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ABSTRACT

A thorough analysis of spraying situations was carried out in the pursuit of having an appropriate
spread and mapping for the spraying system in the continuous casting process. For each spray and
each section, CFD simulations were utilized to analyze all potential spraying conditions while
moving over the continuous steel caster. It was necessary to thoroughly examine the distribution of
heat transfer coefficient (HTC) along the caster, therefore variables such overlap, stand-off distance,
water flow rate, spray angle, and casting speed were taken into consideration. A flat fan atomizer
model was used to simulate this distribution and its impact, and different spraying scenarios were
run. More research was done on the effects of each separate spray on HTC, paying particular
attention to the overlap phenomena. By simply entering the HTC data for each spray simulation
and its corresponding coordinates, as well as stitching those profiles into multiple profiles that fit
into its further corresponding segment, an assembly for each of these scenarios unto each segment
along the full caster was also accomplished using MATLAB. Further MATLAB code was built to
"bend" the coordinates of the profiles in accordance with the bend or curve of the caster, which was
also taken into consideration. The study's primary focus when it came to the solidification model's
next component was rebuilding the caster geometry. To measure and examine the shell thickness,
surface temperature, and many other phenomena along the casting, numerous "straight" segments
were previously employed. The caster's curvature was considered in the newly revised design, along
with changes to the extracting technique used for many other phenomena in general and shell
thickness in particular. This is done in order to create a more realistic design that mimics the caster's
actual shape and the physics that affect it. Also, a successful integration of the two projects stated
above was accomplished, and parametric studies were also carried out, including a study of the
impact of casting speed and nozzle clogging on metallurgical length. In order to model the actual
process of casting, the steel’s temperature-dependent material properties were studied using the
thermodynamic software JMatPro. For the research of the flat fan atomizer model, the ANSYS
Fluent 2020R1 CFD tool was heavily utilized, and for the investigation of the solidification of steel,
the STARCCM+ CFD program. The MATLAB R2018a software was used to map the curved Heat
Transfer Coefficient (HTC) profiles, straighten such curved data, and visualize the shell expansion
by extracting curved coordinates. The results of this study can be used to enhance continuous
casting procedures and optimization.
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1. INTRODUCTION

1.1 Continuous casting overview

The continuous casting (CC) process is used to produce more than 90% of the steel in the world,
which emerged as a technology in the late 1950s and relies heavily on secondary cooling [1,2]. In
2009, the world produced more than 1220 million tons of crude steel, with 92% of that coming
from continuously cast steel [3]. So, the importance of spray cooling in this and many other
processes where it is involved becomes clear. The continuous casting method is depicted in Figure
1-1.

Tundish

Cooling water
Molten core Mold

External shell —g# &
growth

Water nozzles

Translating

Support.rolis cutting-torches

Metallurgical length -

Figure 1-1: Continuous casting process [4]

After being cooled to about 1200 degrees Celsius (1473 degrees Fahrenheit), a shell made of steel
CC emerges from the mold. The strand then travels through the secondary cooling system, which
is a containment spray cooling arrangement with closely spaced support rollers and interspersed
nozzles to guarantee full solidification over its thickness. About 60% of the heat drained via this
system comes from the secondary cooling system of CC machines (i.e., direct spray impingement,
roll contact, radiation, and convection to draining water), albeit this contribution may be

significantly bigger in its upper zones [5,6].
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1.2 Motivations and Objectives

Around 98% of the crude steel produced in the United States goes through the CC process, in
which a water-cooled mold is used to solidify molten steel using water sprays to create semi-
finished slabs or billets. The quality of both the exterior and inside of the slab is directly related to
the rate at which it is cooled, making secondary cooling a difficult process. The heat must be
removed efficiently without causing the slab to crack or deform in any way. Low grade steel is
produced because of inadequate spray cooling and solidification, which leads to flaws like
cracking and breakout. Real-time online dynamic casting control systems are becoming
increasingly popular in continuous casting as a means to increase yield and energy efficiency.
These systems are built to reliably produce high-quality steel products via real-time temperature
measurements and dynamic adjustment of the spray cooling rate. For real-time heat transfer and
solidification calculations in the field, the key challenge is determining an accurate Heat Transfer
Coefficient (HTC) for the steel product's surface. The correlations for predicting the spray cooling

rate empirically have been developed with great care.

Nevertheless, these correlations are only valid under specific application circumstances. Building
it takes a significant amount of time and effort, and there is no assurance that the correlation will
continue to accurately predict HTC even if the development process is modified in any way. An
in-depth investigation into the heat transfer mechanisms that take place during the secondary
cooling step of continuous steel casting is required in order to achieve control and optimization
goals for this step. The non-optimized solidification process also contributes to the formation of
inhomogeneous steel properties. The project required the application of computational fluid
dynamics modeling techniques so that the casting process could be regulated and improved upon.
Simulation of droplet formation, droplet transport, and impingement heat transfer during
secondary cooling with an air-mist nozzle in a 3D computational fluid dynamics (CFD) model is
going to be done in this study with the intention of generating a multivariable correlation that can
accurately predict the lumped HTC under any casting condition. This will be accomplished by
using the model. It modeled the solidification of the whole continuous caster by taking into
consideration the impacts of roll gap, roll diameter, casting speed, and superheat in order to
estimate the metallurgical length and slab temperature. This was done in order to calculate the

metallurgical length.
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1.3 Simulation Software

Computational fluid dynamics (CFD) involves the use of numerical techniques and algorithms to
evaluate fluids in several phases during both responding and non-reacting flows, with varying
degrees of complexity in terms of thermodynamics, heat transfer, turbulence, and chemical
reactions. Engineering, mathematics, and computer science are just few of the fields that contribute
to the development of a CFD model that is both accurate and representative. Predictive uses for
simulations include exploring what would happen in hypothetical situations that would be too risky
or expensive to try out in real life, exploring how a process would scale, modeling the effects of
potentially dangerous situations, and regulating and optimizing existing procedures. The
conservation of mass, momentum, and energy are the three foundational governing equations of
fluid dynamics. Developing an internal algorithm to calculate physical phenomena within a caster
would be time expensive due to the complex nature and physics of solidification. Thus, it is best
to use a professional CFD program such as ANSYS, Star-CCM+, or COMSOL. ANSYS Fluent
2021 R1 (ANSYS Inc., Pittsburgh, PA, USA) was used to conduct the air-mist spray investigation
due to its well-deserved reputation for advanced physics modeling capabilities and market-leading
precision in fluid simulation software. The STAR CCM+ software (Siemens Digital Industries
Software, Plano, Texas, USA) was utilized to analyze steel solidification because of its
sophisticated solidification modeler, superior mesh choices, and simple table-based data
manipulation. MATLAB software (Mathworks, Natick, Massachusetts, USA) was used for
assembling and mapping multiple Heat Transfer Coefficient (HTC) profiles from various spray
simulation scenarios, plotting the shell growth by extracting curved coordinates and straightening

such curved data and mapping the curved HTC profiles.
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2. LITERATURE REVIEW

2.1 Spray cooling process

2.1.1 Heat exchange on the steel slab's surface

Many industrial applications use rapid jet cooling to transfer heat efficiently. By injecting liquid
or gaseous flow at a particular distance against a heated surface, forced convection or boiling can
produce high cooling rates. Jet impingement heat transfer cools semi-solidified moving slabs in
continuous casting, runout tables in hot mill processes, gas turbine blades, electronic components,
combustion engine walls, nuclear power plants, and other industrial processes. Impinging jet
cooling has two regions: free jet and impingement heat transfer. In the free jet zone, cooling fluid
from a nozzle creates a free submerged jet with an undisturbed potential core in the middle
surrounded by a high-gradient shear layer, where momentum and energy transfer occur. At the
stagnation point, the jet becomes a wall jet moving laterally parallel to the hot surface. Cooling
fluid absorbs heat from the heated surface while moving outward, and the boiling regime gradually
develops from induced convection in a single phase to transition boiling, film boiling, and nucleate
boiling as wall superheat increases [7]. Jet impingement cooling performance depends on nozzle
type, exit opening shape, number of phases, cooling fluid type and flow rate, jet direction, surface

temperature and roughness, jet-to-surface distance, and jet-to-jet spacing [8-11].

