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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 still 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, 
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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 H S L A 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 heat 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 M i l l is presented in Figure 1.1. Following the 

rolling stands, where deformation takes place, the runout table and the down coder 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 coder. 

The strip exits the finishing mill, where the final deformation takes places, and moves to 

the down coder where it is coiled for storage 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 cooling towers, 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 L a m i n a r 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 region 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 inhomogeneous 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 . Ozisik, Basic Heat Transfer. 1st Spanish edition, McGraw Hi l l , 1979, pp.6. 
2. - W. L . Roberts, Hot Rolling of Steel Marcel Dekker, Inc., 1983, p 472. 
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Table l.l:Heat Transfer Coefficients for different cooling flows1 

Kind of Flow Heat Transfer Coefficient (W/m2oC) 

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 1.1: Typical Hot Strip Mill. Layout of the 84-inch Continuous Hot-Strip Mill 
at Gary Works of U.S. Corporation2 

6 



Chapter 1. Introduction 

c 
[ f l 

Bank No. 1 Bank No.2 Bank No.3 
Entry Distance between 

banks 
D. last jet Q 
to coiler — 

m m v 
V y 

Distance between lines 

fjp t | i ':p 
I 2 3 4 5 6 7 8 

Number of jet lines/bank= 

':p * V * 
Vert, distance 

from nozzle to 

strip 

o 

Distance between lines 1 2 3 4 5 6 7 

Number of jet lines/bank=8 

Entry Bank No. 1 Distance between 

banks 

Bank No.2 D.last jet 

to coiler 

Jet width or 

nozzle diam. 

Header 

Angle of jets 

Distance from nozzle 
to strip 

Header length (for curtains is slot length 

1 2 3 4 5 6 7 8 9 10 11 12 

Header 

Distance between rollers 

Water Flow © © © © © © © © © © 
Rate in the 13 14 15 16 17 18 192021 22 23 
model=Water 
Flow rate Number of nozzles/Header=23 
feeding the 23 
mizzles 
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Figure 1.3:TypicaI Laminar Cooling Systems, [a] Laminar cooling bars, [b] 
Laminar water curtains 



Chapter 2. Literature Review 

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 1; 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 problem 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 2 ' 3 ' 4. Prasad et a l . 4 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 5 ' 6 ' 7 ' 8 9 . Colas et a l . 5 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. 6 
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assumed convection heat transfer on the top and bottom surfaces, regardless of the 

temperature range of the strip. Filipovic et a l . 7 assumed 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 8 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 9 

employed an alternative statistical approach 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 strip thickness, velocity and temperature, and 

water flow rate. Process control models have also been developed under similar 

circumstances10. 

Although some degree of predictive success was obtained from all these models, the 

fact is that they disagree fundamentally with the experimental 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 transfer coefficient for each zone is not 

consistent with the facts, neither do the assumption 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 must be tested and validated, and probably its 

effect is smaller12. In addition, conduction to the rolls should be much smaller than 
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assumed by Filipovic et a l . 7 since the heat transfer coefficients during the strip to roll 

contact are not large enough to consider continuity of the temperature at the interface13. 

With respect to the metallurgical transformations occurring during cooling, some 

work has been published 2 ' 3 ' 4 dealing with the prediction of the kinetics of the austenite 

decomposition to ferrite and pearlite. Hurkmans et al. 1 4 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 medium to high carbon steels, has not been included 

in any of these models. 

Hernandez et a l . 1 5 , 1 6 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 
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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 adopted in on-line control models very 

successfully17,18. 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 model that incorporates the fundamental 

characteristics of the heat transfer processes occurring during runout table cooling. 

Moreover, the results from most of these models are inconsistent with mill observations 

and the experience of mill operators. 

2.2 A i r 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. 
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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 equation19: 

arad = £G(1"surface ~ ^amhienl ) [2.2.1] 

£=1.1+(T~27i) \l.25xl0'4(T-273)-0.38]; TinK 
1000 L •* 

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

extensively calculated by adopting the equation20: 

Nunal = c(GrL Pr)" [2.2.2] 

for a range of cooling conditions producing the parameters c and n, as shown in Table 

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

for laminar flow 2 1 ' 7 (Rex <5xl0^, Up>uair) as: 
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Nu 
Re1'2 Pr"2 

[2.2.3] 
x, forced 

10T 20r 
+ 

3\ 27(PrA1) J 

Nu x,forced 0.019(9 ~7r)°2 Re™ Pr«3 [2.2.4] 

where Rex=Upx/v, NuXtforced=hx/kair, and r = l-uajr /up; A, = 1/(0.3-0.0074r). 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 table (2m/s), the minimum local Reynolds 

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 equation22: 

number for air cooling is approximately Rexmin-1.43xl0^*x, and hence, laminar forced 

[2.2.5] 

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. 1 1 . 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. A l l 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 principle, 

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 importance. 

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 flow 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, generating 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. 
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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 center by the well known Falkner-Skan 

power-law 2 3 ' 2 4. According to this, for a top planar jet, the free stream velocities in this 

region are given by: 

wm = Cx 
[2.3.1] 

v M = -Cy 

4 Wj« 

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: 

ux=Cx"' [2.3.2] 

where m=9l(K-9), 6 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. 2 4 presented the free stream velocity of an axisymmetric jet (bar) 

impinging with a uniform velocity perpendicular to the surface as 

ux=0.9^r [2.3.3] 

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 Zumbrunnen25 resulting in the following 

expression: 

P = 2 - - 3 x 

V x. J 
+ 1 [2.3.4] 

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

d(uJj_ = _dP_ [ 2 3 5 ] 

dx dx 

and from both the free-stream velocity is 
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0 0 10<x<x. Kx.J 
[2.3.6] 

u = 1 

and the dimensionless velocity gradient is: 

dx x=0 X, 
[2.3.7] 

The pressure distribution is presented by the line 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 . 2 6 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 2 3, by either the direct solution of the 

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

example, Webb et al. 2 4 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: 

uM=ujel [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/djet&\3. It is interesting to note that the 

experiments show that for r/djef>\3 the pressure 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 temperature of the fluid at the actual pressure 

minus the actual temperature of the flow. Ochi et al. 2 6 measured the boiling curves at the 

stagnation point of a water bar for a range of subcoolings from 5 to 80°C (wyef=3m/s, 

djef=0.Q2m, Tinj(iai=llOO°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. 2 7 

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. 2 6 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 

was constant (^-e^=0.020m). More recent experiments by Hall et al. 2 8 under very similar 

conditions (ATsujj =25K, uje^m/s, djef=0.005m, 7/mY/ a/=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. 2 6 with those by Hall et al. 2 8 , 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 

5mm from the stagnation point are representative of the parallel flow region. A n 

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. 2 6 give the following expression for the minimum heat flux: 

c , ,/ \ 0.828 
q,,m = 3.18x10s (l +0.383ATsuh)(ujel / dmz) [2.3.9] 

For bottom bars, the critical heat flux (maximum heat flux in the boiling curve) 

has been studied29 and was found to be dependent on jet velocity. Values lower than 10 

MW/m 2 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. 3 0 measured the boiling curves on the stagnation line of an impinging 

water curtain (wye^=l-3.17m/s, ATsu}y=5-55°C, wjef=0.0062m, Ljef=0.05m , 

Tinitiai=l000°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 ofjet velocity and water flow rate. 

Ishigai et al. 3 0 also measured the effect of jet velocity on the boiling curve. The 

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 researchers31 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. 3 2 (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 the 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. A n important observation made by these authors was that i f 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 Zone. 

Early work carried out by Otomo et al. 3 1 and Takeda et al. 3 3 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 point26, 

as shown in Figure 2.8. 

In a more systematic study, Kumagai et al. 3 4 measured the boiling curves for a 

water curtain (ujef= 3.5 m/s, ATSU0 =0°C) at several distances from the jet centerline. 

The initial plate temperature was approximately 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. 3 5 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 (uje( =2-4m/s, Twater=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 authors 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 

27 



Chapter 2. Literature Review 

increases. Even though the experiments by Filipovic et al. 3 5 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 from 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. 3 4 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 could 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. 1 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. 

From the parallel flow experiments by Filipovic et al. 3 5 presented in Figure 2.16, 

some conclusions may be drawn. Comparing the curve (Twater=25°C, w=2m/s at 

x=0.4826m), which may have been subjected to a local water temperature up to 40°C, to 

the curve (Twater=55°C, w=4m/s at x=0.127m), with a local Twa(er 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. 1 2 shown in Figure 2.18 provide 

additional information on the effect of flow velocity. 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. However, 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. 3 4 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. 3 6 , 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. 1 6 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-Notebook data 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 (ww o z z/ e=1.46m/s, ujef=4.6m/s, 

w/e/=0.001m, Ljef=0Alm, Twater=24°C) impinged 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 of 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. 1 6 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. 3 7 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 jets38 and adjoining rows of 

water bars39. 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 nozzle 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 region 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. 3 3 . They reported 

that the interference zone between two curtains 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 4 0 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 steel 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 rows, pitches of 40 and 80mm), and the 

nozzle flow rates were 12.5 and 25.0 1/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 Figure 2.24[a] the heat-transfer coefficients are plotted versus the surface 

temperature for three locations from a jet impingement point (P=0mm, 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 A l : 4, 40mm, 12.5 

1/min; Case A2: 1, 40mm, 12.5 1/min; Case B I : 4, 80mm, 25.0 1/min; Case B2: 1, 80mm, 

25.0 1/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 A l 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 BI 

and B2), which is evident in the distance between the peaks of these distributions. The 

authors observed that for four rows of nozzles, 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 interference flow has little effect on the 

uniformity of the heat transfer, while it decreases the heat transfer coefficient around the 
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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 generality to describe the complex cooling on the 

runout table. On the other hand, the experimental measurement of the boiling curves 

obtained for a moving strip requires an extremely 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, i f 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 several 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. 4 1 and 

Auracher42 is adopted., where the transition boiling regime is the section of the boiling 

curve where 

^ <0 [2.4.1.1] 
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 the 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 4 2 . Reviews of the present state of knowledge on transition boiling are 

presented elsewhere'41'42, 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 4 1. 

It is important to mention that the processes taking place during liquid-solid contact 

change with the local superheat. Kalinin et al. 4 1 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 interface is possible only when the less dense 

phase is above the more dense one (as occurs 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 i f the liquid reaches a higher temperature than a limiting metastable liquid heating 

temperature, then the explosive boiling of the thinnest 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. 
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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 N B 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 4 2. 

According to Kalinin et al. 4 1 , the experimental data supports the conclusion that 

decreasing the thermal effusivity (pcpk) shifts the nucleate and transition boiling curves 

to regions of higher superheats, while film boiling is not affected. However, Auracher42 

states that the M H F point shifts to the right also. 

Since nucleate boiling is very dependent on the nucleation site density, with 

decreasing the height of the microroughnesses on the surface, N B and CHF shift to higher 

superheats, while the M H F remains the same, i f 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 surfaces41'42. 
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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 

M H F , 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 rates4 1'4 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. 4 1 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 Auracher42 showed that the instantaneous interface 

temperature and the cooling rate at the surface 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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qm=<li-sF+<lv-s(l-F) [2.4.1.2] 

where F is the fraction of the area in contact with the liquid, q,_s and qv_s 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 Cheng4 3 assumed that q,_s = qCHF, qv.s = qMHF . 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. 4 1 proposed that q,_s = qm, qv_x = qFB, evaluating them as the 

extrapolation to real superheats of known correlations for both nucleate boiling and film 

boiling. However, direct extrapolation of the present N B heat flux correlations to 

transition boiling superheats in convective boiling might overestimate by orders of 

magnitude the liquid-solid contact heat flux 4 2 . Nevertheless, this assumption seems to be 

the most reasonable i f a mathematical expression to represent the extension of nucleate 

boiling was found. Such approximation was adopted in this work. 

Kostiuk et al. 4 4 , Pan et al. 4 5 , and Farmer et al. 4 6 suggested a variation of Eq. [2.4.1.2], 

but include the effect of the transient conduction before bubble formation, which is 

expressed as: 

qTB = xtqt + xNBqNB + xFBqFB [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. 4 5 using a similar approach showed that the nucleate 

boiling mechanism contact time is of the order of 10"3 s, whereas the transient conduction 

lasts about 10"6 s. Since the heat flux is much higher in nucleate boiling than in transient 

conduction, the later mechanism is negligible. However, Pan et a l . 4 5 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. 4 1 distinguished three zones in the 

transition boiling region on the wetted part of the heating surface:(l) 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 M H F 

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, Auracher42 has shown that unsteady heat 

conduction cannot be the main mechanism of heat transfer, and consequently nucleate 

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

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

velocity. Wolf et al. 4 7 suggest than in the fully-developed nucleate boiling, convection is 

dominated by the intense, bubble-induced mixing 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 higher superheats, and heat fluxes, but only as 

an extension of the pool nucleate boiling curve. Water subcooling, ATsuh, has no effect on 

the heat flux 1 1 ' 4 7 ' 4 8. 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 results11. 

