plant observations.

An important issue is where to focus the efforts to improve the cooling
capabilities of a system. Figure 7.63 shows the relative percent of heat extraction of each

cooling zone during the processing of the coil c162331 (A36) from company C. Figure
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7.63[a] shows that 86% of the total heat removed from the strip is carried out at the top
surface, whereas the remaining 14% takes place at the bottom. This is consistent with the
observed microstructure. At the top surface, 62% of the heat is removed in the
downstream parallel flow region, whereas 23% is removed in the upstream (counter
current) parallel flow region. The contribution of the impingement band is of only 10%,
and air cooling represents only 5%, as shown in Figure 7.63[b]. Figure 7.63[c] shows that
at the bottom surface, most of the heat is extracted in air cooling (46%), followed by the
impingement region that totals 36%, and a small contribution of the parallel flow region
of 18%. It is important to note that these percentages were similar for different coils
analyzed, and the results can be considered as general for this particular plant.
Consequently, given the nature of the cooling system and geometry, most of the efforts to
increase the cooling power of the system should be focused on the parallel flow regions
on the top surface. As it was stressed, this is possible mainly by decreasing the local
water temperature at any position, which can be accomplished by either increasing the
water flow rate per nozzle or by decreasing the supplied water temperature. An increase
in the actual length of the parallel flow region does not necessarily increase the cooling
capabilities of the system, since after the local water temperature has reached a certain
value, the cooling is basically carried out under film boiling of almost a saturated liquid,
which is close to radiation heat transfer in air. This also implies that the distribution of the

water flow in the parallel flow regions is extremely important to attain uniform

microstructure and mechanical properties.
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Finally, a sensitivity analysis of the effect of + 20% variations in the boiling curve

parameters q/_g, qy-s, I and H, was carried out for conditions of coil c162331. It

transformation

is evident that an increase of 20% in the liquid-solid heat flux or contact area has an
important effect on the coiling temperature, reducing it by around 50°C, whereas a
decrease in the same percentage increases the coiling temperature about 30°C. Variations
in the vapor-solid contact heat flux are comparatively less important. Finally, an increase
in the heat of transformation of 20% increases the coiling temperature by 15°C, while a
decrease of 20% decreases the coiling temperature by 23°C. Therefore, the heat of

transformation cannot be ignored in the solution of the thermal problem.
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Table 7.1: Flow velocities during the experiments in pipe flow

Bulk Flow velocity (m/s) Maximum velocity (m/s)
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Figure 7.23: Comparison between model predictions for parallel flow and the
measurements'* during forced convective boiling on a steel bar in a pipe
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Figure 7.26: Comparison between model predictions for parallel flow and the
measurements'* during forced convective boiling on a steel bar in a pipe
shown in Figure 2.18. T, ..=75°C.
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Figure 7.27: Model predictions of the boiling curves in the impingement region of
water bars under typical operating conditions of the full scale runout
table.
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Figure 7.28: Predictions of the boiling curves for the parallel flow region under
typical conditions of the runout table.
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Figure 7.29: Measurements during cooling of a moving plate of: [a] Surface
temperature, [b] Heat flux.
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Figure 7.30: Comparison between the measured boiling curve for the impingement
region of a planar jet impinging on a moving plate with measurements
in other systems ' and the transition boiling model predictions. Moving
plate conditions (u,=4.6m/s, T, =24°C, u,=1.45m/s)
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Figure 7.31: Comparison between the measured boiling curve for the parallel flow
region of a moving plate with measurements''* in other systems and
the transition boiling model predictions. Moving plate conditions
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Figure 7.33: Comparison between the runout table model predictions with
measurements of the coiling temperature for the air cooled A36 strips of
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Figure 7.34: Comparison between the runout table model predictions assuming
nominal A36 and DQSK chemistries with measurements of the coiling
temperature for the air cooled A36 strips ( 4.72mm thickness), and the
corresponding austenite percent transformed.
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Table 7.2: Roll parameters for roll cooling calculations

Parameter Value Units
Distance between rolls 0.61 m
Diameter of the rolls 14 in
Thickness of the rolls 0.03175 m
Temperature of the rolls 25 °C
Heat Transfer coefficient 5000 W/m?*°C
Number of rolls 91 unit

Table 7.3: Predictions of the maximum effect of the runout table rolls chilling on the
steel strip for different operating conditions

Strip Temperature
760°C . 860°C 960°C
Thickness | Speed | AT in Heat AT in Heat AT in Heat
strip flux strip flux strip flux
mm m/s °C/roll | MW/m? | °C/roll | MW/m* | °C/roll | MW/m’
Company G conditions
4.72 4.2 0.096 3.40 0.117 3.87 0.144 4.35
9.53 4.0 0.073 3.39 0.081 3.86 0.090 4.34
12.70 3.7 0.090 3.37 0.099 3.84 0.108 4.32

Estimated for Company G conditions

200 [ 50 [ 0869 | 335 [ 1128 | 380 | 1482 | 426
Estimated for Company C conditions

2.00 1.0 | 0412 3.38 0.535 3.85 0.698 4.32

4.72 9.0 0.063 3.41 0.075 3.89 0.090 4.36

9.53 4.5 0.072 3.39 0.080 3.86 0.089 4.34

12.7 4.0 0.090 3.37 0.099 3.84 0.107 4.32
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Figure 7.35: Correlation for the temperature drop in the strip during water cooling.
Effect of steel chemistry for Company C: [a] DQSK, [b] A36.
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Figure 7.36: Correlation for the temperature drop in the strip during water cooling.
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Table 7.4: Summary of the performance of different cooling systems

Company

Cooling system

Steel Grade

djetlines(m)

m (°Cm/s)

n’("Cm?/s)

Bars

A36

0.46

0.4965

0.228

Bars

DQSK

0.46

0.399

0.184

Bars

A36

0.69

0.232

0.160

wlivdlolle!

Curtains

DQSK

3.20

0.0733

0.235

Figure 7.37: Comparison between the calculated number of top jets by Equation [7.2.2.3]
and the actual used. Effect of chemistry for Company C: [a] DQSK, [b] A36.
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Figure 7.38: Comparison between the calculated number of top jets by Equation
[7.2.2.3] and the actual used. Effect of laminar cooling configuration:
[a] Company A (A36), [b] Company E (DQSK).
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Figure 7.41: Top surface temperature, heat flux and water temperature histories for
Run 1 of company H. Cooling patterns as shown in Table 7.5.
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Figure 7.42: Top surface temperature, heat flux and water temperature histories for
Run 2 of company H. Cooling patterns as shown in Table 7.5.
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Figure 7.43: Top surface temperature, heat flux and water temperature histories for
Run 3 of company H. Cooling patterns as shown in Table 7.5.
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Figure 7.44: Top surface temperature, heat flux and water temperature histories for
Run 4 of company H. Cooling patterns as shown in Table 7.5.
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Figure 7.45: Top surface temperature, heat flux and water temperature histories for
Run 7 of company H. Cooling patterns as shown in Table 7.5.
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Table 7.5: Cooling patterns and predicted coiling temperature for the 2-D analysis of
a 6.6 mm strip from company H. Measured coiling temperature=681°C.