Spray cooling causes surface temperature fluctuations on the solid shell in the secondary cooling
region. Temperature differences can cause complex phase change and residual thermal stress in
the steel slab. Undercooling and overcooling in the secondary cooling region greatly impair slab
quality and process smoothness, making uniform cooling without cracking or deformation crucial
[12]. Insufficient heat transfer across the cooling surface will cause breakout, where molten steel
breaks the thin shell and bursts out. Due to thermal loads and strains, excessive cooling causes

cracks and other problems [13].

The atomization process as well as the droplet-steel impingement heat transfer are the primary foci
of the numerical simulation. In this model, the fragmentation of the water jet is not considered to
be part of the process; nevertheless, the droplets that come from the disintegration of the jet are

trailed in the frame of the length of the breakdown. Integrating Newton's second law allows one
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to address the problem of droplet motion. In the Eulerian modeling framework, the air entrainment

that occurs as a result of the hot steel slab and high-speed water injection as continuous phases.

For the production of steel of superior quality and increased tensile strength, the spray cooling rate
in the secondary cooling region needs to be meticulously planned out and managed. Instead, a
temperature field with an uneven distribution within the shell after it has been cemented can result

in persistent thermal strains and stresses that eventually cause cracking and other flaws [24] [25].

Nevertheless, when casting is done continuously, it is impossible to gauge the temperature
distribution within the solidified steel. An additional method known as HTC was suggested for use
on the steel surface in order to assess the level of spray cooling and its homogeneity. From the

perspective of heat transfer, Newton's law of cooling can be used to derive HTC, which states that:

q"totat = 9 cona + q"r = HTC (Tface - Tspray) + 9" (1)

Continuous Phase

The air phase is modeled with the steady-state Reynolds-Averaged Navier-Stokes (RANS)
equations, tracking mass, momentum, and energy. The transition from water droplets to water
vapor in the gaseous phase is handled with species transport. Only energy transport is solved for
the solid steel material, tracking primary modes of heat transfer. [14]:

V. (pair l_iair @ — F(pv(p) = S(p + Sdrop—air 2)

Where ¢ is a universal variable that represents one in mass, momentum, energy, and species
transport equations. S¢ represents the universal variable. S drop-air describes droplet-air interaction.
Unsteady droplet tracking follows air governing equations. Newton's law of motion integrates
droplet motion from each computing cell's air velocity. The external source term incorporates

droplet mass, momentum, and energy changes into air computations after each time step.
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Nozzle

L
Spray axis

Figure 2-1: Droplet generation by LISA model [11]

The turbulence kinetic energy and particular turbulence dissipation rate are solved by the k-Shear
Stress Transport (SST) turbulence model. This model was selected because it makes highly
accurate predictions about the presence of vortices at the spray boundary and the separation of the
flow on the steel surface without consuming a lot of computer resources. The model uses a
blending function to transition between the two models by taking advantage of the k-model in most
of the region and the k-model in the vicinity of walls [11] [15].

Discrete Phase

Droplet Formation

Physically, two consecutive steps lead to the formation of droplets: the dissolution of the liquid

sheet and the dissolution of the ligaments.

Primary breakup is the term used to describe both breakdown processes, as opposed to secondary
breakup, which happens when primary broken-up droplets fragment further as a result of
aerodynamic instability or droplet-droplet collisions. The primary breakdown is a well-researched
phenomenon, and in recent decades, the relevant hypotheses have undergone rigorous validation.
[16] [17].
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This work uses the LISA model to estimate droplet formation at the breakup length without

recreating the primary breakup process or the internal flow inside the nozzle.

Figure 2-1 demonstrates the droplet production and injection process used in this study. The liquid
jet released from a nozzle is a liquid sheet that breaks into ligaments and then droplets as a result
of the development of minuscule wavy disturbances after traveling a certain distance (breakup
length) from the nozzle's departure, according to the LISA model [18]. The most unstable

disturbance determines the separation's length and its rate of increase:
Y Np
L, = = In(—= 3
b= 5 InG2) 3)

A set of droplets are delivered into the computational domain at the beginning of each droplet time
step (ti) from a curved virtual injection plane that is situated below the nozzle exit by the
disintegration length distance. According to the casting's operational state, the mass of water
passing through the nozzle equals the overall mass of the inserted particles. On the injection plane,
droplets are distributed at random, but their size distribution conforms to a Rosin-Rammler
distribution with a spread number of 3.5. The diameter of the Rosin-Rammler distribution can be

calculated using the following formula:

do = 3.76 * (“£) (1 +30h)V/6 4)

Ks

Droplet Motion

In the Lagrangian frame, each droplet time step's droplet motion is traced by solving Newton's law
of motion.

d ﬁdrop __ 3 Hdrop CpRegrop

g (Pdrop— Pair) (5)
dt 4 Pdropdzdrop

(aair - adrop) + Parop

Under the supposition that a droplet maintains its spherical shape throughout its lifetime, the drag
and gravitational forces govern the droplet's motion. The air-droplet interaction is represented by
the drag coefficient (CD) and the drag force term, then can be computed using the piecewise

function below [19].

( 0.424 Regrop > 1000
CD - 24 1 2 (6)
<1 + g(lleedmp)s) Regrop < 1000

Regrop
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To represent how turbulence in the gas phase causes droplet dispersion during atomization, the

eddy-lifetime model is incorporated as well [20].

Droplet Temperature and Mass Change

A droplet transfers heat to the surrounding air as it moves through the gas phase. The amount of

temperature change in a droplet is determined by energy conservation:

dTg dmg
mdrop Cp % = nd(ziroph (Too - Tdrop) + % hfg + ndcziropgdropGSB (T}L?} - T;rop) (7)

The convective heat transfer coefficient h, can be obtained from the Ranz-Marshall model [21]

Nugrop = “S2 = 2.0 + 0.6Reds,, Pro ®

air

The droplet mass is continually updated in each time step to simulate this process.

Droplet Breakup and Collision

Predictions of droplet collision and breakage are essential for the subsequent droplet-steel
impingement heat transfer. The droplet sizes and numbers are significantly altered by these two
occurrences. The WAVE breakdown model is used in this study to account for droplet breakup
caused by the relative velocities of the surrounding air and the droplet. The jet instability theory
and the model are comparable. The model predicts that the breakup time and size of a droplet are
determined by the Kelvin-Helmholtz instability with the largest growth rate.

O'Rourke's algorithm is used to calculate the droplet-droplet collision [22]. Instead of determining
whether the trajectories of two droplets collide, a technique is described that provides a stochastic
estimate of collisions. If two droplets are in the same cell and the smaller droplet is located within
the collision volume centered on the bigger one, they are deemed to be capable of colliding at each
time step. As a cylinder, the collision volume is defined of length (u1 — u2)At and circular area

(rl + r2)2. Where if the condition is met, the two droplets are destined to collide [11].

The trajectory offset between the smaller and larger droplets determines how a collision will turn
out. The offset is calculated by the separation between the two drops and a collision-like random
number [11].
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Droplet-Steel Impingement Heat Transfer

Figure 4 illustrates the computation of droplet-steel impingement and heat transfer. The figure
depicts a fluid cell, a solid cell, and a water droplet. The results are defined by the wall jet model
and depend on the characteristics of the incoming droplet when a droplet enters a fluid cell next to

a solid cell and impinges on the fluid-solid interface [11] [23].