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

systems to follow a relationship such as: 

qFNB=CAT:, , [2.4.2.1] 

For the specific case of planar water jets, Miyasaka et al.48reported C = 79 and n = 3.0 

for a wall superheat of 26-90°C. Wolf et al. 1 1 from data by Ishigai et al . 3 0 obtained C = 42 

and n = 3.2, and in more recent experiments Wolf et al. 4 7 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 n 

from \A2-1A 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 superheat 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. Whalley4 9 analyzed some experimental results and obtained the following 

expression for the heat flux: 

N 
[2.4.2.2] 

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

superheat). It is clear that n 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 Rohsenow49. 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 . 5 0 measured q,_s 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 q,_s increases monotonically. 

For saturated liquids, the heat flux encounters a maximum and decreases at higher 

superheats. The solid-liquid contact heat flux increases 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, n is smaller, supporting the idea of deactivation of nucleation sites at higher 

surface temperatures51. 

In the case of pool nucleate boiling, there is experimental evidence of the 

formation of a so called "macrolayer", as shown in 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 

convection boiling 5 2 ' 5 3 ' 5 4 and for saturated and subcooled jet boiling 5 5 ' 2 9. Also good results 

have been obtained for pool 5 6 ' 4 5 and forced convection transition boiling in tubes57. The 

macrolayer evaporation mechanism was applied to the parallel flow region of an 

impinging jet by Hernandez16, as shown in Figure 2.27. More recently, Filipovic et al. 3 5 

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. 

Pasamehmetoglu et al. 5 8 analyzed this mechanism numerically (see Figure 2.26). 

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: 

lot 
[2.4.2.3] 
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where the macrolayer evaporation parameter, nifp, was found to be 6.0x10"5 Kgirf's" 1 0C"' 

for nucleate boiling of saturated water on a copper block. 

Hernandez16 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 = q,riPie-Pom, [2.4.2.4] 

where the equation [2.4.2.3] was extended to: 

= {2mtpHfg{ll7.1n0.165)'l2ATsal)'"3 [2.4.2.5] 

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

expression allowed its extensive application in this work. 

2.4.3 Liquid-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 research42'59. Shoji et al . 5 9 

measured F for a saturated pool boiling experiment and compared their results with the 

findings from other researchers, as shown 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 different 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. 5 7 in the transition boiling in tubes, and by 
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Hernandez16. 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 flow, the evaporation rate is equal to liquid 

input, beyond which only vapor-solid contact exists. Then, the parameter, F, may be 

expressed by: 

[2.4.3.1] 

Hernandez16 obtained the parameter, F, by a heat balance on the macrolayer, where 

the length, LB, was assumed to be equal to the wavelength of a disturbance causing the 

vapor-liquid interface60 to become unstable, according to the linear Kelvin-Helmholtz 

instability criterion61'62. 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 

A very general equation was developed by Nakayama64, 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. Nakayama64 obtained the local 

Nusselt number: 

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

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

Nux = 
Pi m 1 

~p7 ̂ ~U]A 
[2.4.4.2] 

15 (l + m)D [2.4.4.3] 

H M _l + m U;2A(l + A/3) [2.4.4.4] 
PrRp, 2m /_[(;_ A)/(/_ u;)]u*g\f JPr~) 

[2.4.4.5] 

where 

for g > 1 [2.4.4.6] 
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D 
[(l0-10q + 5 q 2 - q

3 ) + (l0q-5q2

+q

3)u; 

30 
for g < 1 [2.4.4.7] 

A n asymptotic expression for high subcoolings was also obtained by 

Nakayama64, which is applicable for the low water temperatures found in the 

impingement region of the runout table: 

Nu. = q FRX 
(' m(l + 3m)C\M( M/ 

10 V ju 

3/4 

Re 1/2 [2.4.4.8] 

where 

m = 1 
5 l + m 

3\ + 3mJ 

r = 
f Pr^ 

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. 

A n additional contribution of radiation heat transfer through the vapor layer has to 

be included. Nakanishi6 5 suggested that the total heat flux in film boiling for an impinging 

water planar jet is given by: 

q'F11 = 174qFB + 0.75qrad [2.4.4.9] 

where 
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qraJ=sa(TJ-T:,) 

s = 0.85 

cr = 0.56697xl0~7 

For the parallel flow region, empirical equations have been proposed66 such as the 

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

qfB = 200(2420 - 21.7Twal)AT"J [2.4.4.10] 

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

obtained by Filipovic et al. 6 7 using an integral analysis: 

N _ggrJL = c / ( i + m\-°0ufEL[ + "/*«• 1 Re"x Pr,'-" [2.4.4.11] 
M ^ , p\(nv+i)(nv+2)) 

where a,c,d,m, and p are constants, /? is a subcooling parameter, and the w'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. 6 3 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) Enhancing 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. 

Recent experiments by Nigmatulin et al. 6 8 of quasistationary film boiling in 

external flow on a horizontal cylinder in a pool of saturated and subcooled water are very 

revealing with respect to the behavior of the liquid-vapor interface. Laser and acoustic 

techniques were employed to measure the mean vapor 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 is, 

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 runout 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 7°.7 1'7 2.7 3-7 4>7 5

-

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 elsewhere7 6'7 7 , 7 8. 
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Table 2.1: Parameters for the Natural Convection Heat Transfer in the ROT 

Regime c n Range (GrLPr) Orientation 
Laminar 0.54 1/4 ' 10 5-2xl0 7 Upper 

Turbulent 0.14 1/3 2xl0 7 -3xl0 1 0 Upper 
Laminar 0.27 1/4 3xl0 5 -3xl0 1 0 Lower 

Critical Heat Flux 

Departure from / Heat Flux controlled 

Superheat 

Figure 2.1: Typical Temperature and Heat Flux Controlled Boiling Curves 
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Figure 2.2: Schematic Fluid Flow during Single-Phase Jet Cooling 

Figure 2.3:Effect of Impinging Jet Angle on the Fluid Flow of a Planar Jet24 
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Figure 2.4 Measured Pressure Distribution on a non-moving plate for: (a) Planar 
Jets25, (b) Axysimmetric Jets26 
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Figure 2.5: Effect of Subcooling on the Boiling Curves at the Stagnation Point of a 
Water Jet Bar2 6 (djet=20mm, Ujet=3m/s) 
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Figure 2.6: Effect of Jet Diameter on the Boiling Curves at the Stagnation Point of a 
Water Bar2 6 (AT s u b=15°C, Ujet=3m/s). 
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Figure 2.7: Effect of Position in the Impingement Zone on the Boiling Curves of a 
Water Bar2 6 (djet=20mm, Ujet=3m/s, AT s u b=15°C) 
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Figure 2.9: Effect of the Impinging Jet Velocity on the Critical Heat Flux of a Water 
Bar Impinging from the bottom29. 
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Figure 2.10: Effect of Subcooling on the Boiling Curves for a Water Curtain30 
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Figure 2.11: Effect of Jet Velocity on the Boiling Curves of a Water Curtain (ujet=l-
3.17m/s, ATsub=15, 55°C, H ê,=0.0062m, ZyW=0.05m, r,„,fta/=1000°C) 
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Figure 2.12: Effect of [a] Water flow rate, and [b] Nozzle height, on the Average 
Heat Fluxes obtained in Cooling Tests31 
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Figure 2.13: Effect of [a] Jet Pressure, and [b] Plate Area on the Boiling Curves for 
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Figure 2.14: Effect of Position from the Impingement Zone of a Water Curtain on 
the Heat Transfer3 1 , 3 3 

A T s a t [ K ] 

Figure 2.15: Boiling Curves at different locations of a Water Curtain34 (uje= 3.5 m/s, 
ATab=0°C) 
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Figure 2.16: Boiling Curves in Parallel Flow 3 5 for: [a] T w a t e r = 2 5 ° C , u=2m/s, [b] 
T w a t e r = 5 5 ° C , u=4m/s. 

Figure 2.17: Effect of Subcooling on the Critical Heat Flux at different locations 
from the impingement line of a Water C u r t a i n 3 4 (u je t=3.5m/s) 
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Figure 2.18:Boiling Curves during the Quenching of a Steel Bar in a Pipe under 
Forced Flow12 
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Figure 2.19: Relationship between the Critical Heat Flux and Jet Velocity for a 
Water Curtain34 
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Figure 2.20: Schematic Diagram of Pilot-Plant Runout Table, and Thermocouple 
Placement for Surface Temperature Measurements16 
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Figure 2.21: Average Heat Transfer Coefficients on the Top Surface Cooled by an 
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Figure 2.23: Relation between the Water Supply Method and the Flow Rate Ratio 
Distribution33 
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Figure 2.26:Macrolayer Evaporation Mechanism 
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Figure 2.27:The Macrolayer Evaporation Mechanism in Jet Boiling16 
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Figure 2.29: [a] Average Vapor Film Thickness, [b] Average Wave Amplitude of 
Vapor-Liquid Interface in Film Boiling on a Horizontal Cylinder68 
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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 results 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. A n 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 process 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 cooling). The initial conditions can be those obtained from mill 

measurements or from an existing finishing 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 o f differential equations and heat conduction books, such as 
the one by Ozis ik , "Heat Conduction", 2 n d Edit ion, John Wi ley and Sons Inc., 1993, pp. 437. 
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[2] Development of the boiling curves during jet cooling. This includes the analysis of the 

microscopic and macroscopic mechanisms of boiling. In order to be able to 

understand the behaviour 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-layer integral method. A transition boiling model 

which allows the prediction of the full boiling curve was developed based on the 

adoption of the macrolayer evaporation mechanism linked to a trial and error 

procedure to estimate the liquid-solid contact area based on published work and the 

results of the film boiling model. Verification with experimental and theoretical data 

published in literature was carried out. 

[3] Collection of mill operating data and video-recording 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 efficiencies of the different operations. 

The video-recordings were systematically studied 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 A 3 6 and 

DQSK steels during non-continuous cooling conditions were included. 
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[5] Verification of the runout table model. Comparison 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 jet 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 better understanding of the process itself. 

Consequently, a systematic study to characterize the fluid flow and 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 water 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 observations 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-impingement of top jets, [2] The impingement and 

the jet interaction zones, [3] The downstream 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-impingement top jet. 

The jets prior to impingement are in many cases turbulent, and in some cases can 

be discontinuous because of the low jet velocity 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 water flow rate was considerably reduced and 

the effect of neighbor jets reduced. The impingement 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: 

[i] 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 and Figure 4.13). This feature could not be 

observed in company A. 

[ii] Formation of water peaks. Immediately after 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 interaction of different 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 (curtain), 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 

mainly 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 upstream parallel 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 flow 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. 

As summary, these observation show that in the cooling by water bars, the highest 

cooling is attained at the relatively small impingement band, followed by the cooling in 

the parallel flow areas of higher water flow density, 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 systems 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 responsible: 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. Consequently, 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 velocity 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, i f water 

velocity played a significant role, then the effect of nozzle height on cooling would be 

extremely important, since the water velocity 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 
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on the cooling performance of a runout table (see Figure 2.12[a]). In regions of higher 

water density, the heat absorbed increases the local water temperature 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, should 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. Sweepers are important because they prevent 

the mixing of water at higher temperature with 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, i f 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 a jetline; 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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Strip Motion 

Figure 4.1: Company A : Countercurrent parallel flow region 

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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Figure 4 . 7 : Company D: Impingement and parallel flow regions. 

Figure 4 . 8 : Company D: Planar jet arrangement. 

90 



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

Figure 4.10: Company K : Countercurrent and downstream parallel flow regions. 
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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 
flow 

Turbulent, 
continuous, 
some 
breakdown 

Turbulent, 
continuous, 
some 
breakdown 

^Laminar , 
continuous 

Turbulent, 
continuous 

Turbulent, 
continuous 

Reduction 
in jet 
diameter 

30-50%* 50%* Unable to 
determine 

5 0 % " 
30-50%* 

Some 
reduction, 
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 
in the interaction 
zone 

1 2, spaced 
0.15m 

1 2 2, spaced 0.07m 

Length of the direct 
interaction zone 

« 0 . 0 5 -
0.10m 

*0.20m « 3 times 
impinging 
jet width 

« 3 times 
impinging 
jet diameter 

« 0 . 1 5 m 

Length of water 
peaks (downstream) 

Not seen « 0 . 1 5 m (in 
impingement 
region) 

Not existent * r o l l 
diameter 

«0 .30 -0 .40m 

Length of water 
peaks (upstream) 

Not seen Not existent Not existent Not 
existent 

No t existent 

Diameter of the 
holes formed by the 
jet impingement 

Not seen Unable to 
measure. 
Hole formed 
by more than 
one jet. 

