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ABSTRACT

Experiments have been carried out on a pilot scale run-out table to study heat

transfer during cooling of hot moving steel plates. Two lines of top water jets, each

holding three nozzles are used in the study. Emphasis has been placed on studying the

effect of nozzle stagger, jet line spacing and plate speed on the overall heat extraction

rate. Tests are performed for 3 nozzle stagger arrangements (no-, half- and full-stagger)

jet line spacings (25.4 cm, and 50.8 cm) and 2 plate speeds (0.35 m/s and 1.0 mIs)

Results show that similar heat extraction rates are obtained regardless of nozzle

stagger, for as long as the distance between nozzles and jet lines are held the same.

However, cooling is more uniform when the nozzles are fully-staggered. No significant

pooling occurred in between jet lines to affect cooling efficiency of the second jet line.

More efficient heat extraction is attained when using closer-spaced jet lines and slower

plate speeds.

The heat extraction capability of an individual nozzle is generally determined by

the surface temperature of the to-be-impinged and surrounding areas of the steel plate to

be cooled. Nozzle arrangements of subsequent jet lines with respect to hot and cold

regions developed by prior jet line impingement is crucial in maintaining uniform and

efficient cooling of the hot plate or strip.
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1. INTRODUCTION

The last few decades have seen a marked increase in the development of

advanced high strength steels (AHSS), e.g. dual phase (DP) and transformation induced

plasticity (TRIP) steels. The development of these AHSS plays an important role in

establishing sustainable engineering solutions. Such novel steels, for example, can

substantially contribute to the continued development of better fuel-efficient vehicles by

decreasing overall vehicle weight. This is made possible because AHSS have improved

mechanical properties and therefore, less material or thinner gauge sheets can be used

while ensuring design specifications are met.

Another industry benefiting from the development of AHSS is the energy sector.

The increasing worldwide demand for energy has led to an unparalleled need to harvest

and process natural gas. As a result, increasing volumes of gas are being transported by

gas pipelines over greater distances. To take advantage of the economies of scale, larger

diameter lines operating at higher pressure have been constructed to increase the

throughput and lower the operating cost over the life of the lines[1]. To meet the

demands of higher operating pressures, the design of pipelines have been modified to

incorporate use of novel linepipe grades, i.e. X80 and X100.

The properties of any steel product are defined by its microstructure. The

microstructure results from austenite decomposition during cooling and is dependent on a

number of factors including steel chemistry and processing paths. For hot-rolled AHSS,

the superior properties required for the aforementioned examples are attained through

accelerated cooling on the run-out table of a hot rolling mill[2-4].
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Accelerated cooling results in increasingly refined microstructures and the

formation of non-ferritic transformation products, all of which can increase the strength

of the steel. Strict control of volume fraction, size and distribution of these

microstructure constituents is necessary in producing steel with a desired set of

properties. This can be attained by careful control of run-out table cooling. Thus, a

thorough understanding of the associated heat transfer processes as well as the

development of accurate heat transfer models for run-out tables are crucial for producing

advanced high strength steels.

The study of heat transfer processes on a full scale run-out table is deemed

difficult, expensive and generally unrealistic. As such, researchers often perform smaller

scale laboratory experiments, which include one or an array of water jets impinging on

stationary or moving test specimens. At the Centre for Metallurgical Process

Engineering (CMPE) at the University of British Columbia (UBC), an industrial pilot-

scale run-out table facility has been built. This facility allows research to be conducted

on the heat transfer processes that occur during real run-out table conditions. Using this

facility, the effect of various parameters, including nozzle configuration, plate speed, and

water temperature and flow rate, on the subsequent heat transfer can be investigated [2].

Results of these studies are used to optimize run-out table design and form an

experimental database for modeling of the heat transfer processes during run-out table

cooling. Coupled with microstructure models, these models can be used to predict final

microstructures and establish better control during hot-rolled steel processing.
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2. BACKGROUND

2.1. Hot-roIled Steel Production

The processing of hot-rolled steel can be subdivided into two stages: the slab-

making and hot-rolling processes. The slab-making process is simply the production of

steel slabs that will be formed into sheets or plates during hot-rolling. Depending on the

steel mill, the starting raw material can be iron ore, recycled scrap steel or a mixture of

both. It is during this processing stage that the chemical composition of the steel is

finalized through ladle metallurgy. In modem steelmaking processes, the process ends

with the continuous casting of the steel slabs.

The hot-rolling process can be further subdivided into three stages: reheating,

rolling, and cooling. All three have significant influences on the final properties of the

steel product. During the reheating stage, the slab is placed in a furnace and heated to

1200 — 1300 °C, such that the steel microstructure experiences a solid state phase change

to austenite and dissolution of precipitates. The reheated slab is then moved to the rolling

sections, where typically initial reduction of the slab is undertaken by a roughing mill

followed by final reduction in the finishing mills. Besides shape reduction and shape

control, the rolling stage is a thermo-mechanical controlled process that pre-conditions

austenite grains by increasing the grain boundary surface area per unit volume. This will

provide a higher nucleation site density for the subsequent austenite to ferrite

transformation, resulting in a finer ferrite microstructure and a product with higher

strength and toughness. After passing through the finishing mills, the steel is subjected to

water cooling on a run-out table.

3



2.2. Run-Out Table

The run-out table plays a vital role in the production of hot rolled steels. Cooling

rate is the important parameter that can change during run-out table cooling. It dictates

the solid state transformation behaviour of austenite into product phases that include

ferrite, pearlite, bainite and martensite. Steel with ferritic-pearlitic microstructures tend

to be not as strong as those with bainitic and/or martensitic microstructures. However,

bainitic and martensitic microstructures tend to be brittle. To produce steel with an ideal

blend of strength and ductility, a microstructure consisting of some or all of the product

phases is necessary in the final microstructure. Altering the cooling rate allows tailoring

of the final phase composition and subsequently, the mechanical properties of the steel

product. Hence, it is important to understand and control the run-out table cooling

conditions. It is also important to ensure that cooling is homogeneous across the width of

the steel strip to avoid unnecessary variations in microstructure, thermal stresses, and to

maintain flatness of the strip.

A simple schematic of a typical run-out table layout is presented in Figure 2-1.

Typically, hot-rolled steel leaves the finishing mill at temperatures in the range of 800 -

900 °C. The steel strip is then transported to the cooling section by means of motorized

rollers. Cooling is accomplished by subjecting the hot-rolled steel to water via water jets,

curtains, or sprays. The cooling section consists of several water banks, each housing

and feeding water to its own set of headers. The water banks are mounted at the top and

bottom of the rollers. There can be several headers within a water bank, each housing

one or two water curtains or rows of jets or sprays. Top water banks are typically

gravity-fed by water towers whereas bottom jet banks utilize pumps to direct water from

4



a storage tank onto the steel strip. To date, there is no formally established configuration

for cooling and configurations usually vary significantly from mill to mill. Industrial run-

out tables are designed taking into account other factors which may include space

requirements, types of steel produced and gauge thickness.

Finishing Top Jet Bank
Header Down

Coiler

HHHP1 HHHH HHHH
—//

Bottom Jets

Figure 2-1 Schematic of a run-out table (modified from [51)

In industry, there are typically three different nozzle types used to provide water

to the steel strip: round tube nozzles for laminar jets, slot-type nozzles for water curtains,

or spray nozzles for spray cooling systems. A simple illustration of the three different

systems is presented in Figure 2-2.
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Strip I I

Figure 2-2 Three different cooling systems (modified from 151)

Numerous studies have been undertaken to gauge the cooling capacities of the

different water delivery systems. A study done by Tacke et al.[6] found that water

curtain and laminar flow systems generated higher heat transfer rates than spray cooling.

An independent study by Kobrin et aL[7] verified these results by observing similar

phenomena and quantifying a 10-30% improvement in cooling capacity for laminar jet

cooling compared to spray cooling. It is believed that laminar jet and water curtain

systems have higher cooling capacities because they allow for immediate and sustained
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contact between the coolant and the hot surface, and thus a longer liquid-solid contact

time[8]. Studies by Zumbrunnen et al.[9] and Chen et al.[1Oj reveal that uniform cooling

is attained through water curtain systems since water is delivered evenly throughout the

span of the heated surface. On the other hand, laminar jet systems provide more efficient

cooling per unit volume of water than water curtain systems. This is due to water exiting

the laminar jet nozzles with higher velocities resulting in higher heat transfer coefficients.

However, since water is unevenly distributed across the span of the heated surface, the

cooling attained is less uniform than in water curtain systems.

Water is used for cooling during run-out table operations because it is readily

available, easy to handle and able to extract high amounts of heat from a hot surface. Its

ability to extract high amounts of heat is a result of two factors. First, water has a high

specific heat value and second, it has a high heat of vapourization, which allows it to

further absorb more energy or heat when a phase change from liquid to vapour is

involved. When the latter mechanism is involved, the underlying heat transfer that

occurs is known as boiling heat transfer. This highly-efficient type of heat transfer is

taken advantage of when water is used to cool surfaces that are beyond its saturation or

boiling temperature. In industrial run-out tables, boiling heat transfer governs the amount

and rate at which heat is extracted from the steel strip.

7



2.3. Pool Boiling Heat Transfer

Initial studies in boiling heat transfer were accomplished through observation of

pooi boiling experiments, or steady state experiments in which a pooi of coolant (i.e.

water) is maintained adjacent to a heated surface. The boiling phenomenon observed

during run-out table cooling is certainly different in that it is highly transient in nature.

However, pool boiling offers the fundamental groundwork for boiling heat transfer and

much of its fundamentals can be extended to highly transient cases.

Numerous studies in pool boiling heat transfer show that there are different heat

transfer mechanisms, which vary with the surface temperature. These different pool

boiling regimes were first identified by Nakiyama et al.[1 1] and further verified by Drew

and Mueller[ 12]. It is generally accepted that there are four distinct boiling regimes

associated with boiling heat transfer. They are single-phase convection, nucleate boiling,

transition boiling and film boiling [13]. To further illustrate the different regimes, a

schematic of a typical pool boiling curve is presented in Figure 2-3. The pool boiling

curve illustrates the surface heat flux q as a function of surface superheat, or the

temperature above saturation ZlTsat and specifies the different boiling regimes.