Based on Ma, H., Silaen, A. K., & Zhou, C., Q. (2020), the impingement model takes three
outcomes into account: deposit, reflection, and wall jet. After impingement, the droplet in the
deposit mode remains on the steel surface and continues to absorb heat from the metal until it
entirely evaporates. The vertical velocity component of droplet before impingement maintains
same magnitude but a changes direction after impingement. The tangent velocity component's

magnitude and direction remain the same [11].
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Figure 2-2: Droplet-steel impingement heat transfer calculation (A) before impingement, and (B)
after impingement [11]

While a cluster of collision of closely spaced droplets with the steel surface to activate the wall jet
mode. This constant flow of droplets loses its vertical component after impingement and becomes
horizontal, mimicking an inviscid jet released from the surface's stagnation point. Figure 2-2 shows
heat transfer between droplets and steel. Even though the droplet's lifetime sphericalness is
assumed, the impact of droplet deformation is considered in the heat transfer calculation. The
current work makes the assumption that a droplet impinges on a heated surface, transforms into a

cylinder of equal capacity, and stays in touch with it for a brief moment.
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Heat Transfer Coefficient Calculation

HTC is assessed following the completion of the simulation and during post-processing. In
actuality, it is simpler to depict heat transfer by combining convection and conduction into a single
component and applying Newton's equation of cooling. The accumulative heat flux transported
from the centroid of the solid cell to the centroid of the fluid-solid interface can be expressed as

follows using Eq. 1 and Figure 4 as well as energy conservation [11]:

" _ Asteel(Tcell_Tface)
q total Ay

= HTC(Tface - Tdrop) + q'r (9)

Trace 1S the temperature of the interface centroid, Tecen is the temperature of the solid centroid, y is
the distance between the solid and face centroids and is half the cell height, and Tarop is the

temperature of the droplet upon impingement [11].

However, it is not feasible to evaluate the temperature of each droplet prior to and following
impingement [11]. The temperature of spray water, which is observable and controllable, has been
used in place of term by the steel industry since it is more practical. The current study likewise
employs this criterion to provide uniform HTC values. The following expression is obtained by
rearranging Eqg. 9 and solving for HTC:

A T =T - Ayq"
HTC = steel( cell face) Y4 R (10)
Ay (T face—Tdrop)

2.2 Solidification of Steel

The primary goal of continuous casting (CC), as mentioned in previous sections, is to completely
freeze the molten steel before the oxygen torches cut the slab into pieces, i.e., to maintain a proper
metallurgical length. Because direct measurement of the metallurgical length is impractical,
finding the region where the steel temperature is lower than the solidus temperature by solving the
energy equation for the full steel strand is the recommended approach. As a result, and in a control
system, the heat transfer solver is a critical component. The equation is simple and can be found
in any heat transfer textbook. The significant challenges are boundary conditions and the

computational domain's dimension.

The solidification process in CC involves a number of different physical phenomena that must be

regulated in order to manage the overall product quality. Particle inclusions - primarily slag, flux
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powder, or argon gas - along the solidification front, and surface defects such as oscillation marks
and various surface cracks - are two of the more prominent factors contributing to decreased
product quality [26-28]. While though technological progress has helped mitigate the effects of
these elements during production, they continue to pose a significant risk to CC. Regulation of
heat transfer and the introduction of contaminants during solidification are the two primary factors
instigating these flaws, along with alterations to the material composition of the product or

improvements to equipment or operating techniques upstream of the caster.

The (Mushy Zone) MZ region, which is the zone between the liquidus and solidus temperatures,
is the most influential physical phenomena on flow and HT. Flow in the MZ region is slowed as
hardened dendrites, which develop as a column, form along the shell front. Molten steel that moves
more slowly and thickly affects both the conductive and convective HT, and therefore the shell
formation. The MZ model was developed by Carman and Kozeny, and it connects the dendrites'

microscopic structure to their macroscopic effects on flow and HT [29], [30].

These intricate phenomena are described in greater depth in other books [51-53]. Some of the
many complicated phenomena that occur throughout the CC process are depicted vividly in

Figures 2-3.
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The excess liquid is collected in the hardened steel shell, which is dragged out of the mold at high
speed by rollers attached to the underside of the mold [31]. Problems with production or broken
molds could result from using a steel slab that is irregular in shape and has a thin shell thickness.
The major purpose of secondary cooling is to ensure slab stability in the secondary zone below the
mold. Roll contact with the slab and spray nozzles are both crucial throughout the cooling process.
This method of surface temperature control has the potential to dramatically eliminate defects and
reheating. Some surface cracks in the slab are possible after secondary zone warming [32]. Spray
cooling zones below the melt core value may allow for slab surface reheating [33]. At the mold
exit, the hardened shell can grow up to 20mm-25mm on both the broad and narrow faces, as
measured by the breakout shell and predicted by numerical calculations performed by Professor
Brain Thomas et al. [34]. When the semi-solid slab reaches the secondary cooling portion, the
spray cooling is so powerful that the liquid steel inside the solid shell continues to lose heat and
solidify. As a result, during the entirety of the secondary cooling phase, the solid shell expands

from the narrow face and the broad face towards its center.

Because of the high casting temperature and the mobility of the semi-liquid steel inside the solid
shell, direct observation and measurement of the solidification process is nearly impossible. This
is owing to the fact that the steel is moving around. In the event that breakout occurs during the
process of continuous casting, there is one circumstance in which direct measurement of solid
shell is not permissible. The remaining hollow solidified shell can provide great insights into the
solidification process, such as the shell thickness at different locations, the oscillation mark depth
and width, and inclusion entrainment. This happens once the molten steel bursts through the shell

after the breakout has occurred [31].

As the shell travels between consecutive rolls in the spray zones after it has been extruded from
the mold, it undergoes phase transitions and other microstructural changes that have an effect on
its strength and ductility. Ferrostatic pressure, withdrawal, friction against rolls, bending and
unbending, these are all variables that contribute to the thermal strain on the portion of the material.
Bending and unbending also contribute. Because of the intricate stress patterns, the shell deforms
and crawls as a result of the pressure. It is possible for crack growth and propagation to take place
as a consequence of successive depressions in the surface of the strand [35]. Heat and solutal

buoyancy effects, both of which are caused by changes in density between the various
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compositions created by micro segregation, contribute to the promotion of fluid flow lower in the
caster. This flow is the root source of macro segregation as well as the defects that accompany it,
such as centerline porosity, cracks, and other undesired property fluctuations [36]. The steel shell
is subject to a variety of deformation and fracture concerns due to creep at rising temperatures,
linked metallurgical embrittlement, and thermal stress. Creep at increased temperatures.

In continuous steel casting, the production of slabs of a high quality is impossible without accurate
and stringent supervision of the secondary cooling process. If the temperature profile down the
caster is not calibrated to reduce stress during temperature zones of low ductility, such as
unbending, failure such as transverse surface cracks may arise [37]. With thin-slab casters, where
it is impossible to examine the surface for flaws and when quick casting speeds are used, cracking
is made worse by the combination of a narrow machine radius and rapid casting speeds. As a result
of this, there is a significant motive to use control systems in order to optimize spray cooling in

order to achieve temperature profiles that are desirable.