Not existent Unable to 
measure. 
Holes 
formed by 
groups o f 
jets 

«0.02-0.03m*. O n l y appear 
in the row downstream, 
and not in the upstream 
row. 

Strip surface color Dark Probably dark 
(as seen just 
after water 
coverage) 

Probably 
dark 

Apparently 
dark 

Dark 

'Measured from comparison to rol l 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 . 2 5 m when «2 .30m Variable arc a Distance « 0 . 9 0 m Length 
dje,n„=0.46, and 
«0 .60 when 
d i e„i„=0.92 

between jet 
lines minus rol l 
diameter 

Kind of flow Turbulent, Turbulent, Parallel, Turbulent, Turbulent, 
continuous with continuous at turbulent, with continuous, continuous, with 
water stripes, center, high degree o f with some high density o f 
and sputtering discontinuous at 

edges, with 
stripes o f «0 .20 
in parallel flow 
region 
(extension o f 
those in the 
imp. region) 

sputtering (up 
to « 0 . 4 0 m high) 

water stripes water stripes, 
especially at center 
and diminishing to 
the sides 

Strip surface 
color 

Red, dark 
stripes with 
different tones, 
more at center. 

Edges are dark. 
Close to the 
edges bright 
red. Slightly 
dark at center, 
and slightly 
brighter 
downstream 

Completely 
dark 

Red, stripes in 
the middle, 
sides brighter 

Red. Dark stripes 
appear wi th higher 
density where there 
is a higher density 
o f water stripes. 

Interaction Not seen Not seen Sweeper clears Creates a Creates a distorted 

with sweepers the surface, complex cone, which with sweepers 
creates an arc 
with high 
degree o f 
sputtering 

recirculating 
flow which 
affects the 
whole parallel 
region 
upstream, and 
cuts completely 
the flow to the 
next jet line. 

partially separates 
the flows, but 
water stripes cross 
underneath. 
Upstream the cone 
an quasi-stagnant 
flow appears, 
whereas 
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 

with next jet sputtering sputtering sputtering sputtering 

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 . 2 5 m when 
d j e t=0.92, 
« 0 . 1 5 m when 
d i e t=0.46 

« 0 . 1 5 m (not 
seen in all 
cases) 

« l / 2 distance 
between jets 

*2/3 rol l 
diameter 

« 0 . 4 0 m 

Kind of flow Almost 
stagnant, 
turbulent, 
continuous and 
thick, wavy, 2-
D toward end o f 
strip 

Almost 
stagnant, 
turbulent, 
continuous and 
thick, wavy, 2-
D toward end o f 
strip 

Parallel, 
turbulent, with 
high degree o f 
sputtering (up 
to « 0 . 4 0 m high) 

Close to 
stagnant, 
turbulent, 
continuous and 
thick, wavy, 2-
D toward the 
end o f strip 

Almos t stagnant, 
turbulent, wavy, 2-
D toward the end 
o f strip wi th 
interaction wi th a 
sweeper, more 
turbulent in some 
occasions with 
interaction with 
previous jet. 

Strip surface 
color 

Darker than the 
parallel flow o f 
the previous jet. 
Clear color 
delimitation 

Unable to 
determine 

Darker than the 
parallel flow o f 
the previous jet. 

Unable to 
determine in 
normal, dark 
when there is a 
sweeper 

Red and black 
stripes from 
previous jet 
continue 

Interaction 
with sweepers 

Upstream flow 
disappears 

Not seen When there is a 
sweeper a 
recirculating 
flow appears 
creating a large 
dark area at the 
center o f the 
eddy. 

Interaction 
with previous 
jet line 

B u l k y bulky Turbulent bulky 
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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, 
continuous at the 
beginning, 
breakdown after 
some distance 

? Turbulent, not as 
continuous as top 
jets 

Unable to 
identify 

Discontinuous at 
top, very alike 
that of bars 

Increase in cross 
section 

Existent, but unable 
to measure 

? ? Existent, but 
unable to 
determine 
(probably thicker 
than 0.01m all the 
time) 

Estimated 
maximum jet height 

«0.60m from nozzle ? Vary 
significantly, 
from 0.30 to 0. 
80 

«0.15m from 
nozzle for 19.61/s, 
the other is 
unknown 

Interaction with top 
surface 

Some water reach 
the top surface 

not seen not seen not seen 
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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 heat 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 review, 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 mechanisrn 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 conditions. 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 a l . 1 are probably 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 approximation of the length scale of the events described, 

the basic theory of the hydrodynamic instability in a two-phase flow presented 

elsewhere2'3 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 a l . 4 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 distance between the liquid-solid contacts, the 

grouping of several of these contacts occurring 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=tl, temperature= T l ) , the interface is at an average position 5(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 another 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. 4, 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. 5, and confirmed by Filipovic et a l . 1 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: 

q T B = q , - s F + q v . s ( l - F ) [2.4.1.2] 

where qTB, q,_s, qv_s 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 note 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, qi_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, qv.s, 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 

(qis, qv-s) a n d 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, qv.s, 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 process 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 6 on the modeling of subcooled forced-

convection film boiling in the presence of a pressure gradient, which is applicable in the 
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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 negligible effect on the vapor layer thickness. 

[8] Vapor inertia and convection terms are negligible, because p « p,. 

[9] Momentum transfer to the vapor is negligible compared to that to the liquid, since 

P « P, • 

Webb et a l . 7 mention that for a single-phase jet, unless the preimpingement 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, 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 a l . 7 stated that the velocity gradient and the 

* The Reynolds number o f an impinging jet, given by Re=U j e t d j e t /v is at the most 2x10 s , which is smaller 
than the typically recognized for transition to turbulence on a flat plate, which is 5 x l 0 5 . For a water flow 
o f 6m/s on a flat plate, transition to turbulence w i l l start at about 7cm from the leading edge. A l s o , the 
requirement o f 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 compared 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 8 from the 

horizontal axis* , x, with a bulk flow velocity in the x-direction, Ue, given by the Falker-

Skan power-law, and a bulk flow temperature Te. The high temperature of the surface, 

Tjy, creates a vapor layer of thickness 5, bounded by an interface where the fluid flows 

with a velocity Uf and a temperature Tj. Heat and momentum are conducted through the 

liquid, creating thermal and momentum boundary layers of thicknesses, A T and A 

respectively. The velocities u and v are respectively 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 9=7i/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 a l . 7 showed 
in Figure 2.3, corresponding to one half o f the wedge angle. The power-law exponent, m, is given by 
m=8/(n-0), which gives the same result as the one taking the whole wedge angle 8 - 9 , m=20/(2n-20). 
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V A P O R : 

Continuity 

dx dy 

Momentum in x 

du du dP dx 

^ + ^ = 0 [5.2.1] 

^ + ^ = - ^ + - f [5.2.2] 
dx dy dx dy 

Energy 

dT dT k d2T 
u — + v — = - [5.2.3] 

dx dy pCp dy 

L I Q U I D : 

Continuity 

* + * = 0 ' [5.2.4] 
dx dy 

Momentum in x 

du du dP dr 
p,u— + Plv— = - — + - ^ [5.2.5] 

dx dy dx dy 

Momentum in v (from Bernoulli 's equation) 

p, dx dx 

Energy 

1 & due n AT = « E ^ T [52.6] 
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dT dT k, d*T 
u— + v—=— '- T [5.2.7] 

dx dy p,Cpi dy , 

Which are solved for Newtonian fluids, thus: 

p dy dy 

and applying the Falkner-Skan Flow (Power-Law Flow) 

ue = cx'" ; m=9/(n-9) [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 V A P O R are obtained: 

Momentum in x 

dP dr n du„ d*u 
— + —— = —ue—-+ v— 
dx dy p dc dy 

+ —^2L = —ue—^-+v-^j-0 [5.2.10] 

Energy 

d"T 

dy2 
= 0 [5.2.11] 

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

following boundary conditions: 

At y = 0: 

107 



Chapter 5. Model of the Boiling Curves during Jet Cooling 

No slip condition: 

u = Up 

No transpiration condition: 

v = 0 

Temperature continuity: 

T = T 

At the liquid-vapor interface y = 8: 

Velocity continuity: 

u = u\ = u, 
1/ Iv ' 

[5.2.12] 

[5.2.13] 

[5.2.14] 

[5.2.15] 

Shear-stress continuity: 

du du 

dv~ 
[5.2.16] 

Mass conservation, evaporation at interface: 

dS dS 
pu—-pv 

ck V dx ], 
[5.2.17] 

Temperature continuity: 

T =T =T. 
f v ' 

[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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38 
K = 

V 

cT~ 
pu—-pv 

ck 
K = 

V 

k,— k— [5.2.19] 

At the bulk flow y = A + 8: 

Free stream conditions: 

u = Ue [5.2.20] 

At the bulk flow y = A, + 8: 

Free stream conditions: 

T = Te [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 8 ' 9 . The integral 

method has been specifically adopted to film boiling heat transfer extensively10'" 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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Temperature: 

Liquid profiles: 

Velocity: 

U_ 

1 - Q ^ + A 
U, 

T - T > = i _ Z 
T-T. 

W I 

= U]+(l-U])(2r1-T1

2) 

[5.2.22] 

[5.2.23] 

[5.2.24] 

Temperature: 

T-T. 
T-T. 

[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: 

d r * + A dU fJ+A du 
— ]u(Ue -u)dy + jb(Ue -u)dy = vi~^ [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: 

The integral equation for the energy conservation at the interface is: 

[5.2.27] 

38 
pu—-pv 

dx 
hfg=hfg dx 

^pudy = K, 

1 

K. [5.2.28] 

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]): 

\x 

30 

! + -£/,. |H + 3m) + 5m 

[5.2.29] 

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

Re, = 
V x J (\ + m)Pr,D, 

Solution of the energy equation at interface (Equation [5.2.28]): 

[5.2.30] 
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S\ n v H 12 
— Re, = v, Pr 3Up +3 + A 

1 + ml 
3 + A 

3Up + 3 + A 

TIT, 

l-if. 

l-U, 

(1 + m)U, 

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

A Mi 2 

l-A-U 

i-u: 

[5.2.31] 

[5.2.32] 

For this work, the heat transfer coefficient is defined by: 

3T 
NFB,imp(Fw Ti) - kv 

dy y=0 
[5.2.33] 

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: 

Nuxim=-
X, Imp ^ 

p, m 1 
77Z[/*A 

1/2 

Ref [5.2.34] 

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 number it is necessary to solve equations [5.2.29] to 

[5.2.32] to get expressions for U*, A,g* 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,g*), from which equation [5.2.34] can be 

evaluated. The system of equations consists of: 

30 

1 + - I A \(l + 3m) + 5m 
[5.2.35] 

(1 + m)D 

a., = 
a,a2 

(l-a3g* )\l + m\ l - a 4 

a5g 

\ l-a3g ) 

[5.2.36] 

where 

H ju l + m 
— - • sv — • 

A " = P T ^ ; ; = - 2 ~ n 7 ; * 2 = u ; 2 AK + ( 1 + A / 3 )l ; " 3 = i ^ r ^ 1 - A - ̂ ) 

( l + A/3) 
^YZtf^U'p' « 6 =l + m ( l - « 4 ) OCA = —-, •——; a, = 

( i + A / 3 ) ' 

and, 
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c0 = c,A 
f c V 
v c 3 -A) 

[5.2.37] 

where 

4 1 
' c, JU, \5mU* 

1 + J(1 + 3 / M ) + 5TH c2=l-U:; c3=l—^j-

D = 
(5g-l) + (\0g2-5g + \)u;] 

30g2 
for > 1 

D 
"(10-10$- + 5g2 - f

3 ) + ( l 0 ^ - 5 f

2 +^3)t/; 

30 
for < 1 

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

following conservation equation: 

Heat conducted through the liquid 
0 < y/ = - < 1 

Total heat released from the steel surface 

¥ = ru;gJPr, 
' 1 ^ 

\1-U]j 
-TV'gJPr, 

l-u;) 
-TU'gJPr, 

Motionless flat plate + Pressure gradient effect + Motion effect 

[5.2.38] 

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

increments to an initial value of g*; then the parameters X and U* were calculated and 

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: 

Nu k 
K n , m p = ~ ^ [5-2.39] 

x 

and the local convective film boiling heat flux is: 

<IFBMP = h F B , i m P

A T s a , [5.2.40] 

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 

Nakayama 6 , and the resulting equations were [2.4.4.2] to [2.4.4.5] obtained by 

Nakayama6. 