The single-phase convection regime occurs at low surface superheat. At these

temperatures, the saturation temperature of the liquid has not been met and no boiling

occurs. Heat transfer is generally accomplished by conduction through the water layer

and supplemented by fluid motion as a result of free convection effects.
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1)

Surface Superheat Log ATsat

Figure 2-3 Schematic of pooi boiling curve (modified from [13])

Point A demarks the onset of the nucleate boiling regime. This is often initiated a

few degrees beyond the saturation temperature of the liquid as kinetic effects typically

impede phase transformations at very small 4Tsat. Within this regime, two different sub-

regimes may be distinguished. In the region from point A to point B, isolated bubbles

form at nucleation sites and detach from the surface. This separation induces fluid

mixing or micro-convective effects near the surface, increasing q. This sub-regime is

known as partially-developed nucleate boiling. During this sub-regime, most of the heat

exchange is primarily through the liquid in motion at the surface and not necessarily

through the vapor formed. As /iTsat is increased beyond point B, the sub-regime shifts

from partially-developed to that of fully-developed nucleate boiling. More nucleation

Nucleate Transition
Boiling Boiling

4 .4

Film
Boiling

A

D
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sites become active and continuous inception and detachment of bubbles is sustained. As

/JTsat increases, heat transfer through vapour formation improves and contributes to the

rate at which q increases. However, as bubble activity and density at the surface

increases, liquid motion near the surface is inhibited, decreasing contributions to q from

micro-convective effects. Eventually, the overall heat flux reaches a local maximum as

illustrated by point C. This point is known as the critical heat flux (CHF).

Beyond the CHF is the transition boiling regime. During this regime,

considerable vapour is being formed and it begins to cover the surface. At any point on

the surface, conditions may oscillate between “wet” and “dry” as the vapour blanket

continues to re-form and collapse. However, with increasing ZiTsat, the fraction of the

surface covered by the vapour blanket increases. Since the thermal conductivity of the

vapour is much less than that of the liquid, increasing ZlTsat results in a continued

decrease in q. As ZlTsat continues to increase, contributions to q from radiation through

the emerging vapour layer also increases. Eventually, the heat flux curve reaches a local

minimum, shown in the figure as point D. This point of local minimum is also known as

the Leidenfrost point.

Beyond the Leidenfrost point, surface heat flux starts to increase again. This

point also marks the end of transition boiling and the onset of film boiling regime.

During film boiling regime, the surface is completely covered by a stable vapour blanket.

Heat exchange between the surface and the coolant occurs by convection of and radiation

through the vapour layer. As shown below, q by radiation (grad) is a function of /JTsat:

grad
= J6(T2 + I, XT + sat X1at) 2-1

10



where u is the Stefan-Boltzman constant, & is the emissivity and T and Tsat are the surface

and saturation temperatures, respectively. Hence, q continues to increase with increasing

Tsar.

2.4. Jet Impingement and Hydrodynamics

The boiling conditions during run-out table cooling are different to pool boiling

since water is impinged on the surface of the hot steel strip by means ofjets. In addition,

the strip is moving through the water jets making the boiling condition highly transient in

nature. Although similar regimes are observed as in pool boiling, the effects of jet

hydrodynamics must be taken into account.

During jet impingement of a liquid on a surface, the liquid may come in contact

with the surface in a number of different ways. The most common of these impingement

types include free surface, plunging, submerged, confmed and wall [13J. A schematic of

the different impingement types are present in Figure 2-4. For run-out tables using

laminar jet nozzles, only the free surface and plunging jet impingement types apply.
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Nozzle

Centreline

Liquid
Plate

(A) Free-Surface

Liquid

Plate
(C) Submerged

Nozzle Plate

Liquid
Plate

ThJJJ
Liquid

Plate
(B) Plunging

Nozzle I
Plate Gas

Liquid

Plate

(D) Confined

(E) Wall

Figure 2-4 Different types of jet impingement (modified from 1131)

In a free-surface impingement type, flow of the liquid from the nozzle to the

surface occurs with minimal restriction. Such is the situation in run-out tables when no

water has accumulated on the surface of the steel. Upon impinging the surface, the liquid

traverses in a radial direction away from the point of impingement. Because the liquid is

in forced motion unlike in pooi boiling scenarios, heat extraction during jet impingement

boiling is more efficient because of forced-convective effects. However, if the excess

water is not removed and allowed to build up, the condition changes to that of plunging.

In this configuration, the liquid must first penetrate and displace liquid that has built up

Gas
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on the surface prior to impinging the surface. As seen in Figure 2-4, liquid movement

after impingement is restricted by the surrounding build-up and this causes even more

build-up surrounding the stagnation point. A plunging impingement type is known to

decrease cooling efficiency as momentum is lost when displacing the liquid build-up on

the surface and the forced-convective effects ofjet impingement are decreased. As such,

industrial run-out tables typically employ various methods of removing water between

water banks to minimize pooling.

A detailed schematic of the free-surface type impingement is presented in Figure

2-5. In this case, the surface is not heated nor is it in motion. Accompanying the

schematic is a plot of the pressure and velocity distribution as a function of distance

along the radial direction. The impingement region (A) bounded by the diameter of the

nozzle is known as the stagnation point. Pressure is highest at the stagnation point due to

contributions from the jet impinging from above. Beyond this area, the liquid enters the

acceleration region (B), where the liquid will accelerate until it reaches the speed of the

jet flow. Beyond radial distances of twice the nozzle diameter, the fluid enters the

parallel flow region (C) where the liquid traverses parallel to the surface without further

acceleration.
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Figure 2-5 Pressure and velocity profile, and flow regions for a jet with a uniform velocity profile
(modified from 1131)

2.5. Jet Impingement Boiling Heat Transfer

When liquid is impinged on a heated surface, as in jet impingement boiling, the

flow of the liquid is affected by the boiling phenomenon that occurs. Also, depending on

surface superheat, all boiling regimes may be present during jet impingement boiling,

particularly at surface temperatures beyond or around the critical heat flux. A schematic

of a heated surface being impinged by a liquid is presented in Figure 2-6. This example

is typical of a situation where the heated surface is at temperatures in excess of the

critical heat flux.

x/d
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Regions
I. Single Phase Forced Convection
II. Nucleate/Transition Boiling
III. Forced Convection Film Boiling
IV. Agglomerated Pools
V. Radiation and Convection to
Suffoundings

•

Steel Plate

I II III IV V

Figure 2-6 Jet impingement surface (modified from 191)

Unlike in pooi boiling conditions, the added pressure from the jet flow allows the

liquid to impinge and wet the surface even at higher AT. This immediately creates a

single-phase convection region in the impingement zone (region I), and coincides with an

immediate drop in local surface temperature. In the impingement zone, forced-

convection effects dominate the heat transfer process, compared to free-convection

effects during single phase convection in pool boiling. As such, heat extraction in the

single phase regime is more efficient in jet impingement boiling and scales with AT, for

as long as the jet is able to impinge and fully wet the surface. In the narrow annulus

surrounding the single-phase convection regime (region II), both nucleate and transition

boiling regimes are thought to exist. Further into the parallel flow zone (region III),

bubbles begin to coalesce and form a stable vapour blanket. The region is called forced

convection film boiling since the nature ofjet impingement forces motion upon the liquid

15



and vapour layers. Further away, more of the liquid evaporates and the water layer is

first reduced to agglomerated poois before ultimately evaporating completely, leaving a

dry surface subject to just radiation and convection heat transfer. As expected, cooling

efficiency is highest under impingement or region I. This region expands radially as the

rest of the surface cools, pushing the other regions outwards until they cease to exist.

Eventually, at lower surface temperatures, region I will encompass the entire surface

area.

An empirical boiling curve developed by Robidou et al.[14] for jet impingement

boiling is presented in Figure 2-7. Although there are noticeable differences compared to

the pool boiling curve presented in Figure 2-3, all four different boiling regimes are still

observed in jet impingement boiling.

N

E

x

z
Forced
convention
regime

st

350 400

Figure 2-7 Boiling curve for free surface jet impingement at stagnation and at 19 and 44 mm from
stagnation 1141 (reproduced with permission from Elsevier)

0 50 100 150 200 250 300

ATM,, K

I’ Stagnation point xi 9 mm x44 mm
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Beyond surface superheat temperatures of 350 °C, only film boiling is said to be

observed across the surface of the heated surface. Below superheat temperatures of 350

°C, varying locations away from the impingement zone begin to differentiate in the

boiling regime experienced. Directly underneath the nozzle at the stagnation point, heat

flux increases as the jet begins to break down the vapour layer. Away from this zone, the

vapour layer remains stable and film boiling continues. Because of the increased heat

flux in the impingement zone, temperature decreases faster in this region, ultimately

wetting the surface completely as nucleate boiling and subsequently forced convection

regimes take over the heat transfer process. Eventually, as the surrounding areas

decrease in temperature, the vapour layer then collapses and the fully wetted zone

expands.

2.6. Previous Studies on Jet Impingement Boiling

Jet impingement boiling is a highly-efficient method for extracting heat and can

have numerous practical applications across many different industries. Hence, there has

been much individual research emphasis on the different boiling regimes and other points

of interest (i.e. CHF and Leidenfrost) occurring during jet impingement boiling.

2.6.1. Single-phase Forced Convection Regime

Investigations on the heat transfer that occurs during single-phase forced

convection was carried out by Wolf et al. [15]. Their studies indicate that during the

single-phase regime, the surface heat flux varies as a function of the radial distance from

the stagnation point. It is proposed that the convective heat transfer coefficient is
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dependent on the characteristics of the boundary layer developed, which is influenced by

hydrodynamics. Beyond a certain radial distance however, the heat transfer coefficient is

deemed constant as changes to the flow characteristics become negligible in the parallel

flow zone. These observations were verified in studies done by Robidou et al [14]. The

plot in Figure 2-7 clearly indicates that at the single-phase regime, the reported heat flux

at the stagnation point is much higher than values reported at distances further away. At

two different distances within the parallel zone, there is no difference in the recorded heat

flux.

Another consideration is the pressure distribution over the radial distance in free-

surface type jet impingement. The pressure distribution determines the local saturation

conditions of the liquid along the surface. Such differentiation in saturation temperature

will cause variation in liquid sub-cooling and surface superheat, and a subsequent shift in

the boiling curve. Experimental work by Hauksson [16] found that the increased pressure

in the stagnation point causes up to a 5 °C increase in saturation temperature.

2.6.2. Nucleate Boiling Regime and Critical Heat Flux

While jet flow hydrodynamics will have a pronounced effect on the heat flux

values in the single-phase regime, Wolf et al. [15] determined that this did not occur in

the nucleate boiling regime. It is surmised that during the nucleate boiling regime, heat

exchange through vapour formation dominates the heat transfer process such that

contributions from forced-convective effects and hydrodynamics become negligible.

However, studies by Miyasaka et al. [17] found the transition to nucleate boiling from

transition boiling (CHF) may shift to a higher heat flux and surface superheat with
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increased jet flow velocity and larger liquid subcooling. This was verified by numerous

other researchers who report a strong dependence of CHF on jet flow velocity and liquid

subcooling [18-20].