Secondary cooling management may be challenging. Traditional feedback control systems have
had difficulty using optical pyrometers due to fluctuations in emissivity caused by periodic surface
scaling and the hostile environment of the steam-filled spray chamber [38] [39]. Thin-slab casting
moves at a breakneck pace, requiring the operator to make split-second decisions and adjustments.
With the advent of modern air-mist cooling nozzles comes the promise of faster and more uniform
cooling, but also the challenge of regulating yet another process variable, that is air flow rate. There
have been previous attempts made to provide real-time dynamic control of the cooling of
continuous casters. The flow of the spray water should be controlled in such a way that every
region of the strand's surface has the identical experience with heat. This has been recognized for
a very long time. This is incredibly important both during and after transients, such as casting
slowdowns that occur during ladle swaps, but it is not normally obvious to the player. sensors of
temperature in a variety of forms, including optical pyrometers. Both Okuno et al. [40] and Spitzer
et al. [41] proposed using real-time model-based methods to monitor the temperature in horizontal
slices across the strand in order to keep the surface temperature at four to five fixed locations.

The computations were done at a pace of once every twenty seconds, and in order to calibrate the
system, feedback-control sensors were utilized. These kinds of systems have been shown to be
problematic in practice as a consequence of the imprecision of temperature sensors such as optical
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pyrometers. Spray cooling and casting speed can both be dynamically controlled at the same time
[43] according to a technique that was developed by Barozzi et al. [42]. They had little choice but
to rely on feedforward control due to the slow computer speeds available at the time. This was
necessary in order to get the projected temperatures to match the parameters that were chosen.
Lally advised the utilization of computer models that were fundamentally based in order to
maximize spray cooling in the interest of eliminating flaws [43]. Because of the slowness of the
computers at the time as well as the ineffectiveness of the fundamental models and control

algorithms, it was not possible to implement online control at that time.

Rolls are used to provide support for the steel so that it does not bulge as a result of the ferrostatic
pressure. Diener [44] measured the temperature of the guide rollers in the secondary cooling region
of a slab in a continuous caster at variety of distances from the surface of the guide rollers and
without the use of any internal cooling. It was found that the rollers had a substantial impact on
the cooling of the material. In order to evaluate the temperature of the slab's surface, Barber [45]
utilized thermocouples that were implanted within the strand [46]. It was determined how much

of a role the rollers played in the heat transmission that occurred in the secondary cooling zone.
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3. METHODOLOGY

3.1 Spray Flat Fan Atomizer Model

The spray pattern and droplet size distribution of a flat fan atomizer can be simulated with the
utilization of the computational fluid dynamics (CFD) model available in ANSYS Fluent. Often
employed in agricultural, automotive, and industrial settings, flat fan atomizers create a fan-shaped
spray pattern. The ANSYS Fluent model simulates the liquid spray using a Euler-Lagrangian
method. When following the boundary between two immiscible fluids, the method is a useful
numerical tool. Liquid spray and ambient air form a contact in this example. The flat-fan atomizer
was used for the simulations which is extremely similar to the pressure-swirl atomizer, with the
exception that it produces a flat sheet and does not employ swirl. The liquid exits from a broad,
narrow aperture as a flat, droplet-forming liquid sheet. The model implies that the fan emanates
from a fictitious origin. The position of this origin must be provided, which is the junction of the
lines denoting the fan's sides and the center point of the arc from which the fan starts. ANSYS
FLUENT will identify the direction of the injection by locating the vector that extends from the
origin to the center point. Also, the half-angle of the fan arc, the width of the orifice (in the normal
direction) and the mass flow rate of the liquid to utilize the flat-fan atomizer model, must be
provided.
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Figure 3-1: Positioning and angles
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3.1.1 Model development

Spray cooling is used to ensure that the steel can cool and solidify at the rate required to achieve
the required production rate. The process uses a set of nozzles to spray water onto the surface of
the solidifying steel. The quality of the ultimate product is directly related to uniform cooling, and
because of that, it is one of the crucial elements within the body of steel production, ensuring a
uniform cooling allows for the avoidance of breakout and bulging of steel as it is being solidified
throughout the cooling process. Therefore, the study of overlap in spray cooling is essential for
achieving uniform cooling and accordingly, producing high-quality steel. Spray cooling results in
heat extraction, which gives rise to the heat extraction coefficient. It is crucial to obtain the
maximum and uniform of heat transfer coefficient to allow for maximum steel cooling. HTC can
be estimated using several correlations, some of which are extensively utilized by researchers. In
the 1970s, Nozaki and his team accomplished significant empirical correlations for the HTC and
high-temperature surfaces [48]. Nozaki developed the HTC correlation below which has been

widely adopted by numerous researchers.

0.55(1 — 0.0075 Tw)

HTC = f (W,Tw,a) = 1570 W (11)

Equation (19) provides a correlation between the HTC and the water spray density distribution,
W, and water temperature, Tw. The primary issue is that the parameter involved in the

correlation is caster-dependent and cannot be precisely determined.

Therefore, the parameter might be considered a fitting parameter. Zhang [5] modified Nozaki's
correlation, selected a specific value for the parameter, and reported the correlation for the HTC

as follows:
HTC = f(W,Tw) = 5849 W 0.451(1 — 0.0075Tw) (12)

For estimating the HTC for water-spray cooling nozzles, these correlations exhibit a variety of
relationships of varying complexity and taking into account a number of parameters. To create
high-quality and high-strength steel, the spray cooling rate in the secondary cooling region must
be properly developed and managed. Alternatively, and based on (Laitinen and Neittaanmaki,
1988; Sengupta et al., 2005), an unevenly distributed temperature field within the solidified shell
on the slab can create lingering thermal strains and tensions that cause cracking and other defects.

It is impossible to measure the temperature distribution during continuous casting within the
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solidified steel. It was also advised to test the uniformity and strength of spray cooling using HTC
on the steel surface. Newton's law of cooling is used to obtain HTC, which is used to describe heat
transfer [10]:

q''total = _q"cond + q"'conv + qR" = HTC_(Tface — Tspray) + qR" (13)

As shown in above equation, HTC is the result of conduction, which occurs when a water droplet
touches a hot steel surface, and convection, which results from air entrainment. Equation 21
highlights the essence of casting control systems utilized in contemporary steel mills. This
simulation was modelled and simulated in Fluent. The study investigates the cooling of a steel slab
by 2 adjacent nozzles with overlap. In a continuous caster, it is common practice to position two
adjacent nozzles with a small spray overlap to achieve uniform cooling. Hence, one of the key
factors that affects the effectiveness of spray cooling in continuous casting is the overlap between
adjacent nozzles. If the overlap is too large, it may result in higher heat extraction within the
overlap region. On the other hand, if the overlap is too small, it may result in lower heat extraction
within the overlap region. Both scenarios will render with non-uniform cooling, accordingly a
uniformity in cooling is the desired outcome of this study. Consequently, the objective of this
research is to optimize the overlap in spray cooling while considering various factors, including
the behavior of the coolant, the temperature of the metal, and how such factors interact holistically
with the presence of overlap. Researchers have explored various techniques to optimize the overlap
in spray cooling, including computational fluid dynamics (CFD) modeling, experimental studies,
and statistical optimization methods. This study will focus on the CFD approach and discuss the

findings.
3.1.2 Governing equations

Continuous phase (air)
The following equations characterize the air phase's motion in a Eulerian reference frame.

Continuity equation:

0 air
g_t +V. (pairuair) =0 (14)

where p,;. is the air density, and uy;, is the air velocity
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Momentum equation:

]
ot (pairuair) + V. (pairuczzir) =—-VP+ V(/Jairv-uair) + Pairg + Sair—drop (15)
where Sair-drop 1S the source-term coupling the momentum of the air with that of the droplets

according to the following expression:

5i = o2 (patep U (dgep)”) — Pitopul” (dihop)” (16)

The momentum between the air and the drops in a certain cell of the fixed grid is equal to the
change in momentum of all the drops (g) passing through it, throughout the time-step, according

to the particle source in cell model [48].