5.3 F i lm 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 parallel flow, the impingement angle 9 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 [5.2.26]): 

f-V 
\xJ 

30 
Rex = 7 \—V [5-3.1] 

2 'J 

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

G T ) [ " ' 2 ! 
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Solution of the energy equation at interface (Equation r5.2.28"|V. 

S 
xJ 

\ 2 

Re. = 
v H 4 

v^rU'l + U; \-{^^A'-K)\ [5-3-3] 

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

S_=P_U1_ 

A Mi 2 

[5.3.4] 

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: 

Nu 'M" 
Re 1/2 

\M,J \5\ 2 
1/2 

U' 1-u' 
[5.3.5] 

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

unknowns (U*, q ) that follows: 

H 
U-u;)2(l + l u : 

15 V ' H 2 ' 
PrR 8 . TU, 

[5.3.6] 

15 D 
? ( 3 \ 

\ 2 ') 
[5.3.7] 

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

arranged for as follows: 
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c* = a ° ~ a ' [5.3.8] 

where 

an = ; a, = 
0 PrR 1 

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 g*, 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: 

Nu k 
h F B , p a r = - ^ ^ [5.3.9] 

x 

and the local convective film boiling heat flux is: 

^FB.par = hFB,PaATsa, [5.3.10] 

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. 1 2 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, 5, can 

be directly obtained from the film boiling local 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: 

Nux=- [5.4.1] 
o 

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. 4, 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: 

logF = a-bAT;al+eAT^ [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 c are dependent on subcooling and jet 

velocity. It is important to recognize that the fractional liquid-solid contact area, F, must 

approach unity with decreasing superheat given a 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 liquid-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 better 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 vapor 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 a, b and c 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 temperatures 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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1200-100 

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

FAX = F(AT;a, = 0) 

FA2 = F(AT;a,=0.5) [5.4.4] 

FA3 = F(AT;al=l.O) 

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

a = log(ivU) [5.4.5] 

b _ log(FA2) - log(FAl) q 5 log(FA3) - 2{ log(FA2)} + log(FAl) 

0.5 2(0.5)2 -1 

log(/vL3) - 2{\og(FA2)} + log(Tvfl) 

2(0.5)2 -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 impingement 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 

information 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, + a2ATwb + a3AT^ + a4uje + a5u]e [5.4.8] 
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were obtained, where all a/ ' s are constants given in Table 5.2. 

For 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 attempt 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 and the surface was developed. This model 

consists on: [1] Wave displacement equation, [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: 

rj-Acos(m) [5.4.9] 

whereas two assumptions were considered for the 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 effect 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 - J ^ [5.4.10] 

CO 

where contact occurs over the length L, where L - x 2 - x,, and x 2 , x, are the contact 

points of the wave with the surface, that is the two points where rj--5 in the domain 

2K 
0 < x < — . From the symmetry of the wave: 

co 

x, < —; x 2 > — 
CO CO 

n n 2n 
X^ X ̂  >̂  X j ~f- X~2 — 

CO CO CO 

Therefore 

L = 2\ x, 
.CO J 

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

F = \--Cos~^-^j [5.4.11] 

According to Figure 2.29, the ratio hi A 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 FA for the parallel flow region, which hereafter will be 
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called FP1, 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: 

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 process parameters, or the vapor-film thickness. With regards to this 

latter parameter, recently Weichert et al. 1 3 developed 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, FA1, 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 FA and FP 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 

[5.4.12] 

where a, b, c, and dare constants given in Table 5.3, and 

ATsuh = ATsuh/100 

UJe,=Uiel/20 
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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, qi.s. 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 transition 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 at 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 after the heat fluxes 

decrease dramatically. 

Accordingly, the model developed previously by Hernandez5 (equation [2.4.2.5]) 

was modified to obtain: 

<1 triple-point ={15-575me,tpHfgATsal) [5.5.1] 
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It is noteworthy to mention that the only difference between the two equations is 

the term DXATsaf/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 formulas 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 = 0J548 + 0.6285 exp(-0.0444ATsuh) [5.5.2] 

For the impingement region of a water curtain jet and the parallel flow region: 

DX = 0.1493 + 0.5507 exp(-0.0825ATsuh) [5.5.3] 

In order to evaluate q\.s 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 convection 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: 

<7/-.v = aNB
 =

 qtriple-point ^ Qconv [5.5.4] 

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

Webb etal. 7: 
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Nuxamr = ^ i t L = 0.505Re0" Pr"376 [5.5.5] 
ATsuhkf 

where 
U^d,., jel Jul 

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. 

^ p (^between-jethwx ^ ^) 

5.6 Transition Boiling in the Impingement Zone 

According to the discussion presented in section 5.1, the general transition boiling 

equation: 

q m = q , - s F - r q ^ ( l - F ) [2.4.1.2] 

was adopted. The heat-transfer coefficients used in the runout table model are defined as: 

h = [5.6.1] 
&Tsal+ATwh 

The liquid-solid heat flux, q[.s, is given by equation [5.5.4], where the macrolayer 

evaporation parameter, mejp, was considered a constant, melp = 6.0xl0~5 Kg nf's'1 °C~' 

, according to the value found by Pasamehmetoglu et al 1 4 . 

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

on an isothermal surface as follows: 
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4 v-.v = q FB [5.6.2] 

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

by: 

qFB =aFB + q md [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, i f the liquid-solid heat flux and 

the fractional liquid-solid contact area were independent 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 6 was adopted 

(equation [2.4.4.8]): 

Nu. °FBX 

ATsalk 
m(l + 3m)J; 

To 

*3\ 1/4 

f - r J p r f Re 1/2 [2.4.4.8] 

where 

m = 1 

5 1 + m 
3 l T l 

1/2 

r = 
R PA _ C*A7> 
{Prf){CpATsJ 
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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 motion 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 [2.3.2] and [2.3.3], respectively, and the position was arbitrarily selected 

x=0.5x*djett, 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 1 5: 

arad =£<?{T4 -T'AT) 

s = 0.85 [5.6.4] 

cr = 0.56697xl0~7 

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, q\.s, comes similarly from equation [5.5.4], where 

m e i P

 = 6.0x10~5 Kgnf' s'1 "C~'H. 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. 1 5 to the present conditions. The resulting total 

heat transfer coefficient is: 

hFB=Lhr+Uh2

r+4h2

c] in [5.7.1] 

where 

h. = 
L + ± . , 

e„ ye, 
T P ~ T S 

[5.7.2] 

where ep = 0.85, es = 1, a = 0.56697x10" Wm~2K~4, and the total heat flux is 

q'FB = hFBATsu [5.7.3] 

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

developed by Filipovic et al. 1 5: 

NU*.FB 

q FBx hcx = Cd(l + m)-aBUcA D, 

V a 
d T>v1-P [5.7.4] 
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where 

C = 0.0228 (ref. 9) 

n = 7, p = l/3 

m- 2/(n +1) 

a = m/ (m+ 1) 

pJr,CpATsuh 

Pr,CpATmt 

d = \/(m+\) 

U,=U,/ U, 

U, = Ujel ifUjel > Up; U, = Up ifUJel < Up 

u,=\ujel-us\ 

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

D2 = 2Us + nUjei 

Uj* +$Prl'-pUP 

Us = u. / u, 7 + pPr , i-p 

Uj. = UJel / U, 

a = (n + l)(n + 2) 

Rex =Utx/v 

uP = up/ui 

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, = 1.001x103 - 6.974x10~2 T- 3.588x10~3 T2 Kg/m 3 16 

Heat Capacity Cp, = 2.140 - 9.681xl0~3 Tk + 2.685x10~S-Tk

2 

- 2.421x10-* T3 

Cal/g/K 17 

Surface 
Tension 

cr, = (75.99 - 0.1666T)xlO~3 N/m 16 

Viscosity vl=2.414xl0-2 *1024im-'40 Kg/m s 18 

Thermal 
Conductivity 

k, = 4.183xl0-4(-1391 + 15.19Tk -0.01904T2) W/m°C 19 

Heat of 
evaporation 

hfg = 9596 Cal/mol 20 

Steam 
Density p; = 0.7599 -1.87lxl 0~3 T + 2.376x10~6 T2 

-1.066xl0-9 T3 

Kg/m 3 20 

Heat Capacity Cpv = 1000(1.833 + 4.965x10-" T +1.146x10~7 T2) J/Kg/K 20 

Viscosity vv - lxlO-5(0.8946 + 4.065xl0~3 T-6.943xl0~7T2) Kg/m s 20 

Thermal 
Conductivity 

kv = 0.01681 + 8.188xl0-5T + 2.107xl0-8 T2 W/m°C 20 

Tyt is the temperature in K, T is in °C 

tl 

Xiquid 

8 ^ ^ V a p o r 

t2 

Liquid 

Steel Strip Motion 

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 

Log F 

log FA1 

log FA2 

log FA3 

Increasing subcooling 

or water velocity 

0.5 1.0 AT sat 

Figure 5.4: Schematic effect of water subcooling and velocity on the fractional 
liquid-solid contact area. 

135 



Chapter 5. Model of the Boiling Curves during Jet Cooling 

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 a] «2 as 04 as 
FA1 0.2034 2.1464e-3 6.30e-13 6.23e-9 1.01e-9 
FA2 2.0581e-9 1.6103e-3 2.41e-13 4.9148e-3 1.3185e-3 
FA3 1.8633e-9 8.0542e-4 9.8e-14 5.08e-12 2.1739e-3 

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

Parameter a b c d 
FP1 0.8443 0.1830 0.6422 0.0808 
FP2 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 bar jet, [b] Effect of jet velocity for an 
impinging jet, and [c] Effect of water subcooling in the parallel flow. 
FAl=F(AT*sat=0), FA2=F(AT*sat=0.5), FA3=F(AT*sat=1.0) for bar jets, 
FPl=F(AT*sat=0), FP2=F(AT/sat=0.5), FP3=F(AT*sat=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 1 : 

P.Cp,^ = V-(k,VT) + g [6.1.1] 
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where ps = ps(T); Cp = Cp(T); T= T(r,t); 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 d d d d „ ~ d - d r d 
= YUX YU YUZ —- / V = / Y J Y K — 

Dt dt dx dy dz dx. dy dz 
where /, j, 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, 

— = 0 [6.1.2] 
dt 

(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. 

— = 0 [6.1.3] 
dz 

(3) Strip speed condition 

ux=up; uy = u2=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 (l)-(3), as follows: 
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8T+ 1 \d2T+ n \2 rf 
dx+ Pe I 32x+ + 

d2T 

d2y+ 

y+=y/l; x+=x/lc; T = T- Tref / ATref; Pe = ux/(a/ lc) 

where 

Pe = C o n V e C t i O n = 6xl07;(lJiymm=lxW7 

Diffusion 

for the typical hot strip mill conditions. Therefore, 

dx\ dx) 
[6.1.5] 

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

coordinate transformation 

x = upt 

can be applied. 

Consequently, under these assumptions the runout table heat conduction 

differential equation is: 

dT 8 
dt dy V dy) + g 

subject to the initial condition: 

and boundary conditions: 

t = 0, 0<y<Lx, T=T0(y) 

dT 
dy 

y = L s >
 k-z~+hL,T=hkT°>A 

dy 

[6.1.6] 

[6.1.7] 

[6.1.8] 

[6.1.9] 
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Equation [6.1.6] with initial and boundary conditions was solved by the Crank-

Nicholson finite difference scheme 1 (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], T0(y), was 

obtained from regression analysis of the predictions of a Finishing Rolling M i l l model 

developed at U B C 2 : 

6 = T0(y)-T0(0) 
[6.1.1.1.1] 

T0(Ls/2)-T0(0) 

where 

9 ^ = 1.5988y -0.5988(y )2 

— = -0.01869y + 0.01869(y)2 

Ay 

; Ay = y-y*r>' y*r - 5mm 

T„(Lc/2) = 0.9989T„ (0) + l 700.0Lc 

and Lc and To(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 3 . 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: 

where X is the property of the mixture, Ff is the volume fraction of the 

microconstituent, x/ is the property of the microconstituent /, and C is the total number of 

microconstituents. 

• Thermophysical 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 B I S R A 3 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 

c [6.1.1.2.1] 
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considering the apparent deviation of austenite thermal conductivity at lower 

temperatures. 

• Thermophysical properties of ferrite 

The ferrite properties were obtained for the ferritic part of a %C=0.06, %Mn=0.38 

steel. It is 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 elsewhere4. 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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ibienl [2.2.1] 

£=1.1 + 
(T-273) 

1000 
\l.25xl0-\T-273)-0.38\; TinK 

Since mixed convection takes place, appropriate equations are needed to calculate 

the heat transfer coefficients for this kind of cooling. Estimation of natural, 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=3.15. In the study of mixed convection, results are often presented by plots of 

Nu/Rea vs. Gr/Reb, which are of widespread use 5 . 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 heat transfer are obtained as limiting cases 

of the mixed convection curve. Consequently, 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 [2.2.5]. Results for the top surface are presented in 

Figure 6.7. The air thermal properties were calculated at T=0.5(Tsurface -

^surroundings)^ using equations obtained from regression analysis of published data5, as 

shown in Table 6.2. Accordingly, the equations employed in the model are: 

For laminar convection on top surface (GrL Pr < 2x10', Re, < 5x10s): 

* 
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1 + 0.00737 
I 3. 