Mitsutake and Monde [20] experimented with other parameters including liquid

subcooling. They found that increasing the liquid subcooling tend to increase the size or

radial bandwidth of the nucleate/transition boiling regime that circumcise the single-

phase regime. They also found that varying the jet velocity causes the nucleate boiling

annulus to traverse to a predetermined radial distance away from the stagnation point

faster. Based on their observations, Mitsutake and Monde developed a relationship for

the location of the boundary between the nucleate boiling regime and the single-phase

regime as a function of time. The developed relationship is presented by:

rwei =axt 2-2

where a and n are experimentally determined constants, rwej represents the radius of the

wetting zone, and t is the time.

The boiling conditions outside of the stagnation point during the nucleate boiling

regime were also considered in the experimental work of Robidou et al[14]. A plot of the

different boiling curves developed for different distances away from stagnation point is

presented in Figure 2-8.
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Figure 2-8 Jet impingement boiling curves at varying distances from stagnation [141 (reproduced
with permission from Elsevier)

Robidou et al [14] found that the change from transition boiling to nucleate

boiling away from the stagnation point occurred at lower ZiTsat and are marked by lower

local CHF values. However, the CHF for the locations away from stagnation tend to

occur along the nucleate boiling curve developed for the stagnation point. It is believed

that transition boiling persists at lower /JTsat since there is less pressure at distances away

from the stagnation point. Hence, the location in the boiling curve of the CHF reflects

this variation in hydrodynamics as observed by Miyasaka and others [17-20].

It can then be said that for a given set of jet impingement boiling parameters,

there is a universal curve for all locations at the temperature range wherein nucleate

boiling exists. This suggests that all locations will follow the same nucleate boiling curve

for as long as the fluid flow conditions permit it — i.e. there is sufficient pressure from the
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liquid to retard vapour formation. Increased fluid pressure will extend the nucleate

boiling regime and the CHF to higher q and ilTsat. Since the fluid pressure in the parallel

flow zone is less than in the stagnation zone, vapour films initiate at lower temperatures.

The respective boiling curves at these locations diverge at lower CHF and zIT5.

2.6.3. Transition Boiling Regime

In jet impingement boiling, transition boiling is thought to exist in the annulus

surrounding the fully-wetted region. This thought is based on accounts that a non

uniform heat flux profile is observed within this annulus [17, 21]. Studies by Pan et al.

[22] showed that unlike in nucleate boiling, hydrodynamics has a significant effect on

heat flux values within the transition boiling regime. This observation is also made in the

work by Robidou et al. [14]. As shown in Figure 2-8, there is a noticeable discrepancy in

the transition boiling heat fluxes at varying distances from the stagnation point. These

distances are also representative of the varying hydrodynamic conditions observed during

jet impingement. Pan et al. mentioned that increased liquid turbulence and bubble

agitation observed at the stagnation point enhances heat extraction during transition

boiling. Robidou et al. explained this effect by suggesting that the process of bubbles

breaking apart to smaller bubbles, or microbubble emission, is responsible for this

increased liquid turbulence.

Hamad et al. [21] studied the development of the transition boiling regime using

images taken during jet impingement boiling experiments. In their study, they observed

discernable features that demarcate the radial edge of the wetted zone (r), and as well as

the radial edge where no boiling occurs (r3). They believed that these features bound the
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transition boiling regime and were subsequently tracked to show its evolution. Results of

their study are presented in Figure 2-9. In addition to r8 and r, the figure also tracks the

radial position of where the maximum heat flux (rq) and maximum heat transfer (rh)

coefficient are observed.
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Figure 2-9 Expansion of transition boiling regime during jet impingement boiling (modified from
1211)

Based on observations by Hamad et al. [211, the transition boiling regime does not

emerge until one second after the plate is impinged by the jet. As r and r traverse

further away from the stagnation point, the distance between them expands suggesting

that the transition boiling regime also expands as it evolves. It is also worth noting that

prior to the five second mark, the maximum heat flux is recorded inside the region where

no boiling occurs. Thereafter, the maximum heat flux is observed at the same radial

location as r.
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2.6.4. Leidenfrost Point and Film Boiling

At the Leidenfrost point, heat flux is at its minimum and a stable film develops

marking the onset of film boiling. In jet impingement boiling studies, the location of the

Leidenfrost within the boiling curve is considered important since it is associated with the

progression of the rewetting front. Hence, the Leidenfrost point is also referred to as the

rewetting temperature.

Numerous researchers have observed that the Leidenfrost point is strongly

affected by the amount of liquid subcooling ATb, or the temperature below saturation.

Similar observations are made with regards to the effect of jet velocity [23,241. The

dependence on jet velocity is indirectly a result of liquid subcooling since the varying

pressure that corresponds with jet velocity changes the saturation temperature of the

liquid, and hence the liquid subcooling as well.

The effect of ATb and jet velocity is documented in studies by Ishigai et al. [23].

A summary of their findings is presented in Figures 2-lOa and 2-lOb. Figure 2-lOa

shows that with a larger ATb, the Leidenfrost point is shifted to higher heat fluxes. The

same conclusion is drawn with increasing jet velocity, as shown in Figure 2-lOb.

However, increasing the jet velocity does not shift the Leidenfrost point to higher ATsat as

observed with larger ATb.
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Figure 2-10 Effect of ATSUb (a) and jet velocity V (b) on the Leidenfrost point (modified from 1231)

Based on their observations, Ishigai et al.[23] formulated a correlation to

determine the heat flux at the Leidenfrost point as a function of both jet velocity vjet and

liquid subcooling, i.e.

=5.4x(1+0.527I\TSUb)xv° x104 (W/m2) 2-3

A similar study was performed by Liu [24] to develop a new correlation for the

minimum heat flux which included the diameter of the nozzle. The resulting correlation

from this study is given by

= 0.2OATSUb (“jeg /d)° x io (W1m2) 2-4

Under the same conditions, minimum heat flux values calculated using Liu’s

developed relationship are found to be 20% less than those calculated using Ishigai’s
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equation. However, both correlations suggest a strong dependence of the minimum heat

flux on ATb. Liu also observed that a linear relationship exists between the surface

superheat temperature where the Leidenfrost point occurs and

Similarly, heat flux in film boiling has a strong dependence on liquid subcooling.

Studies by Liu and Wang [3] suggest that liquid subcooling has a much stronger effect on

heat transfer than jet velocity. In their studies, they observed that larger liquid subcooling

causes the boiling curve to shift to higher surface superheat temperatures and heat flux.

The same observations were made in studies by Zumbrunnen et a!. [9].

The effect of distance from stagnation on the heat transfer at the Leidenfrost point

and film boiling regime was studied by Robidou et al [14]. As shown in Figure 2-7, the

Leidenfrost point at locations away from the stagnation occurred at much lower surface

superheat temperatures. When film boiling is experienced at all locations, the heat fluxes

at the stagnation zone are found to be approximately 25% higher than in the parallel flow

zone. Robidou et a!. believed that the film layer in the stagnation zone is thinner, giving

rise to a higher thermal gradient, and subsequently heat flux than experienced in the

parallel flow zone. Robidou et al. also noted that there were no observable fluctuations in

temperature during film boiling, thus suggesting that the vapour layer developed is stable.

2.6.5. Effect ofMultiple Nozzles in Jet Impingement Boiling

In run-out table cooling, multiple nozzles arranged in arrays are used to cool the

steel strip. In laminar nozzle systems, water from a top nozzle will spread radially as

shown in Figures 2-4 to 2-6. When using multiple nozzles, the spread from each nozzle

may interact with one another. Such interactions further complicate the underlying heat
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transfer process that occurs during run-out table cooling and many studies have been

undertaken to further understanding of it.

According to Filipovic et al. [25], multiple impingements causes 3 distinct

cooling regions to occur and are identified as the following:

1. The impingement cooling zone, where water from the jet immediately

comes in contact and wets the surface

2. The interaction zone between two neighboring jets in the same jet line

3. The interaction zone between jets from consecutive jet lines

Monde et al. [26] studied the effects of multiple jet impingements on nucleate

boiling heat transfer by utilizing combinations of 2 to 4 jets impinging on a heated

surface. Heat flux values from their experiments are compared with results from earlier

studies which used a single, circular, free-surface jet. They observed that the degree of

scatter in the data is typical for nucleate boiling and concluded that multiple jet

impingements had little to no effect on the heat flux in the nucleate boiling regime.

Results of these studies are reviewed by Wolf et al. [13]. They suggested that the scatter

initially observed by Monde et al. is not random. Wolf et al. showed that for

comparisons with respect to position, where the number of jets is fixed, sizable and

consistent differences in the heat flux are observed.

Further investigations on multiple jet impingement were carried out by Sakhuja et

al. [27]. In their study, nozzles were arranged in a staggered configuration and nozzle

spacing was varied and ranged from 4 to 12 nozzle diameters apart. They observed that

the nucleate boiling heat flux is influence by the nozzle-to-nozzle spacing and that
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maximum heat fluxes were reported when the nozzle spacing was in the range of 8 to 10

diameters apart.

Slayzak et al. [28,291 experimentally studied the interaction between two jet lines.

Results of their experiments indicate that there were three high heat transfer regions

along the heated sample surface. Two of these high heat transfer regions correspond to

the stagnation points of the two jet lines. The third high heat transfer region occurred at

the interaction zone between the two jet lines. In the experiments, the jet line spacing

used was far enough apart that the median between two jet lines lies well outside of both

impingement cooling zones. Despite this, the heat transfer coefficient in this area was

found to be comparable to those observed in the impingement cooling zone. Slayzak et

a!. suggested that the high heat flux region in the interaction zone between jet lines is

caused by the formation of an interaction fountain that results from the colliding flows.

When the jet velocity of the jet lines were varied from one another, the location of the

interaction zone shifts from the median and towards the weaker jet.

Haragushi and Harkik [30] investigated the effect ofjet spacing on the uniformity

of heat extraction by multiple jet lines. In their experiments, jet diameter, jetline spacing

and nozzle to plate distance were held constant and the nozzle spacing within a jet line

was systematically varied. They found that reducing the nozzle spacing in a jet line

greatly improves the uniformity of cooling across the width of the heated sample plate.

They deduced that uniform cooling is achieved if the impingement zones of the jets

wholly cover the distance between nozzles.

The effect of nozzle configuration on the heat transfer occurring in the interaction

zone was investigated by Liu et al. [31]. In their experimental work, two or more jets
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were used and the nozzle spacing, water temperature and water flow rate were varied. A

summary of their test parameters is presented in Table 2-1.