Run Cooling Pattern Predicted Coiling
) Temperature (°C)
Short -Long-Short-Long
1 H-L-H-L 723.6
2 H-L-H-H 689.2
3 H-H-H-H 616.7
4 L-L-L-L 723.8
5 L-L-L-H 689.4
6 Standard 696.7
7 H-L-H-H (all parallel flow) 694.8

Table 7.6: Cooling patterns and predicted éoiling temperature for the 2-D analysis
of 2 9.4 mm strip from company A.

Run Cooling Pattern Predicted Coiling
Temperature (°C)
Impingement -Parallel-Impingement-
Parallel
1 H-L-H-L 673.7
2 L-H-L-H 675.4
3 L-L-H-H 675.3
4 H-H-H-H 531.2
5 L-L-L-L 714.9
6 H-L-H-L (all parallel flow) 679.7
7 H-H-H-H (all parallel flow) . 548
8 Standard 675.8
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Figure 7.46: Comparison between predictions and measurements” during the
processing of coil c140751 of company I, for: [a] Coiling temperature,
[b] Local water temperature on the top surface.
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Figure 7.48: Heat Transfer Map for Company H during: [a] Run 2, [b] Run 1.
Cooling patterns as shown in Table 7.5
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Figure 7.49: Heat Transfer Map for a jet line in Run 1 of Company A. Cooling
pattern as shown in Table 7.6.
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Figure 7.51: Thermal and microstructural evolution of a 9.5Smm A36 strip
manufactured by company C (coil c934848m).
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Figure 7.52: Thermal and microstructural evolution of a 6.0mm A36 strip
manufactured by company C (coil ¢162331).
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Figure 7.53: Thermal and microstructural evolution of a 4.8mm A36 strip
manufactured by company C (coil ¢163715).
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Figure 7.54: Thermal and microstructural evolution of a 2.5mm DQSK strip
manufactured by company C (coil ¢c301978).
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Figure 7.56: Effect of top water flow rate on the coiling temperature. Conditions for
company C.
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Figure 7.57: Effect of bottom water flow rate on the coiling temperature. Conditions
for company C.
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Figure 7.59: Effect of the number of top nozzles (constant flow rate per jetline) on
the coiling temperature. Conditions for company C.
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Figure 7.60: Effect of the number of top nozzles (variable flow rate per jetline) on
the coiling temperature. Conditions for company C.
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Figure 7.62: Effect of water temperature on the coiling temperature. Conditions for
company C.

Table 7.7: Verification of some empirical rules of operation

Operating Plant Observation Conditions of Plant Model Prediction
Parameter application | Measurement
Water Increment in the required | Water ~1%/°F 1.6%/°F (DQSK)
Temperature* | number of working temperature 1.6%/°F (A36)
headers due to an range of 25- 1.5%/°F(DQSK*)
increment in water 35°C
temperature :
Water Flow | An increment of 50% in Unspecified ~25% 18%(DQSK)
Rate and water flow rate and nozzle 17%(A36)
Nozzle diameter decreases the 15% (DQSK*)
Diameter” | number of working
headers required
Chemistry”' | Higher water consumption | 0.09<%C<0.30 ~24% 13%(DQSK)
for lower carbon steels to 17%(A36)
reach a certain coiling 18% (DQSK*)

temperature
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Relative importance of each cooling zone on the heat extraction during
the processing of coil ¢162331. [a] Percent of the total heat extracted by
each surface, [b] Percent of the heat extracted at the top surface in
each cooling zone, [c] Percent of the heat extracted at the bottom
surface in each cooling zone.

Table 7.8: Effect of variations in some heat transfer parameters on the predicted
coiling temperature for the processing of coil c162331. (Predicted

T c4iiing=655°C, Measured T,;;,,~664°C)
Parameter Tcoiling (OC) for +20% ATlcoiling(o(j) Tcoiling (OC) for -20% ATcoiling(oC)
4v-s 646 -9 663 8
K 603 52 634 29
Hirans. 670 15 632 23
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8. SUMMARY, CONCLUSIONS AND
RECOMMENDATIONS FOR FUTURE WORK

8.1 Summary
g

The runout table process has been studi¢d in detail during this work, and as a
result, important observati(;ns leading to a better understanding of this operation were
obtained. The heat extraction in each of the cooling zones identified on the runout table
was characterized by careful examination of video-recorded operations obtained from
several different mills. Once the main different cooling regions were established, the
quantification of the heat transfer was done by the application of data reported in the

literature and mill measurements to the mathematical modelling of the heat transfer

events taking place.

A mathematical model for the runout table cooling was developed, which solves
the transient 1-D heat transfer in a piece of steel moving through the cooling units in the
runout table. The médel takes into account the individual fluid flow characteristics of
each jet such as its velocity, diameter, temperature, and the geometry of the nozzle arrays,
and relatés them to other process variables, such as strip speed, chemistry, and thickness,
to predict the thermal evolution of the steel. The model was validated by comparing the
predictions of the model for the processing 6f two plain carbon steels, A36 and DQSK,
with measurements -in ten different runout table ‘operations. Very good agreement with

measurements in these mills was obtained.
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The runout table model required boundary conditions during water jet cooling,
which needed to be very general and accurate. The mathematical modelling of the boiling
curves during water jet cooling waé considered to be the best alternative to obtain such
boundary conditions. The boiling curves were obtained by a simple model of the
macrolayer evaporation mechanism together with a semi-empirical fitting procedure to
obtain the fractional liquid-solid contact area and a model for the vapor-solid heat fluxes.
The boiling curve model provided predictions of the boiling curves that compared well
with most of the reported measurements in the literature. The boiling curves were linked
to a simple model of the water flow on the strip, based on the video-recorded

observations, to obtain the heat transfer coefficients in the runout table model.
Specifically, the key findings of this work as summarized as follows:

[1] The observation of five different runout table operations revealed that the actual flow
in each éf mill is very unique. However, some general observations were obtained.
When the cooling was done by water bars, the highest heat extraction was seen at
a relatively small area, the impingement band, followed by the cooling in the parallel
flow regions at the top surface in areas of higher water flow density, such as the
countercurrent zone, water stripes in the downstream flow, and in regions of
interaction between the parallel flow and sweepers.
[2] The regions of higher cooling in the parallel ﬂow appear only when the local water

thickness is relatively high. It was concluded that a lower local water temperature 1s

responsible for the higher cooling. At low water temperatures, such as at the
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beginning of the parallel flow region, the heat transfer is high. At higher local water
temperatures, low transition boiling or film boili:ng heat transfer takes place.

[3] In most of the operations, the heat is mainly extracted from the top surface of the
strip.

[4] From the literature review and the effect of some operating parameters such as water
temperature on the coiling temperature, it became evident that transition boiling is the
main mechanism of heat transfer during runout table cooling, in both, the
impingement region and the parallel ﬂowv regions.

[5] The complexity of the transition boiling regirhe can be better explained through the
understanding of the film boiling regime. All the important effects of the process
variables on the heat transfer during film boiling can be explained in terms of their
effect on the vapor layer thickness. The heat transfer coefficients in film boiling are
inversely proportional to the vapor layer thickness. On the other hand, the effect of
the process variables on the transition boiling regime are qualitatively the same as in
the film boiling regime, but quantitatively are more important because of the higher
heat fluxes caused by the liquid-solid contact during transition boiling.