0.5 
+ • 

20r 
-13.75 

27Pr"s A0,5 

/ \ 0.9375 
Pr -0.9375 

0.2667 

[6.1.2.1] 

For turbulent convection on top surface: 

Nu. 
0.2 n„0.333 

0.5 
'r = 1.25*0.019(9-7rf1 Pr 1 + 0.000272[0.019(9 - 7r)"2 ] g_2-i-3.7s ( GrL 

1.25 

2.4 

For laminar convection at bottom surface: 

Nu. 2Pr 0.5 

Re"L

5 (10 0.5 
+ 

20r 

27Pr05 A"'5 

0.5 
1 + 0.000548 

10 
+ • 

20r 
-13.75 

27 Pr"5 A0,5 

/ \ 0.9375 

KRel) 
Pr -0.9375 

0.2667 

where r = 1 - uair / u ; A, = 1 / (0.3 - 0.1174r). 

0.2667 

[6.1.2.2] 

[6.1.2.3] 

6.1.3 Runout Table Roll Cooling 

A n 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 properties 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 6: 

Schematically, the roll cooling is shown in Figure 6.8. The heat transfer problem 

is described by: 

2\\fRLR 

y 2 + 4 
[6.1.3.1] 

where 

1 gt-UtpPp+twalP**) 

2 E(T)t3

p 

82T, 
0 < x < L,, t>0 [6.1.3.2] 

dx2 .2 ' 

T, = Troll; x = 0, t>0 

T^T^; 0<x<Lt, t = 0 

d2T2 L, <x< L2, t>0 
dx2 ' 

T2 = Tslrip; x = L2, t>0 

T2 = Tslrip; L,<x<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 elsewhere7: 

E = 214.8 -0.1414T [6.1.3.3] 

where E is in GPa, T in °C, valid for 20<r<700°C (r2=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=ximp=2x djef), jet impingement and parallel 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 wi l lbe 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 flow 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 stream 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: 

x V d 2 

h, = wa'er / 4 » [6.1.4.1] 
Xnoi 

where x w a t e r is the fraction of the water flowing in the direction of the strip motion, x n o z 

is the distance between nozzle centers across the width of the strip, and djef is the 

impinging jet diameter. Similarly, the water film thickness of a curtain is 

h l = X

W a , W j e t [6.1.4.2] 

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: 

xm„=0.75 Up>2.0m/s 
P [6.1.4.3] 

xwal = 0.5 Up<2.0m/s 

For water curtain jets: 

xwal =0.5 [6.1.4.4] 
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The length of the countercurrent parallel flow region (countercurrent with strip 

motion) is considered to be given by: 

xpcOmler=0.10 Up< 11.0m/s 
P P [6.1.4.5] 

xp.am,er=0.05 Up> 11.0m/s 

The water temperature along the runout table in the countercurrent parallel flow 

region is approximated by: 

Thcal =f-(f- TJel) [6.1.4.6] 
X 

p.counter 

where x is the position from the impingement region, XpCOUnter is the length of the 

parallel flow region and f = (Tjel + T p r e v U m s p a r a l l e l )/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 moving 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. 

TLL = U>cal + \ Ax [6.1.4.7] 

where 
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Vocal = Actual water temperature 

Vocai =
 Previous water temperature 

q = Local Heat flux 
p - Water density 
Uj e t = Impinging jet velocity 
h, = Water film thickness 
C p = Heat capacity 

Ax = Position increment (finite differences) 

6.1.5 Heat Flux Model during Jet Cooling 

The boiling curves during jet cooling 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: 

Qband = Waimp +0- W)aparallel [6.1 .5.1] 
where qimp is the heat flux in the impingement region of a jet, qparallelIS 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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The details of this model have been published elsewhere 8 ' 9 ' 1 0-"' 1 2

5 and only the equations 

relevant to this work are presented in Appendix C. 
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Table 6.1: Summary of Thermophysical Properties of Steel Microconstituents 

Constituent Equation Range (°C) 
Density (Kg/m3) 

Austenite A3 6 py =8064.56 - 0.517T 700-1100 

Austenite DQSK p y =8111.4-0.561T 750-100 

Ferrite p a = 7870 - 01644T - 5.722x10'' T2 + 4.590xl0~7 T3 0-900 

Pearlite pp = 7865.0 - 0.3461T 0-800 

Heat Capacity (J/Kg/°C) 

Austenite A3 6 Cpy = 628.51 + 0.0195T T<1075 

Cpy = 504.9 + 0.134T 7>1075 

Austenite DQSK Cpy = 668 7>925 

Cpy = 660 T<925 

Ferrite Cpa = -10034.5 + 5.9668Z + 5.2002xl09 Z;2 7>787 

CPa = 34754.5-31.9196T 769<r<787 

Cpa = -11462.6 + 12.4346T, 727<r<769 

CPa = -4704.5 + 4.568Z + 1.10577x10" Z~2 527<r<727 

r<527 

Pearlite CPp = 449.04 + 0.450Z 0-700 

Thermal Conductivity (J/m/sec/°C) 

Austenite A3 6 ky = 15.82+ 1.156xlO'2T 700-1200 

Austenite DQSK ky = 17.17 + 1.04x10~2T 750-1200 

Ferrite ka =64.07-4.32x10~2 T 0-900 

Pearlite ka= 50.74 - 3.07xlO'2T 0-800 

Enthalpy of Transformation4 (J/Kg) 

y-a Hy_^a = 221656.4 - 864.4T + 1.9795T2 - 0.001478T3 T<720 

Hy^a = -2.917x107 +114590T-148.8T2 +0.06399T3 720<T<780 

Hy^a = 32 77373 - 10575T+11.545T2 - 0.00424T3 7>780 

y-p # = 70651 + 225.23T-0.3469T2 + 6755xl0~5 T3 

1 ~^pv< 

T* is in K 
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Table 6.2: Thermophysical Properties of A i r 

Property Range 
(°C) 

Equation Units r2 Ref. 

Conductivity 75-780 k = 0.02526 + 6.9834x10"5 T -1.8419x10~8 T2 W/m/°C 0.999 5 
Density 75-780 p = 1.2744 - 2.778x10"3 T + 2.1185x10"6 T2 Kg/m3 0.981 5 

Heat capacity 75-780 Cp = 1.00268 + 1.13076x10"4 T +1.1716x10"7 T2 J/Kg/°C 0.996 5 

Kinematic 
viscosity 

75-780 v = 1.3425x10"5 + 9.1179x10"8 7 + 7.5913x10"" T 2 m2/s 0.999 5 

T in °C 

Element 

O for 
h* analysis 

Figure 6.8: Schematic runout table rolls cooling 
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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 boiling 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 of the other components of the boiling 

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 of 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 B o i l i n g Cu rve M o d e l 

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. 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 results obtained 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 transition 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. 1 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 a l . 2 , and the agreement found 

was good. 

Predictions of the film boiling model are compared also with the measurements 

by Ishigai et a l . 3 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 boiling 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 operating conditions of company C were adopted («yef=6.78m/s, 

/z=2.17m, J w o z z/ e=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 operations where film 

boiling might be present (Tw a t e r<40°C, and AT sa t>800°C), the effect of the strip motion on 

the heat fluxes is relatively independent of superheat, 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 (w^=6.78m/s, h=2Alm, 

w w o z z/ e=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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A n 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 2-20um, 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 of 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 approximately 2 8 urn 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 velocity of 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 a l . 3 (only 

taking the film boiling 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 

operations 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 a l . 1 (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. 

A l l 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 inversely 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]: 

Nu = ^=* [7.1.1] 
kv 8 

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 temperature), 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 4 (see Figure 2.25) is presented in Figure 7.16. The 

experimental data for a falling drop reveals no dependence of the heat transfer with water 

velocity, which is not surprising since it is well established 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 boiling component plus the convective term. 
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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 m equation [5.5.1], 

accounts for the observed decrease of heat transport 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 boiling curve for the bar jet by Hall et a l . 5 (see 

curve for Omm 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 compared with measurements 6 during 

saturated pool boiling in the transition boiling region in Figure 7.17. This comparison is 

valid only in a qualitative sense, since the actual 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 pool boiling. The experimental 

data shows that very different results can be obtained according to the differences in the 

experimental setup and the definition of this parameter. The contact decreases by 

increasing the surface temperature and the water temperature, in agreement with the 

discussion presented in section 5.4. Higher liquid-solid contact occurs in the impingement 

region as compared to the parallel flow region because 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 a l . 7 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 a l . 8 . 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 liquid-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 that 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 a l . 9 for quasi-stationary film boiling in external flow on a horizontal 

cylinder in a pool of water, as shown in Figure 2.29. The liquid-solid contact is enhanced 

considerably by decreasing the water temperature, as discussed in Chapter 5. Calculations 

for the vapor layer thickness were carried out for conditions similar to those of Weichert 

et al. 1 0 , who measured the vapor film thickness at the equator of a sphere immersed in a 

pool of water at 55°C during film boiling. Weichert et al. 1 0 measured vapor film 

thicknesses of 0.2 and 0.11mm for surface temperatures of 690°C and 420°C respectively. 

Using the equation adopted in this work, which was developed by Filipovic et a l . 8 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 l.Om/s. These results are in good agreement with the 

measurements by Weichert et al 1 0 . 

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-

20um in the impingement zone, whereas it is 2-100um 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.1 1 found that during the 

cooling in the runout table, a 21p,m-thick scale generated on one steel (two or three times 

greater than that generated 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 experimental 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 between the runout table operations and 

experiments in the laboratory is the quality of the 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. 1 2 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 2 

and MgCl 2 . Those salts are found in water with higher hardness. The Leidenfrost 

temperature can increase up to 100°C at concentrations of Cl" of about 300 mg/1. The 

same authors also showed that the dissolved gases 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 a l . 1 (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 water 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, promoting 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 3 

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 regime), Figure 7.11 reveals that jet velocity 

has a small effect on the heat fluxes in the film 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 differences in the impingement jet widths (4.8 and 5.7 mm for u„ o z z l e 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 measurements3 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. 1 3 (see Figure 2.16) during the cooling of a 

non-moving flat plate by water parallel flow, and with the measurements done by 

Hernandez-Morales et al. 1 4 (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 a l . 1 3 

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 measurements14 during the quenching of a 

steel bar in a pipe (Tw a t e r=25°C) is presented in Figure 7.23. Comparison between the 

velocities in an internal flow with the parallel flow 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 

flows15. The maximum velocities obtained under laminar flow conditions were obtained 

applying a laminar flow solution16 for this configuration. Results are presented in Table 

7.1. If the flow 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 for the flat plate velocities of 10 and 6.8 m/s. 

Figure 7.24 shows a comparison between the model predictions and 

measurements13 for parallel flow on a flat plate using water temperature at 55°C. Even 

though the CHF's are underpredicted, the agreement is also good in the typical range of 

the runout table temperatures (superheat above 300°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 pipe14, the predicted curves are lower, but still within 

reasonable values. 

Model predictions for a water temperature of 75°C compare favorably with 

measurements14 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 temperatures 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 2, and the transition boiling regime is extended down to a strip surface 

temperature of 450°C. The effect of 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 flows 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. 1 7 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 impingement 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 

TCI 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, where 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 (ujet=4.6m/s, Twater=24°C, Up=1.45m/s) are compared with 

reported measurements 1 3 on non-moving surfaces 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 parallel flow regions of the planar jets 

impinging on the moving plate are compared with some reported measurements'3*'4 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 
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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 

film boiling 1 8 ' 1 9 reveal that the strip motion increases the heat transfer. In turbulent flow 

conditions, the opposite effect has been predicted8. 

It is important to mention that during a previous research work by this author17 

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 motion on the local boiling curves was 

possible without diminishing the accuracy of the 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 approximated 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 temperatures 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 the 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) A i r 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) A i r 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, %Mo=0.036, %A1=0.034, %N=0.0092, for which a carbon equivalent of 
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%C e q=0.22 was calculated. A corresponding T A E 3 =856°C was obtained. This chemical 

composition is intermediate between the nominal A 3 6 and D Q S K compositions shown i n 

Table B . l , for which the calculated percentage of carbon equivalent, % C e q , were 0.29 and 

0.088 and the equilibrium temperatures T A E 3 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 predictions 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. A n analysis of the effect of rol l 

chilling w i l l be presented later. 