Most of impinging jets used in industrial applications generate turbulent flow due to the formation
of vortices along the jet's surfaces, that is similar to the Kelvin-Helmholtz instability. Predicting
the presence of turbulence with precision is very difficult and barely feasible. According to the
exhaustive comparisons made by [49], the Shear Stress Transport (SST) model by Menter [50] is
one of the most accurate and computationally efficient turbulence models for forecasting
impinging jet flow. The SST model combines the k- and the k—e models, the former near the
wall, which requires a finely spaced mesh close to the wall to generate accurate results, and the
latter farther from the wall to increase the accuracy of the results by capitalizing on the strengths

of each model.

Atomization

According to the atomizer's operating flow parameters, the liquid jet can experience a variety of
instability problems, including capillary, helical, and Kelvin-Helmholtz (KH) instability. Previous
studies have also identified a number of processes that lead to ligament and liquid core
disintegration. To establish the primary disintegration length for air-blast nozzles, several
researchers carried out experimental experiments and proposed empirical correlations. Within the
spray stream, the velocity and size distributions of the droplets which are frequently used to
illustrate this, are determined by the hydrodynamics inside the atomizer and the breakdown of the
liquid sheet. Primary breakup, refers to the first breakup processes that occur when droplet-droplet
collisions or aerodynamic instabilities lead the primary breakup droplets to further split apart into

smaller droplets (see Figure 1).
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According to the atomizer's operating flow parameters, the liquid jet can experience a variety of
instability problems, including capillary, helical, and Kelvin-Helmholtz (KH) instability. Previous
studies have also identified a number of processes that lead to ligament and liquid core
disintegration. To establish the primary disintegration length for air-blast nozzles, several
researchers carried out experimental experiments and proposed empirical correlations [40,41,45-
47]. The separation length was estimated to be [40] in this study.

Dil = 0.66We;**Rel* 17)

Droplet coalescence and breakup

The O'Rourke approach serves as the basis for the droplet coalescence model [53], which has
estimation of stochastic collisions. The relative velocity of the droplet with regard to the
surrounding air causes droplet fragmentation, which is taken into consideration by the WAVE
breakdown model. The Kelvin-Helmholtz instability with the fastest growth rate is assumed to be
the basis for the model's estimation of the breakup time and size of the subsequent offspring

droplets:

drparent _ AQ(rparent_rchild) (18)
dt 3.726B1T'parent

Droplet motion and convective heat transfer

The approach used to model the motion of the droplets is Langrangian. The following is how their

Newton-based motion equation accounted for both aerodynamic drag and gravitational force:

dugrop _ 3HdropCpRedrop (u

2
dt 4pdr0pddr0p

g(pdrop_pair) (19)

ir —u +
air drop) Pdrop

The coefficient of drag, CD, which measures the air-droplet interaction, can be estimated utilizing
the piecewise function in [57]. Due to being on the order of the gas-to-droplet density ratio, other
aerodynamic forces that may have an impact on droplet motion were disregarded [59], and in this
case it is 10”"-3. The Saffman lift and Magnus forces were also disregarded because the drops are
not in a high-shear area of the flow field across most of the field [59] which was acceptable as this
paper did not explore the drops motion near the plane of impact. Individual droplet trajectories are

calculated periodically throughout the continuous phase's iterations. On the basis of the change in

32



the position vector components of the droplets over time, the following formula was used to
calculate their trajectory:

dxgr

Top Udrop (20)
The drag force term, which is included in the momentum equation of air as a source, is used to

simulate the interaction between air and droplets.

The following droplet energy balance equation is used to calculate droplet temperature variations

throughout the spray cooling process:

derop dmgrop 2 4 4
mdrop P 4t droph(T Tdrop) + dt hfg + T[ddropsdropo_SB (TR - Tdrop) (21)

The Ranz-Marshall model can be used to compute h, the convective heat transfer coefficient [155].
The rate of droplet vaporization is determined by the concentration difference between the droplet
surface and the airstream, and the formula below can be used to determine the droplet's associated
mass change rate.

dmgro
% = dropk (C ) (22)

The coefficient kc in Eq. (6) can be obtained from the Sherwood number correlation with the
similar form as Eq. (8):

Sharep =~ = 2.0 + 0.6RedS,,Sc*3 (23)

Dyapour

Droplet-wall impingement model

The stick, reflect, and wall jet outcomes are all considered in the wall jet model that was established
by Naber and Reitz [58] based on the characteristics of each droplet. After impingement, the
droplet in the stick mode stays in touch with the wall and keeps evaporating. In reflect mode, a
particle’s normal velocity component takes on the opposite sign but the tangential and normal
velocity components' magnitudes stay the same. In the wall jet mode, the model simulates an
inviscid liquid jet that is released from the stagnation point and impacts a solid surface with a
continuous stream of closely spaced droplets. In the analytical solution for an axisymmetric
impingement, the empirical function for the liquid jet with a height of H as a function of the angle

at which the droplet departs the horizontal impingement is utilized:

H(W) = Hneﬁ(l‘%) (24)
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The probability that a droplet leaves the impingement point at an angle between ¥ and ¥ + AY is

given by integrating the expression for (¥):
Y= —%ln[l —P(1-eF)] (25)

The expression for S is given as:

sin(@) = b1

— - 26
(eﬁ-l)(1+(g) ) (26)

Impingement heat transfer model

Even though a droplet is expected to maintain its spherical shape throughout its lifetime, it may
deform and remain in close contact with the solid surface following an impact. The quantity of
heat exchanged between the droplet and the solid container can be calculated using pure heat
conduction as follows:

d __ KdropAcond
dt (mdropCpTdrop) - T (Tslab - Tdrop) (27)

The effective contact area A,,,4 between droplets and walls is determined using the expression in
[60]. The Leidenfrost temperature is lower than the slab temperature during the casting process
[61]. predicting vaporization from discrete phase droplets using droplet vaporization. It starts when
the temperature of the droplet exceeds the vaporization temperature and continues until the
temperature of the droplet reaches the boiling point or the volatile component of the droplet is
completely consumed. Given the slab's high temperature, it is anticipated that the vaporization
rates will be considerable, and as a result, the influence of the evaporating material's convective
flow from the droplet surface to the bulk gas phase will be significant. The droplet vaporization

was modeled using the convective/diffusion-controlled model of [62].
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Slab movement

The impact of the slab’'s movement with respect to the orifice was simulated in the simulations
using both the moving reference frame and the stationary reference frame. While the energy
equation for a moving substrate in the computational domain is defined as follows, the governing
equations for air and droplets are solved with reference to a stationary reference frame:

5]

ﬁ% stee — _72* stee =—
a (psteelhsteel + %) + V. [ur (psteelhsteel + %)] =V. [ksteelVT + Tur] (28)

Relative velocity, u, between the two reference frames is defined as:

Uy = ustationary - umoving (29)

Prior to impingement, 50 continuous phase iterations were made between two discrete phase
iterations; after droplet impingement on the slab surface, 500 continuous phase iterations were
made between two discrete phase iterations. Particle radiation interaction, two-way coupling,
stochastic collision, coalescence, and breakdown models were used to simulate the discrete phase.
ANSYS Fluent 2020R1 was the program used to execute all the cases, and it took 48 processors
about 3 hours to converge each example.

3.2 Solidification model

3.2.1 Simulation approach

In this study, the Eulerian VVolume-Of-Fraction model is used to simulate the phase change and
convection within the semi-solid steel slab. Steel in liquid form and steel in solid form are handled
as two immiscible continuous phases. One set of conservation equations governs the fluid flow in
the regions of molten steel, mushy zone, and solid. Conductive to estimating turbulence in the flow
model, the Reynold Average Navier-Stokes (RANS) k-shear stress transport (k- SST) model is
utilized. This model combines the most advantageous characteristics of the standard k-model and
the k-model. The k- SST utilizes blending functions to manage obstacles such as walls and baffles
more effectively than the classic k- model, and it also anticipates flows with separation and
unfavorable pressure gradients more accurately than the k- model [47].
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A modification to the solidification model was achieved through taking into account the curvature
of the caster while also considering the computational expenses of the simulation casefile. The
goal of the aforementioned modification is to predict and visualize the metallurgical length in one
simulation rather than nine. Moreover, previously in each segment, the top surface is assigned the
velocity profile from the downstream of its preceding segment, which leaves a room for human
errors as there would be a decent amount of input and output files that may hinder the quality of
the results. Also, not neglecting the curvature of the slab can result in a more realistic approach to
the prediction of the metallurgical length. Figures 3-2 and 3-3 illustrate the slab caster used in the
simulation.