[6] The fundamental process variables with an effect on the heat transfer are: (1) Strip
surface temperature, (2) Water jet temperature, (3) Jet width or diameter, (4) Jet
velocity, and (5) Strip speed, and their relative importance in the boiling curves is in
that order. The strip surface temperature determines the boiling regime and
consequently the local heat fluxes in a very strong manner. The local water
temperature has also an important effect because at lower water temperatures the

vapor-layer thickness is decreased considerably, which increases the liquid-solid
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contact and also heat transfer during these contacts. When the jet diameter or width
of the jet is small, the pressure gradient 1s increased because it is inversely
proportional to the jet diameter, resulting in a higher heat transfer in the impingement
region. An increase in the jet velocity provides an enhancement in the heat transfer,
specially in the impingement region, whereas in the parallel flow regions its effect is
smaller. The effect of strip speed is important in film boiling, but apparently it is
smaller in transition boiling. Probably, the ¢ffect of strip speed on the boiling curves
is masked by the effect of this variable on the actual water flow distribution on the
strip. Also the surface condition is important. From the film boiling predictions, it
was estimated that the strip roughness should be higher than 2-20um to have a
relevant effect.

[7] Cooling in air during the runout table processing represents a small fraction of the
total heat extracted during the process. Radiation is the main mechanism of heat
extraction during cooling in air. In the processing of strips by air cooling exclusively,
the coiling temperature increases linearly with increasing the finishing temperature
provided that the chemical composition of the strip, the speed and the thickness
remain constant and in the absence of austenite decomposition. When austenite
decomposition takes place, the coiling temperature is increased according to the
fraction of the steel that has transformed. Coiling temperatures are very sensitive to
the chemical composition of the steel when partial austenite decomposition happens.

[8] Runout table rolls chilling is a minor contributor to the overall cooling. Its effect can

be neglected at least for strips with a thicknes§ higher than 4mm.
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[9] An empirical relation between the temperature drop in the strip during water cooling
with the number and the distance between the ‘working jet lines, the strip thickness
and speed was developed. The temperature drop is proportional to length of the water
coverage, while it is inversely propdrtional to the strip characteristics. The
proportionality constant found in this relationship allows to compare the relative
capabilities of the different mills and also to determine the effect of chemistry on the
amount of water needed to reach a specific coiling temperature. This proved to be an
important tool to verify the consistency of the.mill data.

[10] A 1-D model (through the thicknessv of the strip) was good enough to study the
actual 2-D heat transfer because the heat conduction across the width is negligible,
except perhaps for thick plates. Regardless of the operating conditions, the coiling
temperatures predicted by the model assuming homogeneous water flow distribution
across the width and along the length are very close to those predicted for fixed
positions across the width under real water flow patterns found in the runout table, as
long as the average water distribution along the length assumed in the model
coincides with the real.

[11] Besides the strip temperature, the single most important parameter in the operation
in the runout table is the local water temperature, which is in practice a function of the
designs of headers, nozzle arrangement design and the flow rate and temperature of
the water supplied. Predictions of the water temperature agree very well with
measurements in plant operations.

[12] A heat transfer map, similar to the boiling curve, was developed in order to have a

simple method to characterize the effect of variables such as strip thickness, speed
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and surface temperature, residence time under cooling, jet diameter, height, velocity
and temperature, and their effect on the local thermal events during jet cooling. Two
major applications of this map were found. One in the optimization of the water flow
rate of the jet to attain certain cooling characteristics, and another in the measurement
of the boiling curves during moving-strip experiments.

[13] A sensitivity analysis of the effect of top water flow rate, bottom water flow rate,
top nozzle height, the number of top nozzles/jet line, top nozzle diameter, and water
temperature on the coiling temperature was done. For the range of the operation
conditions adopted, the top water flow rate has a strong effect on the coiling
temperature, which decreases linearly with increasing the top flow rate. The bottom
water flow réte has a much smaller effect. It was seen that there is an optimum top
nozzle height for a given water flow rate and nozzle diameter, for which the coiling
temperature is a minimum. The number of nozzles/jet line was not important for the
coiling temperature, provided that the water flow rate per jet line was constant. When
the water flow rate was varied according to the number of nozzles used, the effect was
the same as the one found by just increasing the water flow rate. The effect of nozzle
diameter was restricted to relatively small nozzle diameters, and becomes negligible
fof higher diameters. An increase in thé nozzle diameter resuited in a decreased
coiling temperature. Increasing the input water temperature increases considerably the
coiling temperature. The effect of all these variables were more pronounced at lower
target coiling temperatures, and almost independent of the chemical composition.

Comparison of the effect of some of these parameters with observations in plant

operations was very good. The number of working jet lines has to be increased by
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about 1% per 1°F increase on the water temperature. The number of jet lines operating
also needs to increase by around 20% when the carbon equivalent of the steel is
reduced from 0.30% to 0.09%, and by approximately 20% when increasing the water
flow rate and nozzle diameter by 50%.

8.2 Conclusions |

From the results of this work, the following conclusions can be drawn:

[1] It is possible to develop an accurate runout table model by the application of the
fundamentals of boiling heat transfer to real observations in the mill. The model
developed was general enough to predict the thermal and microstructure evolution
and mechanical properties of two plain éafbon steels during their processing in ten

different mills.

[2] The complexity of the heat transfer involved can be better understood by a detailed
study of the film boiling, and then the transition boiling processes during quenching.
This was accomplished satisfactorily by the solution of the convective heat transfer
problem during film boiling coupled with a simple model of the macrolayer
evaporation mechanism. In this way it is possible to explain the effect of the differenf
process variables and the substantial experirhental work published in the literature.

This analysis can provide a foundation to design future experimental work.

[3] The incorporation of an accurate mathematical description of the austenite

decomposition is very important to predict properly the thermal events.
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8.3 Recommendations for future work.

There are many important areas of reseérch to be done in the runout table
processing. With respect to the thermal events, the following recommendations are
suggested:

[1] Measurement of the thermal events during the cooling of a moving strip. This should
include not only the temperatures in the steel, but if possible, in the water streams. In
order to capture some of the complexity of the fluid flow patterns found in operation,
the cooling system should include several nozéles per jet line and several jet lines.

[2] A systematic study of the effect of chemistry on the thermal events. This should
include more plain carbon steels, and the extension of the present model to the
modeling of HSLA and IF steels.

[3] The development of an on-line model from the model presented in this work. Since
the model developed in this work is very general, many important relationships such
as the empirical ones verified can be developed.

[4] From a more fundamental point of view, it is recommended an analysis of the
instability of the liquid-vapor interface. Fifsﬁy, it is recommended to obtain visual
observations of the interface, by photography:or video, as it has been done in other
systems. Then, the solution of the film boiliﬁg problem can be pursued coupled with
the solution of the non-linear Kelvin-Helmoltz instability problem. In this way,
characteristics of the interface such as the wavelength and amplitude can be

determined and linked to the prediction of transition boiling heat fluxes.
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Appendix A
I. Crank-Nicholson Finite Difference Equations of the Runout Table Model

1. Internal Nodes:
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Appendix B

Runout Table Mill Data

The development of the runout table model required validation with
measurements from hot strip mill operations. The mill data presented in this work was
obtained from eleven companies during the production of A36 and DQSK steels or for
steels close to these chemistries. The chemical compositions of the A36 and DQSK steels

used as reference for this work are presented in Table B.1.