The coiling temperatures calculated for the nominal A36 and D Q S K 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 A E 3 

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 adopting the nominal A3 6 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 deviations in behavior can be attributed to the 

chemistry differences between the two steels. Predictions assuming the nominal DQSK 

chemistry show that the austenite decomposition 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/m2 oC was 

adopted for the present calculations20. 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: 

ifl lop + Q bottoni) t 

pCp th 
A T D R O P = ^'"P ~ > JL [7.2.2.1 ] 

This relationship gives a linear relation between the temperature drop in the steel 

and time, t. 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, t, is given by: 

T = ( N ° - M T U M S A T T 0 P ) (DJ",I,KX AL ">P ) [7 2 2 2] 

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

(No. Jet lines at top) (d l i n e s m ) n o o -n 
AT, ,, = m : u.2.2.3 \ 

(Up)(th) 

where m=(qtop+qbottom)/pCp m u s t D e 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. 2 1 , who found that going from a steel (%C=0.11, %Mn=l .070, 

%Si=0.24, %A1=0.060) with a %Ceq=0.288 (compare to 0.299 of nominal A36) to a lower 

carbon steel (%C=0.04, %Mn=0.220, %Si=0.01, %A1=0.050) with a %Ceq=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 thermophysical properties at different stages of the 

processing. 

The cooling performance of a laminar system can be estimated relative to that of 

another system. Figure 7.36 shows the correlation found for two other companies (data 

from Appendix Table B . l l and Table B.l5), which include a system using jet bars 

(company A) and one using jet curtains (company 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*djetlines, because 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 3.63xl0—3 m3/(s m) in the case of company A compared to 7.4xl0"3 

m3/(s 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 7.4xl0"3 

compared to 17.0x10"3 m3/(s m) used in company 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. 

187 



Chapter 7. Model Validation, Results and Discussion 

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 = ^>0.1 
k 

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

O.lxlO6 WI m2"C < h < lOxlO6 W/ m2"C 

0.002m<L< 0.015m 

25J/ms"C<k< 64J/ m s "C 

which give a minimum Biot number of: 

O.lxlO6 *0.002 n i 

Bimin = = 3.1 > 0.1 
64 

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: 

d_ 
dx 

f df\ 8 
k— \ + — k — 

d f, dT^ „ (TI dT df 

V dx) dy\ dy) 

which can be put in a dimensionless form 

dz p dx dt 

tv \ 8 ' T ' (<? \ 8 ' T ' Ir \ a ' T ' Ur'«l d T ' , d T ' 

by defining the following dimensionless variables: 
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. T - T * x * V z . t k 
T = —; x = —; y =—; z = — ; t = ; a = = cons tan t 

&Tref 4 4 4 Kej pep 

Lx = Distance between jet lines; Ly - Strip Thickness; L2 = Distance between nozzles/ 2 

Up=2- 20m/s; a = 4x10* - 12x10* 

„ ,_, . , at Rate of heat conduction across L 
where Fo = Fourier number = —- = . Note that 

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. 

• Heat Transfer in the x-direction. 

. Diffusion in the x - direction Fo 
Diffusion-

Diffusion in the y - direction Fo 
4 

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 Pem i n=1.6xl0 5L x. which 

again establishes that the diffusive term is negligible. 

_ . Convection in the x - direction 
Convection: 

fJJ t ^ 
U plref 

L. 

Diffusion in the y - direction Foy aLx 

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

• Heat Transfer in the z-direction. 

191 



Chapter 7. Model Validation, Results and Discussion 

Diffusion in the z - direction Fox Diffusion: ay 
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. 

A n 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 i f 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 6.55mm 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 flowing 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 2. 

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 2. 

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 measured 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 i f 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 analysis for a 9.4mm strip from company A 

(CT m e a s u r e d=683°C) are summarized in Table 7.6 . Runs 1-3 and 6 represents the typical 
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water flow densities observed, and as it is shown in the table, variation among them are 

insignificant. In the standard case, where the water 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 much 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 the nozzle arrangement and the flow rate 

and temperature of the water supplied. From a modeling 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 steel22. 
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Measurements were carried out by setting a thermocouple connected to a data acquisition 

system to the water stream falling off the top surface. These measurements were done for 

coils cl40751 and cl40753 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 cl40751 and cl40753 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 2 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 i n i t i a l , 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 region, 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, These 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 shown in 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 corresponds to the cooling in the upstream 

parallel flow region, for which the water temperature 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 point 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 intersection 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 i n i t i a l , 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 i n i t i a l 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 thermal 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 i n j t i a l . 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. 1 7 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. A l l 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 carried out with the 

lowest water flow rate possible while maintaining the stability of the jet. 

7.2.5 Thermal evolution during laminar cooling 

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 during 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 cooling 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 to 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 approximately 100°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 . l l to B . l8 . 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 c907619m (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. 

These results are in very good agreement with the findings by Wilmotte et al. 2 3 , and are 

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 

1/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 the 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 small and slightly more noticeable at low 

heights. Within the operating conditions analyzed, 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 parallel 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 in the supplied water temperature is 

necessary to maintain a good control of the 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 plant24, 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%/10F, respectively, which results in excellent agreement with those 

observations, taking into consideration that these 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  lA (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. 2 5 . 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. 2 1 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 cl62331 (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\.s, qv.s, F and /transformation
 w a s carried out for conditions of coil c 162331. It 

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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Figure 7.5: Effect of water temperature and strip speed during the operation of a 
planar water jet on: [a] Heat Flux, [b] Heat transfer coefficients. 
(wno2Zle=0.0186m, Ujet=6.78m/s). 
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Figure 7.8: Model predictions for a planar water jet of: [a] Vapor layer thickness, 
[b] Momentum boundary layer thickness. 
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Figure 7.9: Model predictions of the thermal boundary layer thickness: [a] For 
water bars of Company C, [b] For a planar water jet 
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Figure 7.10: Model predictions of the fraction of the total heat released by the 
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Company C, [b] Planar water jet. 
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Figure 7.11: Comparison between model predictions and measurements for a planar 
jet shown in Figure 2.113, (T w a t e =85°C, wjet=0.0062m) 
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Figure 7.12: Effect of the impinging jet velocity of a water bar on the film boiling 
heat flux. (T w a t e r =25°C, Up=0m/s, djet=0.0186m). 
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Figure 7.13: Comparison between the film boiling model predictions and 
measurements1 for a water bar jet shown in Figure 2.6, (uje,=3.0m/s, 
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Figure 7.14: Effect of the impinging jet diameter of a water bar on the heat fluxes 
during film boiling, (Tw a t e r=25°C, Up=0m/s, Ujet=6.5m/s). 
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Figure 7.15: Effect of the impinging angle of a water planar jet on the heat fluxes 
during film boiling, (Tw a t e r=25°C, U =0m/s, dnoHEle=0.0186m, Ujet=6.78m/s). 
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Figure 7.18: Predictions of the vapor layer thickness, interface amplitude and the 
fractional liquid-solid contact area for different water temperatures. 
Conditions: uwater=6.5m/s, up=0m/s 
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Figure 7.19: Effect of water temperature. Comparison between the transition boiling 
model predictions with the measurements1 during the cooling with a 
water jet bar shown in Figure 2.5. Conditions: Ujet=3.0m/s, 
d n o z z l =0.020m, hnozzle=0.025m. 
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Figure 7.20: Effect of jet velocity. Comparison between the transition boiling model 
predictions with the measurements3 during the cooling with a water 
planar jet shown in Figures 2.10 and 2.11. Conditions: Twater=45°C, 
wnozzl=0.0062m. 
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Figure 7.21: Effect of jet water temperature. Comparison between the transition 
boiling model predictions with the measurements during the cooling 
with a water planar jet shown in Figures 2.10. Conditions: Ujet=2.1m/s, 
wnojz,e=0.0062m. 
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Figure 7.22: Comparison between model predictions and the measurements13 during 
cooling in the parallel flow zone shown in Figure 2.16. Conditions: 
T w a t e r

= 25 C, UWi,tei=2m/s. 
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Table 7.1: Flow velocities during the experiments in pipe flow 

Bulk Flow velocity (m/s) Max imum velocity (m/s) 

6.8 10.2 
4.8 7.2 
2.8 4.2 

0 200 400 600 800 1000 

Superheat (°C) 
Figure 7.23: Comparison between model predictions for parallel flow and the 

measurements 1 4 during forced convective boiling on a steel bar in a pipe 
shown in Figure 2.18. T w a t e r = 2 5 ° C . 
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Figure 7.24: Comparison between model predictions and the measurements13 during 
cooling in the parallel flow zone shown in Figure 2.16. Conditions: 

L water J J 
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Figure 7.25: Comparison between model predictions for parallel flow and the 
measurements14 during forced convective boiling on a steel bar in a pipe 
shown in Figure 2.18. T w a t e r=50°C. 
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Figure 7.26: Comparison between model predictions for parallel flow and the 
measurements14 during forced convective boiling on a steel bar in a pipe 
shown in Figure 2.18. T w a t e r=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 7.30: Comparison between the measured boiling curve for the impingement 
region of a planar jet impinging on a moving plate with measurements 
in other systems13 and the transition boiling model predictions. Moving 
plate conditions (ujet=4.6m/s, T w a t e r=24°C, up=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 measurements13'14 in other systems and 
the transition boiling model predictions. Moving plate conditions 
(ujet=4.6m/s, T w a t e r=24°C, u =1.45m/s) 
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Figure 7.32: Contribution of the different cooling mechanisms during cooling in air. 
Conditions: uair=2.0m/s, T a i r=25°C, ustrip=4.0m/s, L=10.0m. 
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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 
9.53 and 12.7mm thickness. 
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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 2 o 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 M W / m 2 °C/roll M W / m 2 °C/roll M W / m 2 

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 
2.00 5.0 0.869 3.35 1.128 3.80 1.482 4.26 

Estimated for Company C conditions 
2.00 11.0 0.412 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) m'fCmVs) 
C Bars A36 0.46 0.4965 0.228 
C Bars DQSK 0.46 0.399 0.184 
A Bars A36 0.69 0.232 0.160 
E Curtains DQSK 3.20 0.0733 0.235 
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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 7.40: Error in the prediction of the number of top jet lines used by: [a] Company A 
(A36), [b] Company E (DQSK). Predictions from empirical equation [7.2.2.3] 

255 



Chapter 7. Model Validation, Results and Discussion 

950 

600 H — i — i — I — i — i — i — i - H — i — i — i — - i — I — i — i — ^ 

S 30 
20 40 60 

Position (m) 

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 7.45: 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 coiling temperature for the 2-D analysis 
of a 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 measurements22 during the 
processing of coil cl40751 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 9.5mm A36 strip 

manufactured by company C (coil c934848m). 

1000 

900 

O 
o 
CD 
i _ 

ZS 
CO 
l _ 

CD 
Q. 
E 
CD 

400 

300 

i—i—i—i—I—i—i—i—i—I—i—i—i—i—I—i—i—i—i—I—i—i—i—r 

Measured 

i i i i I i i i i i t i i i i i I i i i i I 

0 20 40 60 80 100 

Position (m) 
Figure 7.52: Thermal and microstructural evolution of a 6.0mm A36 strip 

manufactured by company C (coil cl62331). 
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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 7.55: Comparison between the predicted and measured coiling temperatures 
for different companies. 
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Figure 7.56: Effect of top water flow rate on the coiling temperature. Conditions for 
company C. 

700 

650 -
O 
o 
CD 
i _ 
13 •*—> 
CO i_ 
CD 
Q- 600 
CD r— 
CO 

_c 

o 
O 

500 

~l 1 1 1 ^ 

550 -
— • - DQSK 
• • o- • A36 

- — • — - DQSK* 

600 800 1000 1200 1400 1600 

Bottom Water flow rate (l/min/jetline) 
Figure 7.57: Effect of bottom water flow rate on the coiling temperature. Conditions 

for company C. 

270 



Chapter 7. Model Validation, Results and Discussion 

750 

9 700 

500 
1 2 

Top Nozzle Height (m) 

Figure 7.58: Effect of top nozzle height on the coiling temperature. Conditions for 
company C. 
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company C. 