Using Star-CCM+, a curved model of the caster was designed. Foreseeing the behavior of steel as
it travels from the mold section and down to the secondary cooling section. The current geometry
is designed for the means of predicting metallurgical length. Hence, and for computational
expenses as well, the portion of the caster where steel is liquid and transitioning to its solid state

and up to the first point of complete solid steel is only modelled.
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Figure 3-2: Geometry Design of the

Curved Caster Figure 3-3: Solidification

simulation
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3.2.2 Governing equations

Mass conservation
The following is an example of how the equation for the conservation of mass in an incompressible

and isotropic Newtonian fluid could be written:

a stee g
% +V- (psteelusteel) =0 (30)

Where pgoe; and i, are the density and velocity of the liquid and solid mixture, respectively.
Momentum conservation

At varying temperatures, steel alloys undergo the solidification process. The temperatures at which
a substance can be considered solid or liquid correspondingly establish the lower and upper bounds

of the temperature range. One equation for the conservation of momentum is solved across the

entirety of the computing domain.

a — P — — -
a (psteelusteel) +V- (psteelusteel) =—-VP + v[Heff(vusteel + Vugteel] + Psteel8 + Sporous (31)

Where P is pressure, uef f is effective viscosity, and it alters the viscosity of the liquid in the zone
of free-floating dendrites, Sporous IS @ momentum source term that has an influence in the porous

region.

Turbulence model

Because of its precision and ease of computing, the k- SST model has been selected as the one to

use for turbulence modeling. The formula for this model is as follows:

a —
a (psteelk) +V- (psteelkusteel) =V [(Ueff + ;l_]t() Vk] + Gk - psteelBkk('0 + Sk (32)

6 -
a (psteelw) +V- (psteelwusteel) =V [(ueff + ::_;) Vk] + Gu) - psteele(’o2 + Su) (33)

Where k represents the turbulence kinetic energy, w represents the turbulence dissipation rate, u¢
is the turbulent viscosity, Gk represents the creation of turbulence kinetic energy due to mean
velocity gradients, ok and o are the turbulent Prandtl numbers, w is the generation of turbulence
dissipation rate. Sx and S are model coefficients while S, and S, are source terms that are used

to account for the mushy zone's existence.
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Energy conservation

The Enthalpy-Porosity model that was utilized for this research does not follow the liquid-solid
interface in an explicit fashion. To calculate the solid distribution, the model makes use of an
enthalpy formulation, which results in a noticeable attenuation in the amount of required time for
computation. The law of the energy conservation can be expressed as follows for both liquid and

solid states:

d -

o (fiqPrighiq) + V * (fiigPriqhiiqUtiq) = V * (KiiqVTiiq) — Stiq-sol (34)
a -

ot (fsolpsolhsol) +V- (fsolpsolhsolusol) =V (ksolVTsol) - Sliq—sol (35)

In this context, the subscripts lig and sol indicate that we are talking about liquid and solid,
respectively. The symbol for density is p, the symbol for sensible enthalpy is #, the symbol for
velocity u”, the symbol for thermal conductivity is k, the local temperature is T, the energy
exchange between liquid and solid is lig—sol. Each control volume's liquid and solid fractions

have to demonstrate that they can adhere to the following constraint:

fliq + o1 =1 (36)
The liquid enthalpy shown in Eg. (185) is calculated by:
hliq = hgo1 + hyae (37)
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4. BOUNDARY CONDITIONS AND COMPUTATIONAL DOMAIN

4.1 Flat fan atomizer model

4.1.1 Nozzles comparison and methodology

When it came to modeling the spraying system, two different models were used as an approach.
Two distinct models: one is air mist spray and another is hydraulic nozzle. Flat fan atomizer model
in Fluent is one type of hydraulic nozzles. Both air mist spray and hydraulic nozzle methods are
important to discuss because each was developed for a distinct objective, and both are regarded as
being equally necessary for the completion of this project. When using such a technique, the air
mist spray simulation provides higher resolution quality of results "per spray," but it is
computationally expensive to do so, particularly if multiple spray scenarios are required as it has
a 4 steps approach. On the other hand, the flat fan atomizer model produces a quality that is above
average but not quite as high as the quality produced by the first method. In spite of this, it has a
low computational cost and can be of great assistance in situations where multiple simulation
scenarios and a parallel method for running multiple scenarios of spraying simulations are
required. For the purpose of this thesis, we will be utilizing the latter method, as the "mapping"
approach that will be implemented for the spraying system as a whole has been designated as the
project's current top priority. Figure 4-1 illustrates a comparison between the two aforementioned

models.

Nozzle §

Figure 4-1: Air mist spray (4 steps) and flat fan atomizer models
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The casting parameters that were simulated can be found in Table 4-1 below. These parameters
were used to carry out a study on the effects of casting speed, water flow rate, spray angle and
stand-off distance, as well as to produce an HTC interrelation using these parameters. A non-slip
condition was imposed on the nozzle walls, and the water inlet was modeled as a mass flow inlet.
In every one of the conditions that were simulated, the temperature of the water at the inlet was
kept at 300K.

Table 4-1. Casting parameters

Water flow rate (ml/s) 126.18, 233.4

Casting speed (m/min) 1.016
Standoff distance (m) 0.13,0.15,0.17,0.216
Spray angle (degrees) 90, 115, 120

As mentioned before, and to develop an HTC interrelation using these parameters, the outcome of
this point will then be the boundary condition to the solidification model. Furthermore, a change
of the mapping method used will be discussed as the curvature of the caster imposes a curving of

the flat map to a curved one.

4.1.2 Computational domain and mesh

As it can be seen in Figure 4-2, the geometry consists of a flat, solid, steel foundation with an air
zone superimposed on it. The coverage area of the sprays and the height of the sprays from the
steel slab are what determine the length and height of the domain, respectively. The length of the
computational domain is 1300 millimeters, the width is 500 millimeters, and the height is 320
millimeters. The field can be broken down into two distinct categories: fluid and solid. The spray
nozzle and the air around it make up the fluid component, while the steel slab is the indicator for

the solid component.
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Figure 4-3 demonstrates a structured mesh that represents the domain. This mesh has a total of
929556 nodes with an element size of 29.3 millimeters. Because the slab’s top surface is the major
surface of interest, fine mesh is utilized in the area close to that surface. It is necessary to size the
edges of the mesh in order to achieve linearity. For the fluid surface, sizing of 150 is applied,

however for the steel slab edge, sizing of 30 divisions in 4 conjunctions with a bias factor of 10 is

utilized.

Figure 4-3: Mesh Domain

4.1.3 Impingement and mapping

A conceptual investigation of the impingement of sprays on the slab surface was carried out for a
variety of varied and multiple spray parameters. Earlier than the assembly of the required
distribution along the caster, some calculations were carried out. In order to have a better
knowledge of the coverage area for each spray scenario that was required, the calculations included

several variations in the parameters that were used for spraying, and then they assembled
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everything into one large profile. For instance, figure 4-4 shows and example of the conceptual

study carried out for the stand-off distance (SD).