Due to the confidential nature of the information obtained and used during the
progress of this research, selected data is presented in this section with the name of the
source companies deleted. Instead, the companies are designated as A, B, C, etc. to

identify the individual sets of data.

The collection of the data was carried out with the cooperation of several
companies. The model was developed as an interactive process, where personnel from the
companies tested the computer model with their own mill information. Comments,
recommendations and information was exchanged mainly by this interactive process. In
most of the cases, the information was prdvided according to questionnaires provided to
them to compile the information, and/or by the information introduced directly by users
of the model. In a few cases, the data was takeﬂ directly from blue prints and engineering

logs.
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Runout Table Full-Scale Data.

A detailed compilation of the runout table top and bottom cooling configurations
under study is presented in Table B.2 to Table B.9. Most of these cooling systems consist
of water bars (axisymmetric jets) at both the top and bottom of the strip. It is alsd evident
that there are important differences in the placement of the jet lines (the array of the
nozzles across the width), and the distance between jet lines, which in practice markedly

affects the cooling performance.

The data under the heading “Jet flow characteristics” was obtained by analysis of
the data presented under the heading “Nozzle arfangement and characteristics”. The jet

velocity was calculated by the equations:

_ Qnozzle
unozzle - [B . 1 . 1 ]
T/ d?
4 “nozzle
_ Qnozzle
unnzzle - I
(wnozzle nozzle )

for water bars and curtains respectively. Given the effect of gravity, the water stream
accelerates, so the velocity at impingement is different from that at the nozzle. Because of

mass conservation, the diameter or the width of the jet changes according to the

Bernoulli’s equation, as follows:
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2 12
quI = (un i2g n)

y 12
djt” =| — dn [B12]

The impingement zones were calculated assuming that the strip motion has no
effect on the pressure gradient caused by the impingement of the jet. According to the
information presented in the literature review, the radius of the impingement zone of a

water bar is r =13d,

«» Whereas the length (one side) of the impingement zone of a

curtain is x = 1.75w,, . In order to account for the 2-D nature of the nozzle arrangements,

an interaction factor has been defined as the radio of the distance between nozzle centers
minus the distance between impingement regions over the distance between nozzle
centers. The closer to unity is the interaction factor, the more one-dimensional the

arrangement behaves.

A summary of the range of operation of these cooling configurations is presented
in Table B.10. It is interesting to note that the most typical impinging jet velocity at the
top varies only from 5.5 to 6.5 m/s; only in a few cases operations is the velocity outside
this range. The main reason for this is the fact that the top jet impingement velocity is
controlled mainly by gravity. Another similarity was found for the common top nozzle

diameter. Consequently, the associated impinging jet diameter are similar. However,
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Table B.10 also shows that more Variatioﬁs exist in the type of Dbottom cooling

employed.

The relevant processing data for the coils analyzed in this study are presented for
each company in Table B.11 to Table B.18. Whenever possible the specific for a
particular piece of steel (sample) is presented, and the sample number within the coil was
included, to have an idea of the relative position along the length. When three sample
numbers are given for a coil, they represent head-middle-tail conditions, except in few

cases, where more focus was paid on variation within the middle samples.

The finishing mill exit temperature, T, varies in most cases between 850 and
950°C during the production of strips and plates of gauges ranging from 1.8 to 16 mm:.
The initial strip speed into the runout table, Up,, ranges from 2 to 18 m/s, while the
acceleration in the runout table, a, varies from O to 0.16 m/s’, and represent a small
contributor in the overall speed of the strip. The coiling temperatures, Tg,,, are commonly
within 540-740°C. However, under special cifcumstances such as air cooled A36
products, the coiling temperatures may be as high as 870°C. Generally, the range of
coiling temperatures for the A36 is narrower since no special hardening by strain aging
due to nitrogen in solution is desired, and typically they lie in the range of 650-690°C.
The supplied water temperature may vary significantly from plant to plant, and it is
usually from 15 to 35°C. The number of working jet lines, top and bottom jets, is

probably the parameter that varies the most from plant to plant and, also increases with

increasing strip speed, thickness and decreasing carbon content of the steel.
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Table B.1: Chemical Composition of the A36 and DQSK steels

Steel | %C | %Mn | %P %S | %Si | %Cu | %Ni [ %Cr | %Al %N
A36 | 0.17 | 0.74 | 0.009 | 0.008 | 0.012 | 0.016 | 0.010 | 0.019 | 0.040 | 0.0047
DQSK | 0.038 | 0.30 | 0.010 | 0.008 | 0.009 | 0.015 | 0.025 | 0.033 | 0.040 | 0.0052
Table B.2: Top Cooling Configuration for Companies A, B, and C.
Company A B C
Parameter

Nozzle arrangemen

t and characteristics

Kind of nozzle

Pipe, circular

Pipe, circular

Pipe, circular

Nozzle diameter (m) 0.02 0.013 0.0186
Nozzle height (m) 1.75 1.92 2.17
Distance between 0.048 0.051 0.068
nozzles across center-
center (m)
Distance between 0.028 0.038 0.049
nozzles (edge-edge)
Water flow rate per 0.359 0.315-0.630 0.501
nozzle (I/sec)
Distance between jet 0.46 and 0.92 0.15 and 2.74 0.457
lines (m)
Number of nozzles/jet 70 40 31-32
line

Jet Flow characteristics
Jet velocity at 1.03 2.37-4.75 1.83
nozzle (m/s)
Impinging jet 5.95 6.58-7.76 6.78
velocity (m/s)
Impinging jet 0.0074 0.0078-0.0101 0.0097
diameter (m)
Impingement zone 0.010 0.010-0.013 0.0126
radius (m)
Calculated reduction in 59 40-22 48
jet diameter (%) ‘
Distance between jets 0.041 0.043-0.041 0.0583
edge-edge (m)
Distance between 0.028 0.031-0.025 0.0428
impingement regions
edge-edge (m)
Interaction Factor 0.417 0.392-0.510 0.371
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Table B.3: Bottom Cooling Configuration for Companies A, B, and C.

Company A B C
Parameter
Nozzle arrangement and characteristics

Kind of nozzle Pipe, circular Banks 1-2 (Pipe, Pipe, circular

circular)

Banks 3-8 (Flat spray

nozzle) d ,=0.003m,

d,..s=0.41m, cone

angle=80°, Q,,,=0.126

I/sec,
Nozzle diameter (m) 0.0095 (0.008)" 0.02 0.0104
Nozzle height (m) -0.12 -0.15 -0.074
Nozzle angle (°) 5 5 15
Distance between 0.049 0.041 0.025
nozzles across center-
center (m)
Distance between 0.041 0.021 0.015
nozzles (edge-edge)
Water flow rate per 0.178 0.630 0.161
nozzle (I/sec)
Distance between jet 0.46 0.92 0.46
lines (m)
Number of nozzles/jet 68 : 12-13 80
line

Jet Flow characteristics

Jet velocity at 3.44" 2.01 2.05
nozzle (m/s)
Impinging jet 3.08 1.05 1.66
velocity (m/s) B
Impinging jet 0.0085 0.0277 0.011
diameter (m)
Impingement zone 0.011 0.036 0.014
radius (m)
Distance between jets 0.0405 0.0133 0.014
edge-edge (m) '
Distance between 0.027 overlap overlap
impingement regions
edge-edge (m)
Interaction Factor 0.449 1.0 1.0

"The actual nozzle diameter may be the diameter of the nozzle minus two times the thickness of hardness
deposits or the equivalent nozzle diameter that gives the flow rate and height of the jet observed in video
recordings.