Table 7.7: Verification of some empirical rules of operation 

Operating 
Parameter 

Plant Observation Conditions of 
application 

Plant 
Measurement 

Model Prediction 

Water 
Temperature24 

Increment in the required 
number of working 
headers due to an 
increment in water 
temperature 

Water 
temperature 
range of 25-
35°C 

«1%/°F 1.6%/0F (DQSK) 
1.6%/°F(A36) 

1.5%/°F(DQSK*) 

Water Flow 
Rate and 
Nozzle 

Diameter24 

A n increment of 50% in 
water flow rate and nozzle 
diameter decreases the 
number of working 
headers required 

Unspecified «25% 18%(DQSK) 
17%(A36) 

15% (DQSK*) 

Chemistry21 Higher water consumption 
for lower carbon steels to 
reach a certain coiling 
temperature 

0.09<%C<0.30 «24% 13%(DQSK) 
17%(A36) 

18% (DQSK*) 
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Figure 7.63: Relative importance of each cooling zone on the heat extraction during 
the processing of coil cl62331. [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 cl62331. (Predicted 
T c o i l i n =655"C, Measured T c o i l i =664°C) 

Parameter T ^ C Q f o r + 2 0 % AT c o i I i n g(°C) T c o i l i n e ( °C) fo r -20% AT c o i h n £(°C) 
qi-s 602 -53 684 29 

qv-s 646 -9 663 8 
F 603 -52 684 29 

Htrans. 670 15 632 -23 

274 



Chapter 8: Summary, Conclusions and Recommendations for Future Work 

8. SUMMARY, CONCLUSIONS AND 
RECOMMENDATIONS FOR FUTURE WORK 

8.1 Summary 

The runout table process has been studied in detail during this work, and as a 

result, important observations 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 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, 

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 was 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 of 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 is 

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 boiling 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 flow regions. 

[5] The complexity of the transition boiling regime can be better explained through the 

understanding of the film boiling regime. A l l 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 is 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 effect 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 thickness higher than 4mm. 
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[9] A n 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 proportional 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 thickness 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 rate 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 

for higher diameters. A n increase in the nozzle diameter resulted 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 carbon 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 different 

process variables and the substantial experimental 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 research 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 nozzles 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 H S L A 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. Firstly, 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 boiling 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: 

-1/2 AfT^' + (l + B^)Ti"+l-1/2D?T£' = 1/2 A^T/l, + (1 - B'/)Tr + 1/2 D'/T/l, + C 

where 

A>;= KL"2 A \ ; D'/= K " 2 A t

2 ; B" = 1/2(A" +D") 
• (Pcp): (AX)2 (Pcp): (AX)2 M ] 

(PCP), 

2. Top Node (node=0): 

l/2(2/r0" +x% + 2)T0"+I - Tr1 = 1/2(2^ -x% - 2)TB' + T," + X," «C + G" 

where 

„ K,2 At . 2Axh';, g0At 1 
ra ~ , - x „ , ^ ? ' xt.o ~ , » ' ~ 

3. Bottom Node (node=M): 

-T£, + l/2(2/C + <M + 2)T£' = T^_, +1/2(2/% -x'/M - 2)T"m + x?MT:M + Gn

M 

where r" ^ • x" - 2 b x K » • G" = 8 m ^ -wnere rM - x , M - , u-M / r , \ 
(pCp)M (Ax) kM_1/2 {PCP)M

 vM 
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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 . l . 

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 provided 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 taken 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 also 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 arrangement and characteristics". The jet 

velocity was calculated by the equations: 

[B. l . l ] 

Qnozzle 
nozzle / r \ 

\^nozzle nozzle J 

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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(un

2±2gHn) 

V'2 

u, d. [B.1.2] 

r 
u, 

n 

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 = 1.3dJel, whereas the length (one side) of the impingement zone of a 

curtain is x = 1.75wJel. 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, 

286 



Appendix B. Runout Table Mill Data 

Table B.10 also shows that more variations exist in the type of bottom cooling 

employed. 

The relevant processing data for the coils analyzed in this study are presented for 

each company in Table B . l l to Table B . l8 . 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 i n i t i a | , 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 0 , ranges from 2 to 18 m/s, while the 

acceleration in the runout table, a, varies from 0 to 0.16 m/s2, and represent a small 

contributor in the overall speed of the strip. The coiling temperatures, T f m a l , are commonly 

within 540-740°C. However, under special circumstances such as air cooled A3 6 

products, the coiling temperatures may be as high as 870°C. Generally, the range of 

coiling temperatures for the A3 6 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.l: Chemical Composition of the A36 and DQSK steels 

Steel % C % M n % P %S %Si %Cu % N i %Cr %A1 % N 
A3 6 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 arrangement 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 
nozzles across center-
center (m) 

0.048 0.051 0.068 

Distance between 
nozzles (edge-edge) 

0.028 0.038 0.049 

Water flow rate per 
nozzle (1/sec) 

0.359 0.315-0.630 0.501 

Distance between jet 
lines (m) 

0.46 and 0.92 0.15 and 2.74 0.457 

Number of nozzles/jet 
line 

70 40 31-32 

Jet Flow characteristics 
Jet velocity at 
nozzle (m/s) 

1.03 2.37-4.75 1.83 

Impinging jet 
velocity (m/s) 

5.95 6.58-7.76 6.78 

Impinging jet 
diameter (m) 

0.0074 0.0078-0.0101 0.0097 

Impingement zone 
radius (m) 

0.010 0.010-0.013 0.0126 

Calculated reduction in 
jet diameter (%) 

59 40-22 48 

Distance between jets 
edge-edge (m) 

0.041 0.043-0.041 0.0583 

Distance between 
impingement regions 
edge-edge (m) 

0.028 0.031-0.025 0.0428 

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 characterist ics 

K i n d o f nozzle Pipe, circular Banks 1-2 (Pipe, 
circular) 
Banks 3-8 (Flat spray 
nozzle) d n o z =0.003m, 
dacro S s=0-41m, cone 
angle=80°, Q n o =0.126 
1/sec, 

Pipe, circular 

Nozz le diameter (m) 0.0095 (0.008)* 0.02 0.0104 

Nozz le height (m) -0.12 -0.15 -0.074 

Nozz le angle (°) 5 5 15 

Distance between 
nozzles across center-
center (m) 

0.049 0.041 0.025 

Distance between 
nozzles (edge-edge) 

0.041 0.021 0.015 

Water flow rate per 
nozzle (1/sec) 

0.178 0.630 0.161 

Distance between jet 
lines (m) 

0.46 0.92 0.46 

Number o f nozzles/jet 
line 

68 12-13 80 

Jet F l o w characteristics 

Jet velocity at 
nozzle (m/s) 

3.44" 2.01 2.05 

Impinging jet 
velocity (m/s) 

3.08 1.05 1.66 

Impinging jet 
diameter (m) 

0.0085 0.0277 0.011 

Impingement zone 
radius (m) 

0.011 0.036 0.014 

Distance between jets 
edge-edge (m) 

0.0405 0.0133 0.014 

Distance between 
impingement regions 
edge-edge (m) 

0.027 overlap overlap 

Interaction Factor 0.449 1.0 1.0 

*The actual nozzle diameter may be the diameter o f the nozzle minus two times the thickness o f hardness 
deposits or the equivalent nozzle diameter that gives the flow rate and height o f the jet observed in video 
recordings. 

"Calculated to match flow rate, and jet height observed in video recordings. 

289 



Appendix B. Runout Table Mill Data 

Table B .4: Top Cooling Configuration for Companies D and E . 

Company D E 
Parameter 

Nozzle arrangement and characteristics 
K i n d o f nozzle Slot, rectangular Slot, rectangular 

Nozz l e length (m) 2.59 1.372 

Nozz l e width (m) 0.01 0.0064 

Nozz l e height (m) 1.22 1.372 

Water flow rate per 50.4 23.34 
nozzle (1/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 
width (m) 

0.0037 0.003 

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 

K i n d o f nozzle Slot, rectangular Slot, rectangular 
Nozz le length (m) 2.59 1.372 

Nozz le width (m) 0.01 (0.006*) 0.0064 (0.004***) 

Nozz le height (m) -0.08 -0.09 

Nozz le angle (°) 10 20 

Water flow rate per 
nozzle (1/sec) 

50.4 11.67 

Distance between jet 
lines (m) 

2.74 0.91 

Jet F l o w characteristics 
Jet velocity at 
nozzle (m/s)** 

3.18 2.11 

Impinging jet 
velocity (m/s) 

2.92 1.64 

Impinging jet 
width (m) 

0.0065 0.0051 

Impingement zone 
length (one side) (m) 

0.011 0.009 

*The actual nozzle width may be the width of the nozzle minus two times the 
thickness o f hardness deposits or the equivalent nozzle width that gives the flow 
rate and height o f the jet observed in video recordings. 

"Calculated to match flow rate, and jet height observed. 
' "Est imated 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 
K i n d o f nozzle Pipe, circular Pipe, circular Pipe, circular 

Nozz l e diameter (m) 0.0186 0.02 0.03 
Nozz le height (m) 2.49 1.47 1.79 

Distance between 
nozzles across center-
center (m) 

0.0508 0.070 0.076 

Distance between 
nozzles (edge-edge) 

0.032 0.050 0.046 

Water flow rate per 
nozzle (1/sec) 

1.34 0.380 0.784 

Distance between jet 
lines (m) 

0.46 0.61 0.07 and 1.37 

Number o f nozzles/jet 
line 

40 28 25-26 

Jet Flow characteristics 
Jet velocity at 
nozzle (m/s) 

4.93 1.21 1.11 

Impinging jet 
velocity (m/s) 

8.55 5.51 6.03 

Impinging jet 
diameter (m) 

0.0141 0.0094 0.0129 

Impingement zone 
radius (m) 

0.018 0.012 0.017 

Calculated reduction in 
jet diameter (%) 

24 53 57 

Distance between jets 
edge-edge (m) 

0.037 0.061 0.063 

Distance between 
impingement regions 
edge-edge (m) 

0.015 0.046 0.042 

Interaction Factor 0.706 0.343 0.447 

292 



Appendix B. Runout Table Mill Data 

Table B .7: Bottom Cooling Configuration for Companies F, G and H . 

Company F G H 
Parameter 

Nozzle arrangement and characteristics 
K i n d o f nozzle Pipe, circular Pipe, circular Slot, rectangular 

Nozz l e diameter (m) 0.0102 0.02 Width = 0.0095 
(0.0059*), length = 

2.00 

Nozz l e height (m) -0.051 -0.27 -0.10 

Nozz l e angle (°) 10 18 15 

Distance between 
nozzles across center-
center (m) 

0.0226 0.238/0.107"* 

Distance between 
nozzles (edge-edge) 

0.012 0.218/0.087 " 

Water flow rate per 
nozzle (1/sec) 

0.77 0.844/0.868 19.6 and 39.2 

Distance between jet 
lines (m) 

0.457 0.63 1.44 

Number o f nozzles/jet 
line 

90 8/17-18 1 

Jet F l o w characteristics 

Jet velocity at 
nozzle (m/s) 

9.80 2.69/2.76 1.65*73.32 

Impinging jet 
velocity (m/s) 

9.75 1.39/1.52 0.87/3.01 

Impinging jet 
diameter (m) 

0.010 0 .028/0 .027 Width=0.011/0.0065 

Impingement zone 
radius (m) 

0.013 0 .036/0 .035 length (one side)= 
0.019/0.011 

Distance between jets 
edge-edge (m) 

0.012 0.08 " 

Distance between 
impingement regions 
edge-edge (m) 

overlap 0.037 

Interaction Factor 1.0 0.654 1.0 

*The actual nozzle width may be the width of the nozzle minus two times the thickness o f hardness deposits 
or the equivalent nozzle width that gives the flow rate and height o f the jet observed in video recordings. 

"Calcula ted to match flow rate, and jet height observed. 
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Table B.8: Top Cooling Configuration for Companies I and J. 

Company I J 
Parameter 

Nozzle arrangement and characteristics 

K i n d o f nozzle Pipe, circular Pipe, circular 

Nozz l e diameter (m) 0.0180 0.0186 

Nozz l e height (m) 1.6 1.98 

Distance between 
nozzles across center-
center (m) 

0.046 0.051 

Distance between 
nozzles (edge-edge) 

0.028 0.032 

Water flow rate per 
nozzle (1/sec) 

0.320 0.501 

Distance between jet 
lines (m) 

0.60 0.457 

Number o f nozzles/jet 
line 

30 31-32 

Jet F l o w characteristics 
Jet velocity at 
nozzle (m/s) 

1.26 1.83 

Impinging jet 
velocity (m/s) 

5.74 6.50 

Impinging jet 
diameter (m) 

0.0084 0.0099 

Impingement zone 
radius (m) 

0.011 0.0128m 

Calculated reduction in 
jet diameter (%) 

53 47 

Distance between jets 
edge-edge (m) 

0.038 0.041 

Distance between 
impingement regions 
edge-edge (m) 

0.024 0.0254 

Interaction Factor 0.478 0.502 
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Table B.9: Bottom Cooling Configuration for Companies I and J. 