SD 1 R 1
SD 2 S 1 i
SD 3 - DM
SD 4 - UMV

Length
2*(SD/tan(30))

Nozzle |
& z

—y

H

Width

Figure 4-4: Standoff distance coverage area calculations (Left) and Coverage area imprints due
to various stand-off distances (Right)

The next step would be to take the “flat” profile created and bend it to associate with the curvature

of the caster. All of which will be discussed in the next solidification model section.

4.2 Solidification model

Previously, and because it was determined that the length of the caster was excessively long, to
the point where it would be computationally expensive to run simulations with the full length, the
caster was divided into its segments, and the simulation was carried out by moving from one
segment to the next segment in order to complete the task. At the beginning of each segment, the
top surface is given the velocity profile that was measured downstream in the segment that came
before it. In the downstream, the boundary condition is determined by the presence or absence of

a pressure outlet.

For the current approach, the modified solidification model was done to include the curvature of
the caster strand as shown in Figure 4-5. This is an improvement from the simulations in the
previous year where each segment was simulated individually as a flat segment. The goal of the
aforementioned modification is to predict and visualize the metallurgical length in a curved strand
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in one simulation rather than multiple flat segments. Moreover, and due to the fact that previously
in each segment, the top surface is assigned the velocity profile from the downstream of its
preceding segment, a room for human errors is left as there would be a decent amount of input and
output files that may hinder the quality of the results. Also, not neglecting the curvature of the slab
can result in a more realistic approach to the prediction of the metallurgical length.

\elocity Inlet
Boundary Condition

Segment O
Segment 1
Segment 2
Segment 3 Pressure Outlet
Boundary Condition
Segment 4

Figure 4-5: Solidification simulation model

4.3 Integration model

4.3.1 A holistic mapping of the spray profiles

The spray profiles were replicated and had placement modifications in the integration model.
Based on specifications provided, the spray patterns seem to be classified based on arrangement
and overlap occurrence. For instance, sprays existing in Segment 0 right after the mold seems to
have the same standoff distances and a uniform distribution that has a specific percentage of
overlap. On the other hand, Spray arrangement differs when moving to segments 1-6 as the
standoff distances start to be varying from one location to another and overlap occurrence becomes
less probable. Figure 4-6 illustrates the mapping of spray HTC onto the broad face of a segments.
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Utilizing a couple of Matlab codes, two approaches were used to map the HTC profiles, depending

on the spray patterns shown in Figure 4-6. One code was used to cut and replicate the area of

overlap from one profile and then assembled again to form a row and then replicate that row along

the specified segment, Figure 4-8 illustrates the mechanism used for such assembly. Also, for the

rest of the patterns that coexist with the previously mentioned one but along other segments,

another algorithm was used to proceed with the spread of HTC profiles as illustrated in Figure 4-

9.
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Figure 4-7: Integration methodology
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Figure 4-9: Boundary conditions for Segments 1-6 of the slab

4.3.2 Applying the Boundary condition into a curved caster

A horizontal projection was created utilizing MATLAB, where the code converts the flat HTC
mapping done previously into a curved one. Such conversion was done by extracting coordinates
from the geometry in Star CCM+, storing it into arrays and then using a mathematical interpolation
to convert the coordinates of the HTC values to be projected into a curved plane such that a better
and more accurate spread of values is achieved. Figure 4-10 illustrates the methodology behind
the mentioned approach. Additionally, a geometrical domain extension for further studies was

included.
b |
: ‘I‘ - I i B
! " s
I— \ - I I _
1 . _
1 \\\ : ; N
| ~ - -
v, v, 7 |
- ‘ -
z z ’ External Heat Transfer Coefficient (W/im#2-K)
Flat Curved 43.2 272 500
Flat Curved e T

Figure 4-10: Coordinated conversion methodology
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5. RESULTS AND DISCUSSION

5.1 Flat fan atomizer model

ANSYS Fluent's flat fan atomizer model is a spray modeling technique used to simulate the spray
behavior of a flat fan atomizer. Typical applications for this model include agricultural spraying,
industrial coatings, and combustion processes. The flat fan atomizer model is based on the
Eulerian-Lagrangian method, which includes solving the governing equations for the continuous
phase (i.e., the gas or liquid) with the Eulerian method and tracking the dispersed phase (i.e., the
spray droplets) with the Lagrangian method.

Particle Diameter (mm)

1.56e+00
I 1.42e+00
1.27e+00

1.13e+00

9.88e-01

. 8.46e-01

7.03e-01

5.60e-01
4.17e-01
I 2.74e-01
1.31e-01

Using the flat fan atomizer model in ANSYS Fluent provides the following benefits:

Figure 5-1: Flat fan atomizer

e It can accurately predict the spray droplet size distribution, which is essential for
optimizing spray performance and minimizing waste.

o It employs efficient numerical algorithms and parallel processing techniques to solve the
governing equations, allowing simulation of complex spray geometries and large-scale
spray systems.

e It can simulate a variety of spray systems, including those with multiple injectors, non-

uniform inflow conditions, and intricate geometries.
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5.1.1 Spray simulations & their combination

A flat fan atomizer model was used to model the impingement of sprays under different conditions
on a slab surface. After analyzing the data provided, the scenarios of which the spray simulations
were existing within the caster were cut down to 9 spray conditions, in addition to that of the
overlap. Hence, after running the simulations required and classifying them based on conditions
like standoff distance, water flow rate and spray angle, Matlab was utilized to solve the problem
of spreading the profiles along the caster efficiently. Figure 6 shows a simple illustration of the 9

spray conditions.

I . |
S Angle 1 > 1
(D
s’ hm? ] ow rale !
¥ b I [] Spray angle !
- - ' Stand-off distance ! SD2
s - e ]
sn2| ool .
: 503
sD3 s3] 410 '
sD4

SD4 SD4

Figure 5-2: Spray conditions utilized for the spray system arrangement.

5.1.2 Spray Overlap (Parametric Study)

Furthermore, a study on the uniformity of cooling while having an overlapping sprays scenario
was conducted. Optimum overlap is needed to achieve uniform cooling which can help with
preventing breakout and bulging. Therefore, three scenarios were conducted to study the effect of

overlap and find the most uniform cooling among them.
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12.5% Overlap
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Figure 5-3: Overlap scenario

Using the flat fan atomizer model mentioned previously, different combinations of overlap nozzles
were tested out. The heat transfer coefficient was observed and an optimum overlap was found.
The overlap was calculated through the nozzle to nozzle distance (D) between the two air-water
spray and the spray angle. They were tested on the nozzle parameters identical as used in above
cases. Following is the case associated with 3.5% of overlap between 2 nozzle air-water spray

(Baseline Case).

Figure 5-4 (a): Nozzle to Nozzle distance (D) and Stand-off distance (H) [54]
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Figure 5-4 (b): Overlap HTC analysis and distribution along domain

It was concluded through the results that with less amount of overlap, there is no significant

change in the cooling. The main heat extraction is taking place in the central regions of

individual nozzle. So, a 3.5% overlap did not show significant effect of heat extraction which

lead to undercooling in the overlap region, the 25% case showed an overcooling problem and last

but not least, the 12.5% of overlap showed the most uniform distribution of heat extraction,

resulting in being the optimum overlap percentage.
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Figure 5-5: Overlap HTC analysis for three scenarios

6™ order polynomial trend lines used for a good representation of over cooling, undercooling and

uniform cooling and it can be confirmed again that HTC distribution within the 12.5% of overlap

showed the best uniformity.
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Figure 5-6: Polynomial average of the simulations

Further studies were conducted for the effect of standoff distance, therefore making the overlap
analysis approached from two points of view. Furthermore, an analysis of multiple phenomena

was also conducted such as moisture concentration, droplet concentration and average droplet

diameter.
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5.2 Solidification model

As can be depicted in Figure 5-7, the solidification model has been updated to account for the
caster strand's curvature. When compared to previous work by Haibo Ma and Vitalis Anisiuba [54]
[55], in which each segment was simulated separately as a flat segment, this is an improvement.
The above change was made so that one continuous simulation, rather of several flat segments,
could be used to estimate and visualize the metallurgical length in a curved strand. Predicting the
metallurgical length in a more realistic manner is possible when the slab's curvature is taken into

account.