*Calculated to match flow rate, and jet height observed in video recordings.
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Table B.4: Top Cooling Configuration for Companies D and E.

Company D E
Parameter
Nozzle arrangement and characteristics
Kind of nozzle Slot, rectangular Slot, rectangular
Nozzle length (m) 2.59 1.372
Nozzle width (m) 0.01 0.0064
Nozzle height (m) 122 1.372
Water flow rate per 50.4 23.34
nozzle (I/sec)
Distance between jet 2.74 3.20
lines (m)
Jet Flow characteristics
Jet velocity at 1.95 2.662
nozzle (m/s)
Impinging jet 5.27 5.83
velocity (m/s)
Impinging jet 0.0037 0.003
width (m) :
Impingement zone 0.007 0.005
length (one side) (m)
Calculated reduction in 63 - 53
jet width (%)
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Table B.5: Bottom Cooling Configuration for Companies D and E.

Company D E
Parameter '
Nozzle arrangement and characteristics
Kind of nozzle Slot, rectangular Slot, rectangular
Nozzle length (m) 2.59 1.372
Nozzle width (m) 0.01 (0.006") 0.0064 (0.004™)
Nozzle height (m) -0.08 -0.09
Nozzle angle (°) 10 20
Water flow rate per 50.4 11.67
nozzle (V/sec)
Distance between jet 2.74 0.91
lines (m)
Jet Flow characteristics
Jet velocity at ) 3.18 : 2.11
nozzle (m/s)"
Impinging jet 2.92 1.64
velocity (m/s) »
Impinging jet 0.0065 0.0051
width (m) .
Impingement zone 0.011 0.009
length (one side) (m)

*“The actual nozzle width may be the width of the nozzle minus two times the
thickness of hardness deposits or the equivalent nozzle width that gives the flow
rate and height of the jet observed in video recordings.

**Calculated to match flow rate, and jet height observed.

***Estimated according to operator observations.
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Table B.6: Top Cooling Configuration for Companies F, G and H.

Company F G H
Parameter
Nozzle arrangement and characteristics
Kind of nozzle Pipe, circular ~ Pipe, circular Pipe, circular
Nozzle diameter (m) 0.0186 0.02 0.03
Nozzle height (m) 2.49 1.47 1.79
Distance between 0.0508 0.070 0.076
nozzles across center-
center (m)
Distance between 0.032 0.050 0.046
nozzles (edge-edge)
Water flow rate per 1.34 0.380 0.784
nozzle (I/sec)
Distance between jet 0.46 0.61 0.07 and 1.37
lines (m)
Number of nozzles/jet 40 28 25-26
line
Jet Flow characteristics
Jet velocity at 493 1.21 1.11
nozzle (m/s)
Impinging jet 8.55 5.51 6.03
velocity (m/s)
Impinging jet 0.0141 0.0094 0.0129
diameter (m)
Impingement zone 0.018 0.012 0.017
radius (m)
Calculated reduction in 24 53 57
jet diameter (%)
Distance between jets 0.037 0.061 0.063
edge-edge (m)
Distance between 0.015 0.046 0.042
impingement regions
edge-edge (m)
Interaction Factor 0.706 0.343 0.447




Appendix B. Runout Table Mill Data

Table B.7: Bottom Coolihg Configﬁration for Companies F, G and H.

Company

F G

H

Parameter

Nozzle arrangement and characteristics

Kind of nozzle

Pipe, circular Pipe, circular

Slot, rectangular

Nozzle diameter (m) 0.0102 0.02 Width = 0.0095
(0.0059%), length =

2.00

Nozzle height (m) -0.051 -0.27 -0.10

Nozzle angle (°) 10 18 15

Distance between 0.0226 0.238/0.107°" -

nozzles across center-

center (m)

Distance between 0.012 0.218/0.087 -

nozzles (edge-edge)

Water flow rate per 0.77 0.844/0.868 19.6 and 39.2

nozzle (I/sec)

Distance between jet 0.457 0.63 1.44

lines (m)

Number of nozzles/jet 90 8/17-18 1

line '

Jet Flow characteristics

Jet velocity at 9.80 2.69/2.76 1.657/3.32

nozzle (m/s)

Impinging jet 9.75 1.39/1.52 0.87/3.01

velocity (m/s)

Impinging jet 0.010 0.028 /0.027 Width=0.011/0.0065

diameter (m) '

Impingement zone 0.013 0.036/0.035 length (one side)=

radius (m) 0.019/0.011

Distance between jets 0.012 0.08 -

edge-edge (m)

Distance between overlap 0.037 -

impingement regions

edge-edge (m)

Interaction Factor 1.0 0.654 1.0

"The actual nozzle width may be the width of the nozzle minus two times the thickness of hardness deposits

or the equivalent nozzle width that gives the flow rate and height of the jet observed in video recordings.
“Calculated to match flow rate, and jet height observed.
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Appendix B. Runout Table Mill Data

Company

Parameter

Nozzle arrangement and characteristics

Kind of nozzle

Pipe, circular

Pipe, circular

Nozzle diameter (m) 0.0180 0.0186
Nozzle height (m) 1.6 1.98
Distance between 0.046 0.051
nozzles across center-
center (m) .
Distance between 0.028 0.032
nozzles (edge-edge)
Water flow rate per 0.320 0.501
nozzle (I/sec)
Distance between jet 0.60 0.457
lines (m)
Number of nozzles/jet 30 31-32
line v

Jet Flow characteristics
Jet velocity at 1.26 1.83
nozzle (m/s)
Impinging jet 5.74 6.50
velocity (m/s)
Impinging jet 0.0084 0.0099
diameter (m)
Impingement zone 0.011 0.0128m
radius (m)
Calculated reduction in 53 47
jet diameter (%)
Distance between jets 0.038 0.041
edge-edge (m)
Distance between 0.024 0.0254
impingement regions ‘
edge-edge (m)
Interaction Factor 0.478 0.502
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Table B.9: Bottom Cooling Configuration for Companies I and J.

Company

Parameter

Nozzl

e arrangement and characteristics

Kind of nozzle

Pipe, circular

Slot, rectangular

Nozzle diameter (m) 0.012 Width=0.0064,
Length=1.575

Nozzle height (m) -0.02° -0.10

Nozzle angle (°) 5 8

Distance between 0.046 -

nozzles across center-

center (m)

Distance between 0.034 -

nozzles (edge-edge)

Water flow rate per 0.183 25.236

nozzle (I/sec)

Distance between jet 0.30 0.91

lines (m)

Number of nozzles/jet 30 1

line

Jet Flow characteristics

Jet velocity at 1.627 2.50

nozzle (m/s)

Impinging jet 1.49 2.07

velocity (m/s)

Impinging jet 0.0125 width, 0.0053

diameter (m)

Impingement zone 0.016 Length (one side)=0.0093

radius (m)

Distance between jets 0.034 -

edge-edge (m)

Distance between 0.014 -

impingement regions

edge-edge (m)

Interaction Factor 0.696 1.0
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Table B.10: Summary of the Jet Cooling operating conditions.