Table 2-1 Test conditions for experiments by Liu et al 1311

No. of Nozzles Nozzle Spacing, mm Water Temperature, °C Flow Rate, 1/mm

2 140 13 58/58

2 140 27 60/60

2 140 28 30/60

2 80 28 30/30

3 90 30 30/30/30

Liu et al. concluded that jet interactions in general have significant effects on the

heat transfer that occurs during jet impingement boiling. When the two flows collide, an

interaction fountain is reported as similarly observed in studies by Slayzak Ct al. [27,281.

However, Liu et al. found that cooling intensity is weakest at the flow interaction area. It

is deduced that flow at the interaction area is essentially stagnant as the flows from

opposite directions cancel each other out. Thus, the local heat transfer coefficient in this

area is also reduced. However, the cooling intensity at the interaction zone increases

when the nozzle spacing is close enough such that the impingement zones of two

neighboring jets interact with each other. When there is discrepancy between flow rates

of adjacent jets, lower heat fluxes are recorded by the weaker jet as the crossflow

imposed by the stronger jet produces less favourable hydrodynamic conditions.

2.6.6. Effect ofSurface Motion on Jet Impingement Boiling

Jet impingement boiling during run-out table cooling is further complicated by

movement of the steel strip. In stationary surfaces, the impingement zone created by
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circular nozzles is typically circular in shape. This is not necessarily the case when

motion is incorporated. Also, unlike for stationary surfaces where the impinged area

remains the same, movement of the surface only allows limited contact time between the

jet and the impinged area.

Zumbrunnen et al. [9, 32] studied the effects of motion during jet impingement of

a heated surface. A sunmiary of the different parameters tested is presented in Table 2-2,

and results of their study are shown in Figure 2-11.

Table 2-2 Test conditions for experiments performed by Zumbrunnen [32]

Jet Initial Plate Water
Test Reynold’s Jet Width

Speed number
Velocity

(mm)
Temperature Temperature

(mIs) (°C) (°C)

OmIs 24000 2.60 1.02 95 21.2

0.15 rn/s 24000 2.60 1.02 106 22.9

0.31 mIs 24000 2.60 1.02 92 21.3

0.5

— — Omis
— 0.15m/s

0.4 — 0.31 rn/s
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Figure 2-11 Nusselt numbers from 3 experiments with different plate speeds (modified from 32)
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In the study, the heat and mass transfer distributions for a moving flat surface are

estimated through numerical analyses utilizing the Navier-Stokes equation. In these

estimations, both the effects of surface temperature and surface motion were considered.

Because the same fluid make-up (water) and velocity are used in the tests, the same

Reynolds (Re) and Prandtl (Pr) number are constant for all experiments. Hence, the plot

shown in Figure 2-11 shows the variation in Nusslet number (Nu) as a result of different

test speeds. Their experimental work shows that a moving surface causes the Nu to

increase. Nu is a dimensionless value that describes the relationship between the

convective heat transfer that occurs, and the conductive heat transfer that would have

occurred had there been motionless fluid instead. Hence, a larger Nu would correspond

to larger heat fluxes and greater cooling capacities. Zumbrunnen et al. believe that the

larger Nu reported for moving surfaces is a result of increased turbulence in the boundary

layer. This subsequently improves heat transfer. They also suggest that in a stationary

surface set-up, a more stagnant and thicker boundary layer develops resulting in less heat

transfer.

The effect of varying surface velocities was investigated by Hatta et al. [33]. In

their experimental work, a moving hot steel plate was passed under a laminar water

curtain at different velocities. The velocity of the sample plate was systematically varied

between 0.48 and 2.4 rn/mm. Their studies show that the sample plate’s velocity has a

strong effect on the cooling that takes place. When passing through the water curtain,

faster moving plates tend to incur less temperature drop than slower moving plates. This
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is largely a result of less contact time between the water curtain and the heated surface at

high plate velocities.

Further studies on the effect of motion on heat transfer during jet impingement

boiling were undertaken by Chen et al. [10, 34-36] and Han et al. [8]. In their

experimental work, an apparatus was developed to test the cooling conditions during

impingement from a bottom jet. This essentially eliminates the effects of pooling as

water from the jet will fall off the plate surface due to gravity. A notable observation in

their studies was that the motion of the surface causes the shape of the water film to

stretch along the moving direction. Thus, the jet leaves an elliptical footprint contrary to

the circular one observed in stationary jet impingement experiments. They also found

that surface motion does not affect the heat transfer conditions inside the impingement

zone, and that the heat transfer coefficients reported are similar to ones observed in

stationary experiments.

Prodanovic et al. [2, 37] performed moving plate experiments using a pilot-scale

run-out table facility developed at the University of British Columbia. In these

experiments, a single top jet nozzle was used and plate speed was set at 0.35 and 1.0 mIs,

respectively. Aside from velocity, flow rate and liquid subcooling were also

systematically varied. Their observations indicate that cooling rate increased with

slower velocities as also observed by Hatta [33]. A plot of the calculated peak heat flux

versus entry surface temperature is presented in Figure 2-12. The calculated peak heat

flux is the maximum heat flux recorded as a result of the plate passing through the jet.

The surface entry temperature is the surface temperature recorded prior to passing

through the jet. Both values were calculated from subsurface temperature measurements
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using inverse analytical methods. Prodanovic et al. also reported that the maximum heat

flux occurred at surface temperatures between 300 and 350°C and that the size of the

impingement zone increases with decreasing surface temperature.
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Figure 2-12 Peak surface heat flux as a function of entry temperature (modified from [37])

Johndale [38] followed up on investigations by Prodanovic et al. by incorporating

three nozzles in one jet line in lieu of just one. Parameters investigated in his

experimental work include water flow rate, plate speed and the spacing between nozzles.

Jolmdale’s results verified earlier observations that cooling rate increases with decreasing

speed. However, the effect of plate speed on heat flux is not as significant in the nucleate

boiling regime and its extent diminishes at lower entry temperatures. In addition, the

results also indicated that the maximum heat flux recorded shifts to lower surface entry

temperatures with increasing speed. Johndale also observed that much higher heat fluxes
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were recorded inside the impingement zones than outside, which includes the interaction

zones. With decreasing surface temperatures, the size of the impingement zones grow

eventually encompassing the entire distance between nozzles. Heat flux across the

impingement zones tend to be uniform, suggesting that uniform cooling can be attained if

the impingement zones are deliberately allowed to converge with one another.
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3. RESEARCH OBJECTWES

The research objective of the present study is to investigate the effect of multiple

water jet impingements on a moving hot steel plate. The experimental work serve as a

follow up to initial moving experiments carried out by Johndale [38] and a second jet line

of three nozzles is added to the investigation. In this particular study, the following

parameters will be investigated

• jet line spacing

• jet line stagger

• plate speed

The aforementioned parameters are varied to investigate their effects on cooling

efficiency. Cooling efficiency is characterized by the surface heat flux calculated from

the temperature measurements. Special attention is placed on determining optimum jet

configuration in both transverse and rolling directions that would allow maximum

cooling efficiency while minimizing surface temperature gradients across the width of the

plate. Results of this study will be used to improve understanding of jet interactions,

which will lead to design optimization of industrial run-out table headers. The results

will also form an experimental database for modeling of heat transfer and improving the

hot mill model.
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4. RESEARCH METHODS

4.1. Experimental Procedures

4.1.1. Test Facility

The UBC run-out table is a 20 m long pilot-scale facility that has been designed to

simulate industrial cooling conditions that occur in hot strip mills. The facility has a

moving test bed hence heat transfer studies on moving steel plates can be conducted.

Thermal history of the test plate is recorded by installing sub-surface thermocouples on

the test plate. A schematic of the facility and its main components are shown in Figure

4-1. A summary of the key specifications of the pilot-scale run-out table facility is

presented in Table 4-1.

At one end of the facility is an electric furnace (1), where samples can be heated

up to 1000 °C. The furnace is fitted with a gas line to supply nitrogen thereby providing

an inert atmosphere that will minimize the formation of scale. Next to the furnace is a

chain drive system (2) to transport the test sample for passes under the cooling section

(3). The chain drive system measures 15 m in length with the initial 10 m situated prior

3

4
2 1

Figure 4-1 Schematic of pilot-scale run-out table at UBC
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to the cooling section for acceleration of the test plates. At the other end of the chain

drive is a hydraulic power unit (4) which drives a torqmotor to move the test plate

through the cooling section at a prescribed speed. The motor can drive test plates up to a

speed of 3.0 mIs. The speed of the chains is controlled by a computer generated voltage

signal given to the proportional control valve on the hydraulic power unit.

The cooling tower measures 6.5 m in height and houses two tanks (top and

bottom) as well as the headers and nozzles for top and bottom cooling systems. Both top

and bottom cooling systems can be turned on concurrently. However, experiments only

utilize either the top or bottom cooling system only as placement of thermocouples on the

opposite surface provides only one available surface for investigation. A tank heater is

situated in the upper tank and is primarily used for conditioning the water to the proper

subcooling temperature. The bottom tank serves as a containment vessel for capturing

water exiting the nozzles. A recirculation pump is used to recycle water back to the

headers.

The top jet cooling system consists of two headers, each housing ajet line of three

laminar jet nozzles. Flow to each header is controlled by electronic solenoid valves.

Flow out of each nozzle is monitored with a turbine flow meter. The standoff distance

between the plate and nozzle can be varied up to a maximum height of 1.5 m.

Signals from the thermocouples as well as measured flow rates from the flow

meters are collected via two external data acquisition boards and transferred to a PC

using DASYLabTM 7.0 data acquisition software. The software also manages outgoing

voltages that control the hydraulic power unit.
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Table 4-1 Summary of key specifications of pilot-scale run-out table

Electric heat furnace Denver fire clay (208V, 92A, 60Hz)
Maximum heating temperature: 1000 °C

Water pump 1 5HP, 3600RPM, 60Hz
Upper tank 1.5x1.5x1.Om with 30kW heater

Lower tank 3x0.7x1.2m

Top Jet Lines 2

Top Nozzles 6

Bottom Nozzles 1

4.1.2. Material and Sample Preparation

The test samples used for this study are made from as-hot rolled high strength low

alloy (HSLA) steel plates supplied by ArcelorMittal Dofasco located in Hamilton,

Ontario. The plate dimensions are 1200 x 430 x 6.65 mm. The chemical composition of

the steel is given in Table 4-2

Table 4-2 Steel sample chemistry

Element Wt. %
C 0.0512

Mn 1.289
P 0.012
S 0.0041
Si 0.1015
Cr 0.0434
Ni 0.0127
Mo 0.0106
Al 0.0395
N 0.0045
Ti 0.0032
V 0.0061

Nb 0.0689
Fe Balance

Each test plate is instrumented with eighteen 1.6mm type-K thermocouples, nine

of which are primarily used for the analysis, and another nine serving as back-ups. The
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thermocouples are stripped of their sheathing and embedded in 1.59 mm diameter holes

drilled from the bottom of the plate to a depth of approximately 1 mm below the top

surface. The thermocouple wires are spot welded to the bottom of the hole forming an

intrinsic type thermocouple junction. Thermocouples along the lateral direction of the

plate are placed 12.6 mm apart. The distance between the two sets of nine thermocouples

is set at 25.4 cm or 50.8 cm depending on the jet line distance used for the experiment. A

schematic of the plate and thermocouple locations for a jet line spacing of 25.4 cm is

presented in Figure 4-3.