Segment O

Segment 1
Segment 2

Segment 3

Segment 4

3}

Sol
75
LN

Figure 5-7: Solidification simulation model.

5.2.1 Shell Thickness

An analysis for shell growth behavior was studied along the curved caster. Two positions were
taken into consideration given the shell growth behavior shown in figure 5-8. Metallurgical length
elongates as shell thickness is monitored away from the centerline and towards the narrow face.
Such behavior can be attributed to the cooling distribution profile that allows for faster
solidification around the centerline and a slower solidification away from the centerline and

towards the narrow face.
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Figure 5-8: Shell Growth and metallurgical length prediction

5.2.2 Temperature

Temperature behavior was analyzed along the caster on three different positions. Centerline and
Quarter line like the one used for analyzing as well as inside the slab center, for the purpose of
monitoring the liquidus and solidus temperatures. Hence, Figure 5-9 shows a combination of plots
that tell three stories about steel behavior as it is being cooled during the secondary cooling phase.
A lower surface temperature at centerline can be shown which indicates a higher cooling rate than
that of which can be monitored at quarter line, which also coincides perfectly with the results
concluded from Figure 5-8 that tells the behavior of shell thickness. At slab center, temperature
was also monitored to show how a transitioning from liquidus phase to solidus phase was achieved
as cooling was taking place, as such an indication is the primary definition of steel being solidified,

specifically inside the slab center.
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Figure 5-9: Surface and slab center temperature Distribution

5.2.3 Flow effect

It can clearly be seen through Figures 5-10 and 5-11 that high velocities of liquid steel can impact
the cooling rate, specifically towards the narrow face at the beginning of the slab. Such
phenomenon is a result of the flow shape that is happening in the mold area after steel is being
injected from the SEN. Hence, the flow's shape can be altered by making adjustments to the caster's

breadth or by installing an EMBr, leading to more uniform cooling and shell growth.
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Figure 5-10: Flow field effect on temperature and shell formation
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Figure 5-11: Temperature horizontal analysis

5.2.4 Solid volume fraction of steel

A multi-cross sectional view of the solidification process was also extracted to monitor the shell
growth and its distribution along the caster. Eventually, all data tells the difference in cooling rate
along the caster and as previously mentioned the causes of such differences. Figure 5-12 illustrates
the aforementioned description by using the solid volume fraction of steel contour as way to show

the distribution of solid, mushy and liquid zones of steel along the caster.
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Figure 5-12: Solid volume fraction of steel distribution



5.3 Integration model

5.3.1 Effect of Nozzle Clogging & Casting Speed (Parametric Studies)

The clogging of one and two rows of sprays was achieved by editing the aforementioned spray
mapping code such that an edit of the values needed to make the clogging possible is achieved.
Clogging initially took place in the shape of “row clogging” as a bulk of sprays altogether and then
analyzed at specific places to see the effect of it. Figure 5-18 shows the difference that occurred to
the boundary condition due to clogging the nozzles, shape difference is due to each segment having

a different arrangement.
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Figure 5-13: Nozzle clogging on the boundary condition

Shell Thickness analysis shows minor differences from baseline case and a positive correlation
between nozzles clogged and metallurgical length is found. The more nozzles are clogged, the
higher the metallurgical length is. Figure 5-19 show the previously mentioned behavior, with a

baseline metallurgical length of 8.25 m.
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Figure 5-14: One row of nozzle clogging (Left) Two rows of nozzle clogging (Right)
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Surface temperature analysis shows that overall cooling is reduced by the nozzle clogging
phenomenon, surface temperature rises at the location of the clogged nozzles and another
positive correlation between nozzles clogged and surface temperature is further concluded.
Figures 5-21 show the previously mentioned behavior and the difference in temperature peaks as
well as their incline and decay at the positions of nozzle clogging.
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Figure 5-15: Nozzle clogging effect on surface temperature

The data presented in Figure 5-23 elucidate on the influence that increasing casting speed has on
metallurgical length. A positive correlation is seen between increasing casting speed and

metallurgical length. The metallurgical length tends to increase in direct proportion to the casting

speed.
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Figure 5-16: Casting speed effect on metallurgical length
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6. CONCLUSIONS

Utilizing a three-dimensional computational fluid dynamics simulation, the study examined spray
cooling by a flat-fan nozzle during the secondary cooling in continuous steel casting. The findings
indicate that the steel continuous casting circumstances have an effect on heat transmission. The
heat transfer coefficient under various casting conditions, including water flow rate, casting speed,
spray angle, spray overlap, and standoff distance, has been predicted using a new mapping

technique. The findings of this study allow for the following inferences:

e The air mist spray simulation uses a 4-step technique and produces higher-resolution results
"per spray,” but it is computationally expensive, especially if several spray scenarios are
needed. The flat fan atomizer model produces above-average quality, but not as high as the
first approach. Yet, it has a cheap computing cost and can help when several simulation
scenarios and a parallel spraying simulation method are needed.

e Among the three overlap scenarios (3.5%, 12.5%, and 25%), 12.5% overlap was shown to be
the best condition for uniform cooling. Under the condition of horizontal overlap, all of which
(Nozzle to Nozzle adjustments).

e For the dispersion of the spray arrangement along the caster, a total of 9 distinct spray
combinations were used. Water flow rate, spray angle, and stand-off distance were the three
factors that were used to create the nine possible combinations.

e Ingeneral, a holistic description of cooling was that it is relatively constant on all places at the
first segment, then increased gradually and at different stand-offs, gradually decreased some
more in the middle, and then concentrates more towards the center of the slab and less towards
the edges.

Also, the solidification of steel was examined in order to study certain parameters and how they

influence the growth of the shell and the temperature of the surface. The outcome of the spray

cooling was incorporated into the solidification model, and an approach to simulation was
developed in order to simulate the entire caster. This was done in order to make accurate
predictions regarding the shell growth, metallurgical length, and surface temperature of the steel
slab. The following hypotheses can be derived from the findings of this study:
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Since the solidification model now accounts for caster strand curvature. Instead of many flat
segments, one continuous simulation was used to estimate and display the metallurgical length
in a curved strand. The slab’s curvature helps predict the metallurgical length in a more realistic
and precise manner.

An analysis for the shell thickness, surface and core temperature, flow formation and solid
volume fraction of steel utilizing the new curved caster was conducted and in a smarter, faster
and more efficient approach. Rendering the facilitation of such a design the better approach
for running secondary cooling simulations.

The metallurgical length and the number of clogged nozzles are found to be positively
correlated by the integration model between the spray simulations, their mapping, and the
solidification model. The relationship between surface temperature and clogged nozzles is the

same. It is also determined that casting speed and metallurgical length correlate similarly.
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7. FUTURE WORKS

Further research will examine the impact of individual nozzle obstruction as well as further overlap
tests under various sets of circumstances. Also, given that the code is accessible, any necessary
distribution might be created utilizing the HTC database and simulation results for 2D and 3D
mapping. The bend along the caster would be employed for additional research for the
solidification model, and a wider facilitation of such a model would occur. The impact of
solidification rates on the prediction of the metallurgical length would also be investigated further.
A database may be created from the simulation of several cases at various casting conditions and
for various steel grades, and from there, a correlation could be created to predict the metallurgical
length from the composition of the steel, the casting speed, and the superheat. Lastly, due to the
remodeling and integration of all models, a wider range of applications and the effects of additional

casting circumstances are possible.
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