Operation Parameter Range Most Typical
Top
Jet velocity at nozzle (m/s) 1.03-4.93 1.0-2.0
Jet velocity at impingement (m/s) 5.27-8.55 5.5-6.5
Nozzle Diameter (m) 0.01-0.03 0.019
Jet width (curtains) (m) 0.0064-0.010 | 0.0064-0.01
Impinging Jet diameter (m) 0.0074-0.0141 | 0.0074-0.010
Impinging Jet width (curtains) (m) | 0.003-0.0037 | 0.003-0.0037
Bottom
Jet velocity at nozzle (m/s) 1.26-9.8 2.0-3.5
Jet velocity at impingement (m/s) 0.06-9.75 1.0-3.0
Nozzle diameter (m) 0.008-0.020 | 0.0095-0.012
Jet width (curtains) (m) 0.0064-0.010 | 0.0064-0.010
Impinging Jet diameter (m) 0.0085-0.028 0.01-0.02
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Table B.11: Data of the production of an A36 steel for Company A.

A36 T,uea |Thickness| Up, a T, ater T inal Top | Bottom
Jets Jets

Coil ID °C mm m/s m/s’ °C °C
c500486 932 4.648 5.04 0.00 294 677 24 3
c500494 939 4.699 5.06 0.00 29.4 671 24 3
¢500500 934 4.699 5.01 0.00 29.4 681 24 3
c500487 934 4.648 5.02 0.00 29.4 683 24 3
€999274 946 6.858 5.49 0.00 29.4 681 52 7
€999280 959 6.858 5.46 0.00 294 687 52 7
c999279 966 6.858 5.51 0.00 29.4 686 56 8
c998396 972 9.389 3.25 0.00 29.4 667
c999269 961 9.601 3.33 0.00 29.4 672
c998383 934 9.423 3.73 0.00 29.4 681 52 7
c998380 933 9.423 3.67 0.00 29.4 679 52 7
c998385 928 9.423 3.59 0.00 294 680 52 7
c998402 1001 9.449 3.34 0.00 29.4 674 52 7
c998382 943 9.423 3.72 0.00 294 681 56 8
c998384 933 9.423 3.64 0.00 294 681 56 8
€998403 1011 9.449 3.42 0.00 29.4 688 56 8
c998381 972 9.398 3.65 0.00 294 683 60 9
c998393 960 9.423 3.68 0.00 294 630 64 9
c998394 998 9.423 3.59 0.00 29.4 670 64 9
c999993 927 12.700 241 0.00 29.4 672 48 7
c999988 962 12.624 243 0.00 29.4 668
¢500005 969 12.700 242 0.00 294 672 52 7
¢500002 958 12.700 242 0.00 294 666 52 7
¢500010 976 12.700 242 0.00 29.4 683 52 7
c500011 969 12.700 242 0.00 294 673 52 7
c500022 965 12.700 2.45 0.00 29.4 663 68 10
¢500021 963 12.700 2.44 0.00 29.4 664 68 10
c500029 959 16.043 1.99 0.00 29.4 672
c500043 940 15.875 1.99 0.00 29.4 679 64 9
¢500030 974 15.875 2.00 0.00 294 677 64 9
¢500039 972 16.027 1.99 0.00 294 673 64 9
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Table B.12: Processing data of a DQSK and A36 steels for Companies B, D, H, I and

J.
A36 Tiia | Thickness| Up, a T yater Thinal Top | Bottom
Jets Jets
Coil ID °C mm m/s m/s> | °C °C
Company B
GLD1 | 933] 429 830 0.04 155 683] 25 5
Company D
Cl | 840| 9.61] 1.87| 0] 217 704 5] 1
Company H
BDF 915 10.64 0.00 0.00 37.7 680 52 2
DMV 919 7.06 0.00 0.00 27.2 669 24 1
CNZ 915 6.55 0.00 0.00 35.0 681 40 2
FPZ 911 7.06 0.00 0.00 27.2 686 30 1
FNB 911 6.55 0.00 0.00 30.4 687 34 1
Company I
c140753 884 2.52 7 0.00 36 540 28 5
c140751 912 2.54 6.95 0.00 36 630 27 5
Company J
Coill 850 1.665 9.17 0.037 21.6 685 2
Coil2 900 4.65 6.23 0.057 24.0 540 54 2
Coil3 826 9.97 2.78 0.04 24.7 624 54 2
Coil4 896 4.65 6.67 0.052 29.1 572 78 3
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Table B.13: Data of the production of a DQSK steel for Company C.

DQSK |Smp | T, ;a | Gauge Up, a |Touerl UPr | Thna | top jet | Bottom jet
Coil ID °C mm m/s m/s? °C m/s °C |main| v | main v
907518 2 885 3.134 9.37 0.06 234 9.99] 697 23 2 25
56 878 3.175 11.32 0.10 12.13 674 34 2 37
111 892 . 3.162 13.32 0.00 13.32 665 47 2 51
907519 3 891 3218 9.37 0.07( 233 10.07] 662 24 2 27
60 883 3.172 11.54 0.10 12.34] 678 37 2 40
116 888 3.175 13.42 0.00 13.40 669 47 2 52
907618 2 857 2.512 10.33 0.07] 26.6 10.94 577 35 2 40
4 864 2.535 10.31 0.08 11.03 553 35 2 40
80 879 2.527 13.80 0.00 13.78 553 54 6 63
158 883 2.563 13.81 0.00 13.81 557 54 6 60
907619 2 854 2.512 10.57 0.07 26.6 11.19 566 36 2 42
80 869 2.530 13.99 0.00 13.98 558 54 6 63
159 864 2.522 13.98 0.00 13.98 602 53 6 58
907620 2 858 2.515 10.43 0.07| 26.6 11.01 583 35 2 41
77 871 2.550 14.01 0.00 14.03 556 54 6 63
152 875 2.545 14.01 0.00 14.03 570 54 6 60
907927 2 911 4.260 726/ 0.06] 24.2 7.97] 648 31 2 33
45 889 4.275 8.84 0.07 9.51 652 42 2 46
87 906 4.280 10.22 0.00 10.22 640 54 6 61
907928 2 908 4.277 7.30 0.06] 24.2 1.97 646 31 2 33
45 887 4.270 8.83 0.07 9.52 649 42 3 45
87 918 4.293 10.02f -0.31 6.56 648 54 6 62
907929 2 906 4.242 7.29 0.06 24.2 7.97 647 30 2 33
42 893 4.252 8.70 0.07 9.39 653 42 2 46
82 916 4.270 10.04 0.00 10.06 641 54 6 62
907968 2 864 2.172 1041 0.08( 242 11.08 662 21 2 23
77 893 2.187 14.05 0.16 15.08] 643 37 3 41
152 921 2.200 17.13 0.00 17.16] 636 51 0 56
908209 2 897 3.401 8.85 0.07 24.6 9.54] 616 43 2 46
47 888 3.434 10.46] 0.01 10.53 559 54 6 60
93 878 3.404 10.52 0.00 10.53 546 52 6 59
908348 2 911 3.602 8.96 0.07) 24.1 9.64 686 27 2 29
45 903 3.548 10.46 0.08 11.19] 682 38 2 42
89 918 3.564 11.56[ -0.01 11.50f 672 49 1 53
908418 2 879 4.856 6.25 0:.03| 226 6.73 628 26 2 28
38 864 4.874 7.22 0.06 7.96 630 33 2 36
75 891 4.882 8.54 0.00 8.53 637 47 2 51
908419 2 887 4.887 6.26] 0.03] 22.6 6.74] 633 27 2 29
38 879 4.879 7.18 0.06 7.96 628 35 2 38
74 891 4.879 8.52 0.00 8.55 631 47 3 51
301978 55 862 2.525 12.68 0.11] 179 13.48] 569 48 2 52
' 63 863 2.535 13.02 0.11 13.82 554 50 2 54
73 866 2.537 13.38 0.06 13.80 561 52 2 56
301979 55 861 2.532 13.03 0.11f 18.0 13.80 559 50 2 54
61 863 2.537 13.20 0.09 13.83 553 51 2 55
73 862 2.532 13.67 0.02 13.83 566 52 2 57
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Table B.14: Processing Data of an A36 steel for Company C.