43cm

4
‘ 120cm22.7 cm 25.2 cm

Figure 4-2 Schematic of sample test plate with dimensions and thermocouple locations

Prior to instrumentation, the test plate is first attached to a steel carrier. The

carrier functions as a bed for the test plate so it can be placed and removed from the

furnace and onto the chain drive system. After attachment to the carrier, the depth of the

pre-drilled holes for the thermocouples is precisely measured. This is accomplished by

inserting a probe of known length inside the hole. The portion of the probe that crops out

of the hole is measured to determine the depth of the hole. The hole is subsequently
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cleaned using methanol and pressurized air. Then, instrumentation with thermocouples

can begin.

A schematic of the thermocouple installation is presented in Figure 4-3.

Approximately 7mm of the original thermocouple sheathing is first removed to reveal the

thermocouple wires. The wires are then inserted into a ceramic tube insulator. The

ceramic tube ensures that the wires do not touch and temperature is measured at the

intended location. The thermocouple wire and ceramic tube set-up is inserted into the

pre-drilled holes located at the bottom of the test plate. The wires are then spot welded

into the bottom of the hole. The sheathed portion of the thermocouples is anchored on

the bottom surface of the test plate using screws to hold the thermocouple in place and to

ensure that the wires remain welded in the hole.

Quench surface

Test Plate

Figure 4-3 Cross-sectional view of thermocouple installation

4.1.3. Test Matrix and Procedure

A test matrix for this research has been devised to study the effect of jet line

spacing, stagger and plate speed on heat transfer. Each jet line consists of three nozzles

that are placed 1 .5m above the moving steel plate. Jet line spacing is varied between 25.4

cm and 50.8 cm. Stagger is set at either 0 mm (no stagger), 25.4 mm or 50.8 mm.

Thermocouple —*

Wire
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Considering that the nozzle spacing is set at 100.8 mm, a 50.8 mm stagger will form an

alternating array of nozzles between the first and second jet line. The plate speed is varied

from 0.35 to 1.0 mIs. A total of 12 different set-ups are investigated. Details of the

parameters for the tests presented here are summarized in Table 4-3. For all tests, a

constant flow rate of 15 1/mm is maintained for all nozzles and water temperature is held

at25 °C.

Table 4-3 Test Matrix

Nozzle
Jet Line

Set-up Stagger Speed (mis)Spacing (cm)
(mm)

1 25.4 0 0.35
2 25.4 0 1.0
3 25.4 25.4 0.35
4 25.4 25.4 1.0
5 25.4 50.8 0.35
6 25.4 50.8 1.0
7 50.8 0 0.35
8 50.8 0 1.0
9 50.8 25.4 0.35
10 50.8 25.4 1.0
1 1 50.8 50.8 0.35
12 50.8 50.8 1.0

Considering the thermocouple configuration presented in Figure 4-3, the nozzles

are arranged in such a way that temperature measurements in both the impingement and

interaction zones are taken, regardless of the nozzle configuration (stagger) deployed.

Close-up views of the thermocouple configuration with the expected impingement zones

of each stagger configuration are presented in Figure 4-4, Figure 4-5 and Figure 4-6. As

can be seen from the figures, the 2 groups of 9 thermocouples capture information on a

100.8 mm band of the plate. In the non-staggered case (Figure 4-4), the centre nozzles of

each jet line pass through the centre-line of the 100.8 mm measurement band. To form
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the staggered arrangements, both jetlines are adjusted by moving both about the centre-

line in opposite directions.

0 C

• 12.7mm

C

• 101.6mm

o C

Figure 4-4 TC configuration and expected impingement from no stagger case

a
0

a 25.4 mm

0
0

Figure 4-5 TC configuration and expected impingement from 25.4 mm stagger case
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Figure 4-6 TC configuration and expected impingement from 50.8 mm stagger case

After instrumenting the plate, the plate-carrier assembly is placed on the chain

drive system. The location of the thermocouple holes are marked on the top surface of

the test plate using permanent ink. The plate-carrier assembly is then positioned

underneath the nozzles and the circulation pump is turned on to allow water flow through

the nozzles. The nozzles are adjusted such that impingement occurred at the marked

locations as presented in Figure 4-4. After adjustment of the nozzles, the thermocouples

are connected to the data acquisition system and the plate-carrier system is placed in the

furnace.

While the test plate is in the furnace, water from the bottom tank is pumped to the

top tank for temperature conditioning. The water temperature is set and maintained at 25

°C for all the tests. Upon reaching the set temperature, the top tank is emptied into the
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bottom tank. Water temperature is maintained through controlled adjustments by

addition of hot (—50 °C) or cold (—15 °C) tap water.

In the experiments, the plate is heated to 850 °C in order to attain a first pass

under the cooling section at approximately 700 °C. After the pass, flow from the nozzles

is temporarily stopped, and the plate is moved back and allowed to thermally equilibrate.

The plate is then moved through the cooling section to simulate a next pass at lower

temperatures. The process is repeated until the plate temperature no longer rebounds

above 150 °C.

4.2. Analytical Procedures

4.2.1. Inverse Heat Conduction Analysis

Sub-surface temperature measurements during run-out table cooling experiments

are useful data in studying the heat transfer processes that take place. However, inverse

heat conduction (IHC) algorithms provide a means of using the measured temperature

history to calculate the heat flux and temperature history at the quench surface. In the

present study, all temperature-time data were analyzed using the IHC model developed

by Zhang [39].

This IHC model utilizes finite element and inverse methods to predict the heat

transfer boundary condition at a surface by using the thermal history at a known interior

location. Calculation of the surface heat flux and temperature is accomplished through a

two-step process. First, an initial guess for heat flux is used and the direct solution to the

heat conduction problem is determined by calculating the temperature evolution after a

predetermined number of future time steps. In the second step, the inverse routine
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compares the measured temperature values with the calculated temperature values. The

difference between the measured and calculated values is then used to calculate a new

heat flux and the first step is repeated. This process continues until a set of pre

determined convergence criteria have been met. Details of the convergence criteria and

other aspects of the IHC model used are given in Reference 39.

The IHC model considered a 2-D axisymmetric domain representing both the

sample and the thermocouple as shown in Figure 4-7. TR and TD denote the

thermocouple radius and depth, respectively. For all IHC analyses in this study, TR is

constant at 0.8 mm. The domain is meshed using linear elements. A finer mesh is

applied in the areas adjacent to the quench surface as larger gradients are expected in this

region. Details of the mesh density and element size at the various areas of the domain

are presented in Table 4-4. It should be noted that the values summarized in Table 4-4

are for the condition where TD is 1 mm. For each calculation, the domain used is

updated and adjusted such that the precise measured dimension for TD is used.
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Figure 4-7 2-D axisymmetric domain used in IHC analyses

Table 4-4 Mesh density information and size of elements

Section Elements Arrangement (r x z) Element Size (mm)
A 25 5x5 0.16x0.21
B 50 10 x 5 0.555 x 0.210
C 100 10 x 10 0.555 x 0.560

The model also requires the thermophysical properties of the material that is

investigated. There is no available specific data for the HSLA steel used in the

experiments. Instead, values taken from literature for steel with similar chemistry — AISI

1008 — are used in this study [40]. A summary of these properties is presented in Table

4-5.

6.35 mm

r
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Table 4-5 Material properties of steel used in INC model

Property Value
Conductivity: k 60.571—0.03849xT çWIm°C]

Density: p 7800 [kg / m J
Specific heat: cp 470 [J / kg °C]

It is imperative to include the thermocouple in the analysis because under high

surface heat flux conditions, the presence of the thermocouple creates errors in the

calculation of heat flux at the surface [41]. This is attributed to the presence of the

thermocouple hole, which has a much lower thermal conductivity than the steel sample.

Since the thermal conductivity of the thermocouple hole is much less than that of the

steel, heat transfer through the thermocouple-sample boundaries becomes negligible and

an adiabatic hole can be used in lieu of the actual thermocouple [42].

The use of a 2-D axisymmetric domain is an approximation of the actual situation

being considered. When the plate passes through the cooling section, the impingement

zone travels from one end of the plate to the other and passes directly on top of certain

thermocouples only. Hence, the cooling response surrounding each thermocouple is not

truly axisymmetric as the cooling conditions would also induce gradients in the

0—direction. This would necessitate use of more complex 3-D analyses instead.

However, previous study by Chan [43] showed that these gradients are an order of

magnitude less than the gradients experienced in the z-direction and can be considered

negligible. Thus, using a 2-D axisymmetric domain as a simplification to the problem is

valid. The also model makes another simplification by not accounting for the latent heat

generated during phase transformation.

46



The finite element portion of the IHC model directly solves the heat conduction

equation as presented by

4-1
rôr ôr) ôz ôz) °

where k is the thermal conductivity (W1mK), C is the volumetric specific heat (Jim3)

and t is the time (sec). Referring to Figure 4-7, the applicable boundary conditions for

the model are defined as follows:

I. Due to symmetry, there is no heat flow across the centreline

6T
—k— =0 4-2

8r
,

II. An adiabatic condition is assumed between the thermocouple and the sample, i.e.

there is no heat flow between the thermocouple and the sample

—k- =0 4..3
ÔZ O<r<TR,z=(z=TD)

III. As with boundary II, an adiabatic condition is assumed between the thermocouple

and the sample.

—k =0 4.4
r=TR,O<z<(z—TD)

IV. Heat flow through the bottom boundary is governed by both convection and

radiation. However, heat transfer by radiation is much larger than convection at

high temperatures. Hence, contributions from convective heat transfer are deemed

negligible and ignored in the model. The underlying boundary condition is

governed by:

h=J6(T2+TT+Tj 4-5
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where u is the Stefan-Boltzman constant, e is the emissivity and T is the ambient

temperature. Emissivity is a function of temperature in °C such that

T
(0125

T
—0.38’l+1.l 4-6

1000\ 1000 J

V. The boundary away from the TC hole forms the border between steel that is inside

and outside of the domain. A semi-infinite solid is assumed such that thermal

conduction is present as shown by

aTqr =—k-- 47

VI. The quenched surface is the unknown boundary being calculated by the IHC model.

During running of the finite element portion of the model, this boundary

corresponds to an applied surface heat flux q.

q=—k—— 4-8
Z=Zma.