Company I J 
Parameter 

Nozzle arrangement and characteristics 
K i n d o f nozzle Pipe, circular Slot, rectangular 

Nozz l e diameter (m) 0.012 Width=0.0064, 
Length=1.575 

Nozz l e height (m) -0.02* -0.10 

Nozz l e angle (°) 5 8 

Distance between 
nozzles across center-
center (m) 

0.046 

Distance between 
nozzles (edge-edge) 

0.034 -

Water flow rate per 
nozzle (1/sec) 

0.183 25.236 

Distance between jet 
lines (m) 

0.30 0.91 

Number o f nozzles/jet 
line 

30 1 

Jet Flow characteristics 
Jet velocity at 
nozzle (m/s) 

1.62** 2.50 

Impinging jet 
velocity (m/s) 

1.49 2.07 

Impinging jet 
diameter (m) 

0.0125 width, 0.0053 

Impingement zone 
radius (m) 

0.016 Length (one side)=0.0093 

Distance between jets 
edge-edge (m) 

0.034 ~ 

Distance between 
impingement regions 
edge-edge (m) 

0.014 

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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T a b l e B . l l : D a t a o f the p r o d u c t i o n o f a n A36 steel for C o m p a n y A. 

A36 T 
initial 

T h i c k n e s s u P o 
a T 

water 
Tr,„a| T o p 

Jets 

B o t t o m 

Jets 

Coil ID °C m m m/s m/s 2 °C °C 
C500486 932 4.648 5.04 0.00 29.4 677 24 3 
C500494 939 4.699 5.06 0.00 29.4 671 24 3 
C500500 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 
C999274 946 6.858 5.49 0.00 29.4 681 52 7 
C999280 959 6.858 5.46 0.00 29.4 687 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 29.4 680 52 7 
C998402 1001 9.449 3.34 0.00 29.4 674 52 7 
C998382 943 9.423 3.72 0.00 29.4 681 56 8 
C998384 933 9.423 3.64 0.00 29.4 681 56 8 
C 9 9 8 4 0 3 1011 9.449 3.42 0.00 29.4 688 56 8 
C998381 972 9.398 3.65 0.00 29.4 683 60 9 
C998393 960 9.423 3.68 0.00 29.4 630 64 9 
C998394 998 9.423 3.59 0.00 29.4 670 64 9 
C999993 927 12.700 2.41 0.00 29.4 672 48 7 
C999988 962 12.624 2.43 0.00 29.4 668 
C500005 969 12.700 2.42 o.oo 29.4 672 52 7 
C500002 958 12.700 2.42 0.00 29.4 666 52 7 
C500010 976 12.700 2.42 0.00 29.4 683 52 7 
C500011 969 12.700 2.42 0.00 29.4 673 52 7 
C500022 965 12.700 2.45 0.00 29.4 663 68 10 
C 5 0 0 0 2 1 963 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 
C500030 974 15.875 2.00 0.00 29.4 677 64 9 
C500039 972 16.027 1.99 0.00 29.4 673 64 9 
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Table B.12: Processing data of a D Q S K and A36 steels for Companies B, D , H , I and 
J. 

A36 T 
initial 

Thickness a T 
water 

Tfinal Top 
Jets 

Bottom 
Jets 

Coil ID °c mm m/s m/s2 °C °c 
Company B 

GLD1 933 4.29 8.30 0.04 15.5 683 25 5 
Company D 

C l 840 9.61 1.87 0 21.7 704 5 1 
Company H 

BDF 915 10.64 0.00 0.00 37.7 680 52 2 
D M V 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 
Coin 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 D Q S K steel for Company C. 

D Q S K Smp T 
initial 

Gauge U P o a T 
•*• water 

Up f Tfinal top jet Bottom jet 
Coil ID °c mm m/s m/s2 °c m/s °c main V main V 

907518 2 885 3.134 9.37 0.06 23.4 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 3.218 9.37 0.07 23.3 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 7.26 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 7.97 646 31 2 33 
45 887 4.270 8.83 0.07 9.52 649 42 3 45 
87 918 4.293 10.02 -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 10.41 0.08 24.2 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 11.50 672 49 1 53 

908418 2 879 4.856 6.25 0:03 22.6 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 17.9 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 0.11 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 A 3 6 steel for Company C . 

A 3 6 Smp T 
initial 

Gauge U P o a T 
- water 

U p f Tfinal top jet Bottom jet 
C o i l ID °C mm m/s m/s 2 °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 7.93 657 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 4.51 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 5.12 677 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 22.4 6.76 657 28 2 32 

30 887 5.319 6.95 0.06 7.68 656 33 2 36 

57 894 5.324 7.95 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 8.93 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 20.4 5.09 669 24 2 26 

15 891 7.955 4.94 0.02 5.22 661 28 2 31 

28 896 7.953 5.22 0.00 5.22 674 30 1 33 

913582 2 901 7.945 4.62 0.02 20.4 5.10 672 24 2 26 

15 907 7.932 4.92 0.02 5.23 667 28 2 30 

28 894 7.965 5.23 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 4.91 0.02 5.24 672 26 2 29 

28 892 7.935 5.24 0.00 5.24 677 28 2 31 

914699 2 911 5.525 6.18 0.02 24.8 6.53 660 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 6.73 663 35 2 38 

934848 2 936 9.479 4.12 0.02 24.8 4.62 667 31 2 33 

18 913 9.520 4.51 0.02 4.92 658 34 1 37 

35 921 9.538 4.92 0.00 4.92 660 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 6.21 676 39 1 44 

163715 25 881 4.757 7.68 0.06 27.7 8.38 679 29 2 32 
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Table B.15: Processing information of a D Q S K steel for Company E . 

D Q S K T 
* initial 

Thickness U P o 
a T 

water 
Tfinal Top 

Jets 
Bottom 

Jets 
Coil ID °c mm m/s m/s2 1 °c °c 
0729841 909 3.55 9.17 0.09 26.6 736 18 3 
o738486 889 2.6 12.68 0.16 22.2 718 18 3 
0738491 899 2.6 12.68 0.16 22.2 717 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 3.2 10.00 0.12 21.1 724 18 3 
o739720 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 
o739722 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 2.4 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 
i n i t i a l 

Thickness Up. a: T 
^ w a t e r 

T f i n a l Top 
Jets 

Bottom 
Jets 

Coil I D ° c mm m/s m/s2 ° 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 
clO 942 3.220 10.08 0.00 21.7 664 40 5 
el l 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/s2 °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 
Cairl 0 790 4.724 4.19 0 738 
Cairl 1 784 4.724 4.19 0 734 
Cairl 2 950 9.525 4 0 871 
Cairl 3 940 9.525 4 0 862 
Cairl 4 931 9.525 4 0 857 
Cairl 5 923 9.525 4 0 851 
Cairl 6 918 9.525 4 0 843 
Cairl 7 905 9.525 4 0 831 
Cairl 8 899 9.525 4 0 827 
Cairl 9 890 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 
*- initial 

Thickness U P o a T 
water 

Tfinal Top 
Jets 

Bottom 
Jets 

Coil I D °C mm m/s m/s2 °C °c 
Cnewl 842 9.550 3.14 0.00 19.4 744 6 0 
Cnew2 838 9.525 3.13 0.00 19.4 743 6 0 
Cnew3 847 9.525 3.13 0.00 19.4 769 0 9 
Cnew4 842 9.525 3.14 0.00 19.4 771 0 9 
Cnew5 856 9.500 3.14 0.00 19.4 767 0 4 
Cnew6 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 
Cnewl 0 857 9.525 3.13 0.00 19.4 772 0 4 
Cnewl 1 854 9.525 3.16 0.00 19.4 772 0 4 
Cnewl 2 855 9.525 3.16 0.00 19.4 773 0 4 
Cnewl 3 845 9.525 3.13 0.00 19.4 771 0 4 
Cnewl 4 851 9.525 3.16 0.00 19.4 754 0 4 
Cnewl 5 801 6.350 4.17 0.00 20.6 752 0 9 
Cnewl 6 810 6.350 4.14 0.00 21.1 756 0 9 
Cnewl 7 807 6.350 4.17 0.00 21.1 751 0 9 
Cnewl 8 823 6.350 4.17 , 0.00 20.6 756 0 4 
Cnewl 9 818 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, U B C . This consists on: [a] Start temperature of 

the austenite to ferrite transformation, [b] Initiation 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: 

dt c„ 

c" 1 
[C.l] 

solved with the initial condition 

R(TN) = 0 

by finite differences using 10 time steps within each runout table model time step. Tslarl is 

reached when: 

* 5 L 
c -c„ 12.1 

[C.2] 

where 

c. = \1.08 + — + 0.2exp\ 
d„ 

-0.0002 *(TN-T)2 2 >c"; (A36 steel) [C.3] 

c. = <j 1.147 + 9-^- + 0.15 exp\ 
d„ 

-0.000292*(TN-T) 
2.2 >c°; ( D Q S K steel) [C.4] 
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Dc = Doce-" [C.5] 

q = (17767 - 26436c")(l / T-2 .22 lx l (T 4 ) 

DQC = 4.53x105 {l + c"(l - c") * 8339.9 / T) 

TN = 1033/:; (A36) . [C.6] 

7TV=1116K;(DQSK) [C.7] 

c" = 0.00793; (A36) 

c° =0.00177; ( D Q S K ) 

ca = a0xl0~3 -djXlO-6 T [C.8] 

a0 = 6.4668 - 1.5852(%Mn) + 0.9340(%C) +1.3612(%C)(%Mn) 

a, = 5.4812 - 1.2718(%Mn) + 0.9288(%C) + 0.8839(%C)(%Mn) 

Cy =yfl -ylX10-3T + cx2xl0-7T2 [C.9] 

yg= 1.1417-0.0893(%Mn) + 2.3999(%C) - 4.8483(%C)2 

+ 0.5185(%C)(%Mn) - 4.117(%C)2 (%Mn) 

y,= 1.8764-0.1054(%Mn) + 4.5524(%C) - 9.0994(%C)2 

+ 0.9129(%C)(%Mn)-7.9834(%C)2(%Mn) 

y 2 =7.7013 - 0.2571 (%Mn) + 21.5056(%C) - 42.4328(%C)2 

+ 4.2027(%C)(%Mn) - 39.1015(%C)2 (%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 D Q S K steel the volumetric fraction of this constituent is negligible. 
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Pearlite starts to form when the cc-y interface velocity is less than the critical 

velocity for cementite nucleation. This critical velocity is given by: 

va„ = 0.164TcIDc\ln\ 
\cP 

[ C I O ] 

where 

c, = /0 -I]xlO-iT + I2xlO-6T2 [CM] 

/ 0 =1.171- 0 .5122£-25 .5£ 2 

Ix = 1 .962-0 .654£-43 .85£ 2 

I2 = 0 .822-0 .1925£-18 .82£ 2 

Dc = D0Ce-q [C.12] 

q = (\1161 - 26436c ;)(l / T- 2.221xl0"4) 

Doc = 4.53x105{7 + C / (7 - c j *8339.9/ T] 

cP =4.65391xl0- 2(3.40334xl0 _ 4r c + 3.678037x10 -7rc

 2 +8.357222xl0-1 07; c

3)[C.13] 

Tc = r-273 

TAEi = 1097£ 

T is in K 

In the runout table model calculations, the velocity of the oc-y interface is carried 

out by: 
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d R«.> - |(l - F )"2/3 ^ a - l + A ' ~ F a ' ' ^ d y 

dt At 
[ C . H ] 

[c] Kinetics of ferrite and pearlite growth. 

The kinetics of the austenite decomposition is described by: 

F,„» = Fea, {l - ^v\-bi{T,^)[tv + At]"' ]} [C.15] 

t„ = 
ln(l-F„/FeqJ) 

V", 

[C.16] 

and the heat of transformation is given by: 

8 = PsH, 
dF 

dt 
[C17] 

where in the case of the austenite to ferrite transformation: 

(3.96 + 0.22<). 
lnba=- — -(TAEi -r)-(5.35 + 0.66J7); (A36 steel) [C.18] 

if T < Tmin then ba = ba(TmJ 

T = 655"C 

(2.54 + 0.00597d) . 
lnba = —(TAE3 - f) - (2.15 + 0.0234dy) ; (DQSK steel) [C.19] 

TAE3 = 842.0.-150.3(%C) + 216.0(0.765 - (%C)) o/r\\426 

- (37.6586 + 44.871 (%C) - 57.8658\j(%Q)(%Mn) 

c - c 
F = 
eq,a c — c 

y a 

[C.20] 

308 



Appendix C. Austenite Decomposition Kinetics 

cy == 1.171-1.962x10'3 T + 0.822x10'6 T2; (A36 steel) 

ca = (55.7428-. 04 7651 T)xl 0 '4; (DQSK steel) 

ca and cr for DQSK are calculated by Equations [C.8] and [C.9]. For the austenite to 

pearlite transformation: 

ln&„ =z-0.0154:77. 

z = 9.372 + (8.453 - 9.372) / (92 - 46) * (dy - 46) 

na=np=0.9 

eq,p 1 ra,l 
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