A36 |Smp | T,,:. | Gauge Up, a | Touer | UPt | Thoa | top jet | Bottom jet
Coil ID °C mm m/s m/s* °C m/s °C |main| v | main v
907272 2 875 2.558 10.09{ 0.07 26.5 10.68] 662 25 2 27

37 893 2.583 11.42) 0.16 12.67 656 33 2 36
71 903 2.593 13.09( 0.01 13.15( 654 42 3 46
907454 2 896 4.265 7.26] 0.05 22.8 793 657 27 2 30
21 890 4.171 7.88| 0.07 8.64 658 31 2 33
41 895 4.161 8.64| 0.02 8.82] 658 36 2 39
908390 2 939 9.774 4.12| 0.02 23.0 4.64| 677 34 2 37
17 932 9.954 451 0.03 5.01 667 39 2 42
32 951 9.957 4.88) 0.01 5.01 669 45 3 49
908391 2 930 7.940 4.63] 0.03 23.0 5.121 6771 29 2 31
21 909 7.945 5.09( 0.03 5.63] 667 32 2 35
41 919 7.955 5.61] 0.01 5.82 662 41 2 45
908440 2 912 5.304 6.22| 0.04 224 6.76 657 28 2 32
30 887 5.319 6.95| 0.06 7.68] 656 33 2 36
57 894 5.324 7.951 0.01 8.08] 656| 43 2 46
908495 2 927 4.529 7.25] 0.06 22.3 7.95] 651 37 2 40
49 927 4.610 8.931 0.07 9.63] 656 48 2 55
96 930 4.615 9.85] 0.00 9.86| 645 54 6 60
913581 2 899 7.874 4.58] 0.03 204 509 669 24 2 26
15 891 7.955 4.94| 0.02 5227 661 28 2 31
28 896 7.953 5.22| 0.00 522 674 30 1 33
913582 2 901 7.945 4.62| 0.02 204 5.10 672 24 2 26
15 907 7.932 4921 0.02 5.23 667 28 2 30
28 894 7.965 5231 0.00 5.23 665 29 2 31
913583 2 897 7.976 4.69| 0.02 20.6 5.09] 679 23 2 25
15 895 7.943 491 0.02 5.24 672 26 2 29
28 892 7.935 5.241 0.00 524 677 28 2 31
914699 2 911 5.525 6.18| 0.02 24.8 6.53] 660f 30 2 32
16 919 5.545 6.43| 0.02 6.73] 657 33 2 36
30 916 5.537 6.64| 0.01 6.731 663 35 2 38
934848 2 936 9.479 412 0.02 24.8 4.62| 667 31 2 33
18 913 9.520 4511 0.02 4.92| 658 34 1 37
35 921 9.538 4921 0.00 492 660 39 1 43
162331 19 887 6.043 6.95| 0.02 24.9 7.21 664 37 2 40
163634 27 886 8.969 5.18] 0.06 27.7 6211 676/ 39 1 44
163715 25 881 4.757 7.68( 0.06 27.7 838 679 29 2 32
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Table B.15: Processing information of a DQSK steel for Company E.

DQSK | T,. |Thickness| Up, a T vater Tinal Top | Bottom
E Jets Jets

Coil ID °C mm m/s m/s | °C °C

0729841 909 3.55 9.17 0.09 26.6 736 18 3
0738486 889 2.6 12.68 0.16 222 718 18 3
0738491 899 2.6 12.68 0.16 222 717 18 3
0738492 892 2.6 15.32 0.16 22.2 718 18 3
0738975 897 2.59 15.08 0.16 22.2 720 18 3
0739719 892 32 10.00 0.12 21.1 724 18 3
0739720 888 3.2 10.03 0.12 21.1 724 18 3
0739721 903 3.3 9.90 0.12 21.1 721 18 3
0739722 906 3.33 9.77 0.12 21.1 721 18 3
0742987 897 4.5 7.15 0.12 23.4 735 18 3
0745391 881 24 13.53| 0.15 26.7 721 18 3
0745396 874 1.8 18.05 0.15 26.6 722 18 3
0745397 876 1.8 18.05 0.15 26.6 721 18 3
0745558 893 3.27 9.92 0.12 26.6 709 18 3
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Table B.16: Processing information of a DQSK steel for Company F.

DQSK | T, |Thickness| Up, a T, ater T inal Top |Bottom
: Jets Jets
Coil ID °C mm m/s m/s> | °C °C
cl 960 3.250 10.08 0.00 21.7 739 16 1
c2 950 3.500 11.32 0.00 21.7 701 42 5
c3 958 3.410 10.08 0.00 21.7 778 8
c4 944 3.260 10.05 0.00 21.7 762 8
c5 950 3.510 11.18 0.00 21.7 709 32 4
c6 956 3.430 11.75 0.00 21.7 783 8 1
c7 940 3.250 10.08 0.00 21.7 658 44 5
c8 951 3.460 11.23 0.00 21.7 635 58 7
c9 956 3.430 11.75 0.00 21.7 669 58 6
cl0 942 3.220 10.08 0.00 21.7 664 40 5
cll 952 3.470 11.23 0.00 21.7 642 58 7
cl2 960 3.360 11.80 0.00 21.7 680 48 6
cl3 949 3.180 10.12 0.00 21.7 687 60 5
cl4 949 3.530 11.22 0.00 21.7 626 68 6
cl5 956 3.430 11.82 0.00 21.7 676 64 5
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Table B.17: Processing data of air cooled A36 steel for Company G.