The starting temperature measured by the thermocouple also serves as the initial

condition of the model. It is assumed that at the beginning of a test, a uniform

temperature exists throughout the domain.

T(r,z)0 T, 4-9
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4.2.2. Interpolation ofMeasured Temperature Data

One of the limitations of IHC algorithms is their dependence on data frequency to

calculate highly dynamic heat flux conditions. Such can be the case in run-out table

cooling experiments as abrupt changes in heat flux are expected when the plate moves in

and out of the water jets. This difficulty arises from the manner in which the inverse

portion of the IHC model calculates the heat flux. Surface heat flux is calculated by

determining the required change in heat flux necessary to induce the measured

temperature change from the current time position being evaluated to a predetermined

future time step. This calculated rate of change in heat flux is then used to calculate the

heat flux in the next time increment.

When the data frequency is low, there may be insufficient data points surrounding

abrupt changes in temperature, inhibiting convergency between the solution and the

measured temperature. An example of this IHC limitation is presented in Figure 4-8.

The figure shows a typical measured temperature history recorded during a pass under

one jet at 1 mIs and the predicted temperature history calculated by an IHC model. In

this case, data was acquired at the maximum rate of 30 Hz. The figure also shows that

the solution does not converge with the initial temperature measurement. There are not

enough data points during the temperature drop to establish the proper slope that is

actually experienced in this region. Because a much less pronounced temperature drop is

calculated by the IHC model, the corresponding calculated heat flux is also expected to

be less.
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Figure 4-8 Comparison of measured temperature and IHC results

To ensure that the measured temperature history converges with the solution, it is

imperative that the data set being analyzed has sufficient data frequency. This can be

accomplished by using higher data acquisition rates or introducing data points in between

existing ones through interpolation. With more data points, the IHC calculations are

allowed to “catch up” and settle into the proper slope prior to another abrupt change. The

effect of using higher data frequencies is presented in Figure 4-9. The original measured

temperature curve is reproduced by linearly interpolating a data point between existing

ones, thus doubling the effective data frequency. As seen on the figure, the IHC

predicted values converged better with the measured values. Its effect on the subsequent

surface heat flux calculation is also shown in Figure 4-10.

259.6 259.8 260 260.2 260.4 260.6 260.8 261
Time (s)
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Figure 4-9 Comparison of interpolated measured temperature and IHC results
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Figure 4-10 Comparison of heat flux values calculated by IHC analysis with different acquisition
rates
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In the experiments, the maximum data acquisition rate that can be attained is

governed by the number of thermocouples used in the study. In the present set-up of 18

thermocouples, the maximum acquisition rate obtained is 50 Hz. This low acquisition

rate does not constitute the measured data as unsuitable for analysis using the IHC model.

It is worth noting that very little noise is observed in the measured data, as exemplified

by the smooth trend in Figure 4-8. This allows the use of spline routines to create

additional data points. The smoothness of the measured values suggests that interpolated

points in between the existing data set are valid assumptions of the overall temperature

history. Thus, to further improve the data frequency, the measured temperature history

data is subjected to spline interpolation. A routine is developed using SigmaplotTM

software to produce an interpolated data point in between existing data points, thus

effectively doubling the data frequency to 100 Hz. A first order spline or linear

interpolation was used.
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5. RESULTS AND DISCUSSION

5.1. Temperature Curves

Representative cooling curves of measured sub-surface temperature versus time

are presented in Figure 5-1. The data shown in Figure 4 are from the test performed

without stagger, jet line spacing of 25.4 cm and plate speed of 1.0 mIs (Set-up 1).

Temperature readings are from the central thermocouple which passes directly under the

stagnation zone of both centre nozzles, as depicted in Figure 4-4.

600

400

200

0

500

Figure 5-1 Measured thermal history for Test 2 (speed = 1 m/s, spacing = 25.4 cm, stagger = 0 mm)

Figure 5-1 shows a clear trend of the thermal history observed during a test.

When the plate passes through the cooling section, an immediate decrease in temperature

is experienced and is indicated as P1, P2 etc. After the plate leaves the cooling section,

0 100 200

Time (s)

400
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the temperature of the steel begins to rebound due to the thermal mass of the plate. A

closer look at individual passes is presented in Figure 5-2 and Figure 5-3, respectively,

wherein the time scale is reset to zero when the front edge of the plate reaches the first jet

line. Figure 5-2 shows the temperature evolution during the pass initiated at 500 °C (P3)

and Figure 5-3 depicts the pass initiated at just below 300 °C (P7).

Time (s)

1.2

Figure 5-2 Close-up of measured thermal history with starting temperature of 500 °C (Pass 3, Test 2)
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Figure 5-3 Close-up of measured thermal history with starting temperature of 300 °C (Pass 7, Test 2)

Figure 5-2 and Figure 5-3 reveal that the cooling of each jet line (J1 and J2) can

be discriminated from one another. In between jet lines, the temperature of the steel

rebounds partially in a similar manner as in between passes. This is indicative that water

evaporates in between jet lines at these temperatures. From Figure 5-2, it can be

discerned that a larger drop in temperature is observed from the second line, suggesting a

higher heat flux than under the first line. The opposite is observed at lower temperatures

as depicted in Figure 5-3. Further, the rate of evaporation considerably decreases at

lower temperature and pooling of water can be observed after the pass as evidenced by

the delayed onset for the steel temperature to rebound (Figure 5-3).

0.0 0.4 0.6 0.8 1.0

Time (s)
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5.2. Heat Flux Curves

The calculated surface heat flux history corresponding to the measured

temperature history in Figure 5-1 is presented in Figure 5-4.
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500

Figure 5-4 Calculate surface heat flux history for Test 2 (speed = 1 m/s, spacing = 25.4 cm, stagger =

0 mm)

Similar to the measured temperature history, the individual passes can be easily

demarcated in the plot. When the plate passes through the jets, spikes in the heat flux

curve are observed. The overall trend of the plot suggests that as the water impinges on

the surface, cooling immediately begins and the heat flux suddenly increases to a

maximum or peak value. After the plate leaves the jet, cooling halts and very little to no

heat flux is recorded in the regime of air cooling. A closer look at individual passes is
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presented in Figure 5-5 and Figure 5-6, respectively. These figures correspond to the

measured temperatures presented in Figure 5-2 and Figure 5-3, respectively, with plate

temperatures of 500 °C and 300 °C, respectively.
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Figure 5-5 Close-up of the calculated heat flux history with starting temperature of 500 °C (Pass 3,
Test 2)
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Figure 5-6 Close-up of the calculated heat flux history with starting temperature of 300 °C (Pass 7,
Test 2)

Figure 5-5 and Figure 5-6 verify initial observations using the thermal histories

presented in Figure 5-2 and Figure 5-3. During a pass initiated at a higher temperature,

as in the case of Figure 5-5, the peak heat fluxes attained under the impingement zone

appear to increase with decreasing temperature. This is indicative that at these

temperatures, transition boiling is experienced under the impingement zone. The absence

of any elevated heat flux in between jet lines suggests that water completely evaporates in

between the jet lines. At lower temperatures, as in Figure 5-6, the peak heat fluxes tend

to decrease with temperature. This suggests that at these temperatures nucleate boiling is
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experienced under the impingement zone. It can also be observed that after passing

through the second jet line, a “tail” is formed suggesting elevated heat fluxes beyond the

impingement zone. This indicates that water poois and contributes to the heat extraction

after leaving the second jet line, until the water completely evaporates.

To further examine the trends presented in Figure 5-5 and Figure 5-6, the peak

heat fluxes are plotted and shown in Figure 5-7 for all passes as a function of the surface

entry temperature prior to each jet line. The heat fluxes follow a similar trend with

temperature than that of a typical boiling curve. A maximum peak heat flux is observed

in the range of 350 to 400 °C. At higher surface entry temperatures, heat flux increases

with decreasing temperature, which is consistent with transition boiling and depicts the

situation shown in Figure 5-5. At lower surface entry temperatures, heat flux decreases

with decreasing temperature, and this is synonymous with nucleate boiling as reflected in

Figure 5-6.
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Figure 5-7 Plot of peak heat fluxes with respect to surface entry temperature for Test 2 (speed = 1
m/s, spacing = 25.4 cm, stagger =0 mm)

5.3. Surface Contour Plots

Analysis of the IHC result from each individual thermocouple provides valuable

insight into the different cooling conditions experienced at different areas of the plate

with respect to the location of the impingement zones. In order to gain a better

appreciation of the overall cooling conditions for the different nozzle configurations

tested, the results at each thermocouple location are combined to construct contour plots.

The contour plots are obtained by translating the surface heat flux and temperature data

from varying in time to varying spatially based on the plate speed. These contour plots

depict the surface temperatures and heat fluxes over the areas including and surrounding

the impingement zones. An example of these is presented in Figure 5-8 and Figure 5-9

for surface heat flux and temperature, respectively with test conditions of 1 mIs, 25.4 cm

• Jet Line 1

H Jet Line 2

0
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jet line spacing and no nozzle stagger. The moving direction is from left to right and the

entry temperature is 500 °C. Significant gradients of surface temperatures and heat fluxes

are recorded in this case without stagger when considering positions that fall in to the jet

impingement zone versus positions in between jet impingement.

As with observations made in Chapters 5.1 and 5.2, the cooling effects as depicted

by the surface heat flux and temperature show a dependence on the entry temperature,

particularly in the region directly underneath the nozzles. Since the surface temperature

is lower after passing through the first jet line, the subsequent heat fluxes recorded

through the second jet line are much larger, following the trend presented in Figure 5-7.

In the interaction zones, very little to no heat flux is recorded, indicating that the film

boiling regime persists in these areas.

0.7

Figure 5-8 Contour plot showing the surface heat flux (W/m2)for the test with no stagger and an
entry temperature of 500 °C
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Figure 5-9 Contour plot showing the corresponding surface temperatures (°C) for the test with no
stagger and an entry temperature of 500 °C

A comparison of the surface heat fluxes of two different nozzle configurations,

i.e. without and with full (50.8 mm) stagger, is presented in Figure 5-10 and Figure 5-11,

respectively. For both cases, the jet line spacing is maintained at 25.4 cm, plate speed

was set at 1 mIs, and the passes are initiated at a temperature of 350 °C. Figure 5-10

represent the results without any stagger, while Figure 5-11 shows the situation for a

stagger of 50.8 mm.
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Figure 5-10 Contour plot showing surface heat flux (W/m2)in a non-staggered configuration with an
entry temperature of 350 °C
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Figure 5-11 Contour plot showing surface heat flux (W1m2)in a staggered nozzle configuration with
an entry temperature of 350 °C
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It can be discerned from Figure 5-10 that in the case without stagger, there is

clearly a difference in the set of peak heat fluxes observed under the two jet lines. As

with Figure 5-8, this follows the trend previously presented in Figure 5-7, i.e. higher heat

fluxes in the first jet line. Very little to no heat flux is recorded in the interaction zones in

between nozzles within the same line. However, for the staggered nozzle configuration,

similar heat fluxes are observed under both the first and the second jet line. For the

staggered case, minimal cooling occurs in the interaction zones of the first jet line.