A36 Initial Thickness | Initial | Acceleration | Exit Temperature
Temperature Speed
Coil ID °C mm m/s m/s’ °C
Cairl 910 4.724 4.19 0 790
Cair2 887 4.724 4.19 0 771
Cair3 870 4.724 4.19 0 760
Cair4 850 4.724 4.19 0 752
Cair5 840 4.724 4.19 0 747
Cair6 830 4.724 4.19 0 743
Cair7 820 4.724 4.19 0 740
Cair8 810 4.724 4.19 0 742
Cair9 805 4.724 4.19 0 740
Cairl0 790 4.724 4.19 0 738
Cairl1 784 4.724 4.19 0 734
Cairl2 950 9.525 4 0 871
Cairl3 940 9.525 4 0 862
Cairl4 931 9.525 4 0 857
Cairl5 923 9.525 4 0 851
Cairl6 918 9.525 -4 0 843
Cairl7 905 9.525 4 0 831
Cairl8 899 9.525 4 0 827
Cairl9 890 9.525 4 0 819
Cair20 880 9.525 4 0 812
Cair21 869 9.525 4 0 800
Cair22 861 9.525 4 0 793
Cair23 858 9.525 4 0 790
Cair24 853 9.525 4 0 786
Cair25 965 12.7 3.7 0 899
Cair26 945 12.7 3.7 0 872
Cair27 923 12.7 3.7 0 857
Cair28 900 12.7 3.7 0 835
Cair29 874 12.7 3.7 0 820
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Table B.18: Processing Data of an A36 steel for Company G.

A36 T,.sa | Thickness | Up, a T, ater Tl Top | Bottom
Jets Jets
Coil ID °C mm m/s m/s’ | °C °C
Cnewl 842 9.550 3.14 0.00 19.4 744 6 0
Cnew?2 838 9.525 3.13 0.00 194 743 6 0
Cnew3 847 9.525 3.13 0.00 194 769 0 9
Cnew4 842 9.525 3.14 0.00 19.4 771 0 9
Cnew5 856 9.500 3.14 0.00 194 767 0 4
Cnewb 857 9.500 3.14 0.00 19.4 767 0 4
Cnew7 849 9.525 3.13 0.00 19.4 765 0 4
Cnew8 853 9.500 3.15 0.00 19.4 768 6 0
Cnew9 854 9.500 3.13 0.00 19.4 764 0 8
Cnewl0 857 9.525 3.13 0.00 194 772 0 4
Cnewl1 854 9.525 3.16 0.00 19.4 772 0 4
Cnew12 855 9.525 3.16 0.00 194 773 0 4
Cnew13 845 9.525 3.13 0.00 194 771 0 4
Cnewl4 851 9.525 3.16 0.00 19.4 754 0 4
Cnewl15 801 6.350 4.17 0.00 20.6 752 0 9
Cnewl6 810 6.350 4.14 0.00 21.1 756 0 9
Cnewl7 807 6.350 4.17 0.00 21.1 751 0 9
Cnewl8 823 6.350 417 | 0.00 20.6 756 0 4
Cnew19 818 6.350 4.15 0.00 20.6 757 0 4
Cnew20 804 6.350 4.18 0.00 20.6 749 0 4
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Appendix C

Austenite Decomposition Kinetics

The model described in this section was developed by researchers of The Centre
for Metallurgical Process Engineering, UBC. Tﬁis consists on: [a] Start temperature of
the austenite to ferrite transformation, [b] Initiatic;n of pearlite formation, and [c] Kinetics
of ferrite and pearlite growth.

[a] Start temperature of the austenite to ferrite transformation.

Early growth of ferrite is described by:

dR_D ¢, =¢ 1

— =D, C.1
dt CcY—cmR (C1]

solved with the initial condition
R(T,)=0
by finite differences using 10 time steps within each runout table model time step. 7,,,, is

reached when:

S [C.2]

where

¢, = {].08 + éﬁ + O.Zexp[—0.000Z *(T, — T)“]}c”; (A36 steel) [C.3]

Y

9.126

¢ = {1.147 + +0.15 exp[—0.000292 (T, - 1) ]}c"; (DQSK steel)  [C.4]

Y
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D, = Dy [C.5]
q=(17767-26436¢°)(1/ T -2.221x10™")

Dy =4.53x10°{1+¢°(1-c")*8339.9/ T}
T, =1033K; (A36) [C.6]
TN=1116K; (DQSK) [C.7]
¢’ = 0.00793; (A36)
¢® =0.00177 ; (DQSK)

¢, =0a,x107 —o,x107°T [C.8]
oL, = 6.4668 - 1.5852(%Mn) + 0.9340(%C) + 1. 3612(%C)(%Mn)
o, = 5.4812 - 1.2718(%Mn) + 0.9288(%C) + 0.8839(%C)(%Mn)

¢, =7, —y,x]()‘f T+o,x107 T? [C.9]

v, = 1.1417 -0.0893(%Mn) + 2.3999(%C) - 4.8483(%C)’
+0.5185(%C)(%Mn) - 4.117(%C)* (%Mn)

v, = 1.8764-0.1054(%Mn) + 4.5524(%C) - 9.0994(%C)’
+0.9129(%C)(%Mn) -7.9834(%C)* (%Mn)

¥, =7.7013-0.2571(%Mn) + 21.5056(%C) - 42.4328(%C)’
+ 4.2027(%C)(%Mn) - 39.1015(%C)’ (%Mn)

and all the temperatures are in K.
[b] Initiation of pearlite formation.

The austenite to pearlite transformation is considered for the A36 steel, since in

the DQSK steel the volumetric fraction of this constituent is negligible.




Appendix C. Austenite Decomposition Kinetics

Pearlite starts to form when the a-y interface velocity is less than the critical

velocity for cementite nucleation. This critical velocity is given by:

[ 2
Ve = 0.164Tc,DC{ln(z—’)} [C.10]
; P
where
¢, =1,—1,x10° T+ 1,x107° T [C.11]

I, =1171-0.5122E - 25.5E"

I, =1.962 - 0.654E — 43.85E"

I, =0822 - 0.1925]17 —18.82FE?
D, = Dyce™ [C.12]

q = (17767-26436¢,)(1/ T -2.221x10™)
D, =4.53x10°{I+¢,(1-c,)*8339.9/ T}
¢, = 4.65391x107 (3.40334x10-“ T. +3.678037x107 T." +8357222x107" TC3)[C.13]

T.=T-273
T,z = 1097K

TisinK
In the runout table model calculations, the velocity of the a-y interface is carried

out by:
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dR s (F -F )d
al . (1 _ Fa’HAt) 2/3 ( at+A a,t)_y
dt At 6

[c] Kinetics of ferrite and pearlite growth.

The kinetics of the austenite decomposition is described by:

F,

i1+At

=ﬁ&{1—@¢%¢(ﬂw0ﬁv+A4m”

[ =

_bi (Tr+m)

lln(l -F,IF,, )]”""

and the heat of transformation is given by:

oF
=pH, —
g = Pl o

where in the case of the austenite to ferrite transformation:

(396+022d,),

Inbd, 00 (T4 — T)—(535+0.66d,) ; (A36 steel)

ifT<T

min

then b, = b,_(T.. )

1

min

=655°C

(2.54+0.00597d, )
100

Inb, = (Typs —T)—(2.15+0.0234d, ) ; (DQSK steel)

T\s = 842.0.-150.3(%C) + 216.0(0.765 - (%C))**
- (37.6586 + 44.871(%C) - 57.8658/(%C)) (%Mn)
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¢, ==1.171-1.962x10" T+ 0.822x10° T?; (A36 steel)

¢, = (55.7428-.047651T)x10”; (DQSK steel)

cq and ¢, for DQSK are calculated by Equations [C.8] and [C.9]. For the austenite to
pearlite transformation:

Inb, = z—0.0154T,

z=9.372+(8.453-9372)/ (92— 46)* (d, — 46)

n,=n,=09
F::q,p =1_Fal
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