Hence, by the time these areas are about to be impinged by the second jet line, the surface

temperature at these areas have changed very little. Since the areas impinged by the

second jet line are at or near the temperature of the areas impinged by the first line,

similar heat fluxes are recorded from the two jet lines.

Figure 5-12 and Figure 5-13 present the contour plots of the surface temperatures

for the test conditions shown in Figure 5-10 and Figure 5-11. It can be seen from Figure

5-12 that with no stagger the same areas are being impinged and the entry temperature

prior to each jet line is progressively lower. The heat extraction during the subsequent

impingement reflects this change in surface temperature. In between nozzles, the

temperature remains relatively unchanged. However, from Figure 5-13, it can be

discerned that in the case of stagger, the areas impinged by the second jet line have

similar entry temperatures as the areas impinged by the first line. As a result, similar heat

extraction is observed from both sets of jet impingements, consistent with the results

shown in Figure 5-11.

64



0
.1-’
C.)
ci)

ID

-J

Figure 5-12 Contour plot showing surface temperature (°C) in a non-staggered nozzle configuration
with an entry temperature of 350 °C
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Figure 5-13 Contour plot showing surface temperature (°C) in a staggered nozzle configuration with
an entry temperature of 350 °C
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In the median case where stagger is set at 25.4 mm, the results depict a mix of the

observations taken from the case without and with full stagger. The surface heat flux and

temperature contour plots for the same plate speed, jet line spacing and entry temperature

are presented in Figure 5-14 and Figure 5-15, respectively.

From the figures above, it can be concluded that impingement zones of the second

jet line is larger than the impingement zones of the first jet line. This observation is

particularly more evident in the surface temperature contour plot (Figure 5-15). This is

believed to be due to the colder surface temperature in the wake of the first jet line. Since

the impingement zone of the second jet line overlaps this colder zone, the water is able to

readily wet this area as well, producing an enlarged foot print. Since there are different

entry temperatures, the heat fluxes observed are also different and correspond to its

respective entry temperature. Looking at the impingement zones of the second jet line,

the area in the wake of the first jet line recorded lower heat fluxes. lii the areas of the

impingement zones not previously impinged, the heat fluxes observed are the same

magnitude as those in the impingement zones of the first jet line.
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Figure 5-14 Contour plot showing surface heat flux (W/m2)in a partially staggered nozzle
configuration with an entry temperature of 350 °C
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Figure 5-15 Contour plot showing surface temperature (°C) in a partially staggered nozzle
configuration with an entry temperature of 350 °C
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From the figures above, it can be concluded that impingement zones of the second

jet line is larger than the impingement zones of the first jet line. This observation is

particularly more evident in the surface temperature contour plot (Figure 5-15). This is

believed to be due to the colder surface temperature in the wake of the first jet line. Since

the impingement zone of the second jet line overlaps this colder zone, the water is able to

readily wet this area as well, producing an enlarged foot print. Since there are different

entry temperatures, the heat fluxes observed are also different and correspond to its

respective entry temperature. Looking at the impingement zones of the second jet line,

the area in the wake of the first jet line recorded lower heat fluxes. In the areas of the

impingement zones not previously impinged, the heat fluxes observed are the same

magnitude as those in the impingement zones of the first jet line.

In general, as the entry temperature decreases, the size of the impingement zone

increases. This size increase appears to be dictated by the surface temperature of the to-

be-impinged surface, and its distance from the stagnation line. In the impingement zones,

the magnitude of the heat fluxes follows a typical boiling curve trend as a function of

entry-temperature (see Figure 5-7). In a multi-jet line system, nozzle placement in a prior

jet line affects the cooling conditions in a subsequent jet line by dictating the entry

temperatures for the latter jet line.

To demonstrate the strong dependence of the observed cooling effect on entry

temperature and distance from stagnation, the peak heat flux values at different distances

from stagnation are presented as a function of temperature in Figure 5-16. Data from

tests done with full (50.8 mm), partial (25.4 mm) and no stagger, and both jet line spacing
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(25.4 cm and 50.8 cm) configurations are used in the plot. All tests had a plate speed of I

rn/s.
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Figure 5-16 Peak heat flux values at different distances from stagnation as a function of entry
temperature

Figure 5-16 shows three distinct trends corresponding to the three different

distances (0, 1.27 and 2.54 cm) from stagnation. Although there is a large degree of

scatter, particularly at the 2 distances outside of stagnation, there is clear separation

between the three sets of data. The scatter is believed to be a result of two phenomena.

First, the nature of a moving experiment gives very little time for measurement as the

impingement zone passes through a thermocouple. Much of the scatter is observed in the

negatively sloped portion of the curves, typically noted as the transition boiling regime.

Since during transition boiling, conditions may oscillate between wet and dry, the scatter
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may be a representation of the instability commonly observed during this boiling phase.

Second, it has been found that the chain drive system does not traverse the plate in the

same line of motion during tests and that the carrier may move sideways by as much as 5

mm. As such, the true location of the stagnation may shift from pass to pass, further

compounding the oscillation between wet and dry during transition boiling. This

mechanism,, however, does not affect measurements in the impingement zone as this

region is much larger than the sideway movement of the carrier. Consequently, the

corresponding thermocouple underneath impingement is guaranteed to remain in this

zone. However, the true distance of the other thermocouples in the interaction region

with respect to the location of the stagnation point becomes inaccurate.

Regardless of these issues, the plot in Figure 5-16 shows the strong dependence of

the cooling effect on both entry temperature and distance from stagnation. It also shows

the growth of the fully-wetted region as a function of both entry temperature and distance

from stagnation. At stagnation, the peak indicates the start of fully nucleate boiling.

Away from stagnation, the expansion of the wetted zone may only be possible once

nucleate boiling regime is reached. Using the peaks as an indication for the start of the

nucleate boiling regime, at about 320 °C and 200 °C, the fully wetted zone grows to

encompass 1.27 cm and 2.54 cm away from the stagnation, respectively. The plot also

shows that cooling tends to be higher and even inside the fully-wetted regions.
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5.4. Total Extracted Heat

5.4.1. Analysis Approach

The previous work of Johndale [38] utilized peak heat flux values from each pass

to describe the cooling phenomena that occurs. However, this method uses only one data

point from a particular pass. As a result, other phenomena that may affect the data curve

such as pooling of water are not aptly considered. Another technique to analyze the data

is to integrate the heat flux data curve over time during a pass. Using this method to

analyze the heat flux data is first reported in the experimental work of Chan [43].

Integration of the curve will utilize all the data points that are pertinent during the pass,

and hence incorporate all phenomena that occur. This interpreted value is then a more

representative characterization of the trends that are observed. This also eliminates

variability in the analysis that may result when only one data point is used.

In order to perform the integration, a means to mark the start and end of the pass

must be developed and held consistent throughout the study. Figure 5-17 presents an

example of the heat flux history during pass # 7 when the jet line spacing is 25.4 mm

without stagger and the plate speed is 1 mIs. The pass occurs at an entry temperature of

300 °C. The beginning of a pass is marked by the point in time when all 9 thermocouples

locations report a heat flux value exceeding 0.05 MW/m2. A value of 0.05 MW/rn2 is

used because in between passes, data noise tends to oscillate below this value and will

certainly be exceeded during a pass. To mark the end of the pass, the plate velocity is

used to calculate the point in time wherein the thermocouple locations will traverse the

distance of two jet line spacings. In essence, the end of the pass is the point in time

where the thermocouple locations are just about to pass through a third jet line had there
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CID

been one. This time tpass is derived using the plate speed Vpjate and the jet line spacing

ispacing as shown by:

tpass 2lspacing/vpiate 54

For the example shown in Figure 5-17, the end of the pass is marked at 0.5 s after the

beginning of the pass. The median of the two boundaries essentially bisects the first jet

line from the second. Integration is accomplished by approximating the area under the

curve using the trapezoidal rule. The resulting value for the example shown in Figure

5-17 is 1.1878 MJ/m2.
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Figure 5-17 Surface heat flux during one pass with coloured regions showing integration boundaries

As a means to compare the different nozzle configurations, the overall heat

extraction over the surface area of the plate is quantified by further integration with
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respect to the lateral and moving directions of the plate. The procedure is similar to the

integration steps previously explained, only this time, the results from each thermocouple

location are utilized. Figure 5-18 shows the results of the first integration step for each

thermocouple location for the same test conditions as Figure 5-17.
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Figure 5-18 Results of first integration step for all thermocouple locations

Likewise, the integral with respect to the lateral dimension can be approximated

by calculating the area under the curve using the trapezoidal rule. Studies by Chan [43J

showed that different locations along the distance of the moving plate experience the

same cooling phenomena albeit at different times depending on its location with respect

to the impinging jet. Consequently, to obtain the total heat extracted along the plate, the
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integrated heat flux across the considered plate width has to be multiplied by its length.

The resulting value of all the integrations steps is the total energy extracted over the area

spanned by the 9 thermocouples and the length of the plate.

5.4.2. Effect ofSpeed

The effect of speed on the overall heat extraction is presented in Figure 5-19. In

these results, the jet line spacing is maintained at 25.4 cm and results from all stagger

configurations are included. As also observed in previous studies [2, 37, 38, 43], higher

heat extraction is attained at lower speeds. This observation is expected as at three times

the speed, the faster moving plates will have three times less residence time under the

cooling section. Apart from this difference in magnitude, the peaks of the plots tend to

shift to lower temperatures with higher speeds. At 0.35 mIs, the peak of the curve is

observed at 350 °C, whereas at 1.0 mIs, the corresponding peak is observed at 250 °C.

With only two speeds tested, a conclusion cannot be made on the type of relationship

between speed and heat extraction.

Further, the 1 mIs plot reaches its maximum at a lower surface entry temperature

than that observed in the plot of peak heat flux versus entry temperature shown in Figure

5-7. This discrepancy is due to the fact that the total heat extracted values are able to take

into account the effects of water pooling. As such, below an entry temperature of 350 °C,

more heat is extracted even though the peak heat flux value recorded has decreased from

previous passes.
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Figure 5-19 Total heat extracted for different plate speeds as a function of entry temperature

Although slower speeds produce higher heat extracted values per pass, its

effective cooling rate may be hampered by the fact that slower moving plates take more

time to traverse through multiple jet lines. Hence, the effective cooling rate for the

different speeds is calculated by dividing the total heat extracted values by the time

required for the plate to move through the jet lines. This effective time teff is derived

using the plate speed Vplate and the length of the plate lpla as shown by:

teff — lpiate/Vpiate 5-2

A plot of the effective heat extraction rate as a function of surface entry temperature for

the speeds tested is presented in Figure 5-20. The plot shows that the discrepancy

between the two speeds is considerably less than in Figure 5-19. However, slower
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moving plates are still more efficient in cooling the plate, particularly at entry

temperatures above 300 °C. At lower entry temperatures, the curves for both speeds

appear to follow the same trend.
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Figure 5-20 Effective heat extraction rate for different plate speeds as a function of entry
temperature

5.4.3. Effect ofJet Line Spacing

The effect of jet line spacing on the cooling efficiency is depicted using the

calculated heat extracted values that are plotted versus the entry temperature in Figure

5-21. These results were taken from all experiments with a plate speed of 1.0 mIs and all

stagger configurations.

• 035 ins

•1.Onis

•

0 100 200 300 400 500 600
Entry Temperature (°C)

700 800

76



0.2

0 15

I.

0 - I I I I

0 100 200 300 400 500 600 700 800

Entry Temperature (°C)

Figure 5-21 Total heat extracted for different jet line spacings as a function of entry temperature

From the above plot, it can be discerned that the trend for a jet line spacing of

50.8 cm produces higher total heat extracted values than those recorded for a jet line

spacing of 25.4 cm. This discrepancy is more evident in the region of peak heat

extracted, where the total heat extracted for a spacing of 50.8 cm is as much as double the

values observed from a spacing of 25.4 cm. However, it should be noted that in the

calculation steps explained previously, the boundaries of integration are determined by

the jet line spacing used. Since the boundaries of the integration steps are much larger

for a wider spacing, more of the noise is contributing to the integrated value. Also, when

pooling occurs, the cooling phenomena observed as a result of impinging jets is extended

until the next set of jet lines is reached by the moving plate. Hence, at progressively
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lower temperatures, the discrepancy between the jet line spacings tested is larger since

the cooling extension noted increases with jet line spacing.

However, with narrower jet line spacing, one can fit more jet lines along the same

length than one would when using wider jet line spacing. For the jet line spacings tested,

one can use 3 jet lines 25.4 cm apart to cover the same plate length as 2 jet lines 50.8 cm

apart. Hence, the previously used method (Figure 5-20) is not an ideal way to compare

the effects of different jet line spacing on cooling efficiency. To properly compare the

cooling efficiencies of the different jet line spacings, the data is normalized by dividing

by the jet line spacing. This yields a value for the total heat extracted per unit length of

spacing (Jim). The result of this analysis is presented in Figure 5-22.
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Figure 5-22 Total heat extracted per unit length of jet line spacing as a function of entry
temperature
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The normalized results show that the narrower jet line spacing (25.4 cm) extracts

more heat per unit length of jet line spacing than the wider jet line spacing (50.8 cm).

This suggests that even though the cooling effect is extended in between jet lines,

particularly at lower temperatures when pooling occurs, and that this cooling extension

increases with jet line spacing, the improvement is still not enough to match the cooling

efficiency of having closer-spaced jet lines. At higher temperatures, the narrow jet line

spacing extracts as much as 100% more than the wider jet line spacing. This difference is

reduced to about 30% in the region of peak heat extraction, due the aforementioned

pooling effects.

5.4.4. Effect ofStagger

A plot of the total heat extracted versus entry temperature for the different stagger

positions is presented in Figure 5-23. In these results, plate speed and jet line spacing are

held the same at 1.0 mIs and 25.4 cm, respectively.

As seen in Figure 5-23, all stagger configurations generate the same trends

indicating that essentially equal amounts of heat are being extracted throughout the

temperature range of run-out table cooling. Referring back to the contour plots in Figures

5-10 to 5-13, the plots without stagger (Figures 5-10 and 5-11) depict alternating layers

of high and low heat extraction. On the other hand, the plots with full stagger (Figures 5-

12 and 5-13) depict a more homogeneous heat extraction. The heat extraction with full

stagger is generally not as intense as along the stagnation lines of the case without

stagger. However, this lower heat extraction is more spread out over the surface area of
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the plate. Hence, the total heat extracted over similar areas covered by non-staggered and

fully staggered nozzle configurations end up being the same.
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Figure 5-23 Total heat extracted for different nozzle stagger configurations as a function of entry
temperature

To further demonstrate the similar heat extraction by different stagger

configurations, the average post-pass temperature is plotted as a function of the average

entry temperature as shown in Figure 5-24. Results are from tests with plate speed and

jet line spacing of 1.0 m/s and 25.4 cm, respectively.

The average post-pass temperature is the average of the surface temperatures from

each thermocouple location 0.25 seconds after the pass. The difference between the

average entry and post-pass surface temperatures is proportional to the energy lost by the

plate. As shown in the plot, data from no stagger, 25.4 mm stagger and 50.8 mm stagger
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follow the same trend. This suggests that the average temperature drop, and hence

energy extracted are the same for the stagger configurations tested.
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Figure 5-24 Plot of the average post-pass temperature versus average entry temperature

5.5. Temperature Gradients

An important information to asses microstructure variation and thermal stresses in

the plate is the difference in the surface temperature gradient along the transverse

direction for the different nozzle configurations. Larger gradients are obtained in the case

of no stagger, as shown by the “banding” formation of hot and cold regions depicted in

Figure 5-9 and Figure 5-12, respectively. Although some “banding” can also be observed

D

81



in Figure 5-13 for the fully staggered nozzle arrangement, it is considerably less

pronounced.

The surface temperature gradient is quantified and presented in Figure 5-25 as a

function of the entry temperature. The calculated gradient represents the standard

deviation (cYr) of the surface temperatures at all nine thermocouple locations 0.25 seconds

after passing under the second jet line (post-pass). The standard deviation is a measure of

the spread of values with respect to its arithmetic mean, i.e. the average post-pass surface

temperature, and is calculated as follows:

= j(To.25,,
T025,g)2

53

where N is the population of the data set (thermocouple locations), T025 is the post-pass

surface temperature and TO.25,AVg is the arithmetic mean of the post-pass surface

temperatures.
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Figure 5-25 Plot of the surface temperature standard deviation (OT) with respect to pass entry
temperature

As can be seen in Figure 5-25, the lower standard deviation observed in the fully

staggered case suggests less scatter of the surface temperature data, indicating a more

uniform cooling. In all cases, the largest temperature gradients occur at surface entry

temperatures in the range of 300 °C to 450 °C, i.e. the range where the highest peak heat

fluxes are observed (see Figure 5-7). This observation is consistent with the fact that

higher heat extraction provides the potential for increased temperature gradients across

the plate. At sufficienly low temperatures (< 250 °C), similar temperature spreads are

observed in all cases. This suggests that the highly wetted zone has grown to cover a

larger area and that uniform cooling is observed, regardless of nozzle configuration.
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6. CONCLUSION

6.1. Summary

Multiple top jet cooling experiments on a hot moving steel plate have been carried

out at a pilot-scale run-out table facility. The stagger between nozzles, jet line spacing

and plate speed are systematically varied to investigate their effects on the cooling of hot

moving steel plates. Sub-surface temperature histories are measured during experiments

and are used to generate surface temperature and heat flux histories using IHC analysis.

Using the calculated surface temperature and heat flux histories, contour plots depicting

the different cooling regions at different passes are generated. Also, the surface heat flux

histories are integrated with respect to time and space to quantify the total heat extracted

and to compare the cooling efficiencies of the different nozzle configurations and plate

speeds.

The results show that for the conditions studied, the cooling efficiency is

unaffected by nozzle stagger as long as plate speed, jet line spacing and flow rate are the

same. However, uniformity of cooling is dependent on the locations and distribution of

jet impingement. A fully staggered nozzle arrangements leads to more uniform cooling.

At entry temperatures below 250 °C, the impingement zone grows to cover a wide

surface area, such that the cooling attained is uniform regardless of nozzle stagger

configuration.

It has also been shown that regardless of nozzle configuration, the fully-wetted

regions appear to expand similarly with decreasing temperature. This, however, is only

based on the test conditions used, wherein significant pooling does not occur in between

jet lines. Such observations may prove different when higher water flow, for example,
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are used. Nonetheless, it has been found that the cooling experienced by a local area

generally relies on its location with respect to the stagnation line, and its temperature

prior to the pass. Thus, the aforementioned parameters can be utilized to predict the

cooling that will take place and to map the areas that will be fully-wetted. Such

information is useful in modeling the heat transfer processes occurring during runout

table cooling, and as well as optimizing nozzle configuration to ensure high cooling

efficiency without compromising cooling uniformity. Ideally, the nozzles should be

configured such that the entire width of the plate is fully wetted either through proper

spacing between nozzles or proper staggering between jet lines.

The results also show a dependence of cooling efficiency on plate speed and jet

line spacing. Slower moving plates tend to have higher residence time under the water

jets, and thus higher heat fluxes and total heat extracted are obtained. Even when the

amount of time required to move a plate through the jet lines is considered, slower speeds

still produced higher effective cooling rates. On the other hand, longer distances between

jet lines produces higher heat extracted values per pass. However, shorter distances

between jet lines are found to extract more heat per unit length ofjet line spacing and are

deemed more effective.

6.2. Recommended Future Work

In light of the findings of this study, the following recommendations are

suggested for future work:

1. Systematically varying flow rate to quantify its effect on cooling

efficiency. In addition, higher flow rates may introduce a dependence of
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cooling on jet line spacing as the expected increase in water pooling may

affect the heat extraction observed in subsequent jet lines.

2. Testing with plate speeds in excess of 1.0 mis, and between 0.35 and 1.0

mis. This will provide a better means to correlate the effect of speed on

cooling, which can potentially be extrapolated to speeds observed in actual

run-out tables. Similarly to the first point, higher speeds may also

introduce a dependence of cooling on jet line spacing as there will be less

residence time in between jet lines for the water to fully evaporate or flow

away from the impingement zones.

3. Introducing more thermocouples particularly in the areas surrounding the

expected stagnation line. By having data at closer intervals, a better

approximation of the integral with respect to the lateral dimension of the

plate can be made. Also, the evolution of the fully-wetted region can be

better tracked and quantified. Better correlations can be made with

regards to the effect of entry temperature and distance from stagnation on

the subsequent cooling effect. However, further study in this area will

also necessitate better control of plate position during experiments. This

will allow more accurate measurement of distances with respect to the

expected stagnation points.
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