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Abstract 

 

It is very important to understand flow patterns within the continuous 

casting mold because they have a significant impact on product quality. Water 

model experiment and numerical simulation conducted to identify the fluid 

flow pattern in the steel slab continuous casting mold. The fluid flow pattern 

in the mold is not steady but instead an oscillatory flow with a specific 

oscillation frequencies. We identified the physical origins of various specific 

oscillation frequencies, and confirmed through experimentation and 

simulation that each frequency is related to the cross flow and injection stream 

oscillation. Moreover, the degree of oscillation at each frequency appears 

differently depending on the location within the mold, and is shown to have a 

effect near the mold wall.  

Water model experiment was conducted to observe the surface 

fluctuation corresponding to different port angles of the submerged entry 

nozzle in the steel slab continuous casting mold. When the port angle has low 

values, the amplitude of the surface fluctuation is relatively larger than for 

higher angles. We demonstrate that these phenomena are related to the fluid 

flow patterns in the mold by numerical simulation. Fluid flow patterns are 

asymmetric and unsteady for low port angles, with repetition of vortex 

nucleation and annihilation. However, fluid flow patterns become symmetric 

with increased SEN port angles.  

These results not only provide a better understanding of complex 
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oscillatory flow patterns, but also provide a method to obtain a stabilized 

surface within the mold. 

 

 

Keywords : continuous casting mold, water model experiment, numerical 

simulation, oscillatory flow, oscillation frequency, surface fluctuation 
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Chapter 1. Introduction 

1. 1 Continuous Casting 

1. 1. 1 Historical Developments of Continuous Casting 

 The origins of steel continuous casting can be traced back to the 

patent application made by American George Sellers in 1840 for continuous 

casting lead tubing, Henry Bessemer's 1846 patent for a water-cooled twin roll 

casting machine in Britain, and the development in 1856 of a device allowing 

for continuous casting with malleable iron and twin rolls. With the 

development in 1933 of the non-harmonic oscillation method by Siegfried 

Junghans, continuous casting became realistic for widespread use, and 

became fully industrialized following the 2nd World War.[1] 

 Around the 1960's, earlier vertical continuous casting was replaced 

by vertical bending and curved continuous casting, which decreased factory 

height by half and lowered construction costs, thereby increasing productivity 

by a large margin. Curved continuous casting technology spread throughout 

the world following the 1960's as a way to produce middle product, and 

overall output of steel production was greatly increased. 

  Continuous casting allows for continuous processing from molten 

steel injection to casting and on to cutting and rolling, making it much more 

advanced than general ingot casting in terms of yielding percentage and 

energy efficiency, and the automation of the entire process has allowed for 

rapid growth in production output.[2] Moreover, as it involves almost no 

longitudinal segregation, it is possible to produce steel of uniform quality, and 
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as the process involves middle product similar to the final product, various 

cracks which may arise during processing can be kept to a minimum. Due to 

these advantages, while the production of crude steel increased by 

approximately 40% from the 1970's through 2000, production by continuous 

casting increased approximately 20 times over the same period.[3] In addition 

to such quantitative growth, continuous casting technology is still developing 

even further. To prevent the formation of defects and produce high-quality 

slabs in large amounts, various enhancements have been developed since the 

1970's, including mold oscillation, electromagnetic stirring, high-speed 

casting, air-mist spray cooling, and roll cooling.[4-6] Recent developments in 

continuous casting have focused on automation, high speed and thinning, 

leading to the introduction of new technologies as strip casting [7] and thin 

slab casting [8]. 

 

 

1. 1. 2 Continuous Casting Equipments 

 The earliest continuous casting equipment were developed as vertical 

types. Vertical continuous casting has a advantage which allows for easy 

flotation of non-metallic inclusions, and is not subject to break out phenomena, 

but the equipment height is very high, leading to bulging caused by ferrostatic 

pressure and increased construction costs. Vertical bending continuous casting 

was developed in order to address the drawbacks of vertical continuous 

casting. Early vertical bending continuous casting involved shaping after 

complete solidification of the strand, but as casting speed increased, the 
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method was modified so that shaping could take place at the bending part to 

be followed by completion of solidification at the horizontal part. 

  In order to further enhance the casting speed, curbed continuous 

casting which has the uniform curvature was developed by method of strand 

bending deformation. With high demands for slab quality in recent continuous 

casting, the general trends favor vertical bending continuous casting with a 

vertical part of 2.5 ~ 3 m to allow for flotation of non-metallic inclusions in 

the mold. Fig. 1-1 schematic shows the continuous casting equipment and 

process.[9] 
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Fig. 1-1. Schematic representation of the continuous casting process.[9] 
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Tundish 

 The role of the tundish in continuous casting equipment is to readily 

supply motel steel from the ladle to the mold, and to control the amount of 

fluid flow to the mold, while storing an appropriate amount of molten steel to 

maintain a constant casting speed as continuous casting is carried out. 

Recently, refining function is being strengthened to promote the flotation of 

non-metallic inclusions in the molten steel, along with the implementation of 

heating devices to maintain a uniform casting temperature. The tundish 

geometry may vary depending on the situation, but it is generally designed to 

maximize the stay time which molten steel remains in the tundish, in order to 

allow for flotation of non-metallic inclusions. Tundish capacities have 

gradually grown in accordance with increased continuous casting equipment 

productivity and output, with tundish capacities of over 80 tons introduced 

recently. 

 

 

Mold 

 The mold design is of great importance, as in the continuous casting 

mold process at which the initial solidification shell is formed at the strand 

surface, and where most of the surface defects are generated. Generally, the 

mold must fulfill conditions such as uniform cooling, cooling capability, wear 

resistance, and resistance to copper plate deformation and crack. The mold 

structure may be categorized as integral or built-up types. An integral mold 

has a simple structure, but if the region which is in contact with the 
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solidification shell is worn away by friction, the entire mold must be 

discarded, which is why it is mostly used for billet continuous casting which 

has a small cross sectional area. A built-up mold is more often used for bloom 

and slab continuous casting, which have larger cross sectional areas. 

 Equipment used to control fluid flow in the molten steel in order to 

improve the slab's surface quality include electro-magnetic stirrer (EMS), 

electro-magnetic barker (EMBR), electro-magnetic level accelerator (EMLA), 

and electro-magnetic level stabilizer (EMLS) etc. An EMS discourages the 

formation of bubbles under the surface of the strand, and stirs molten steel in 

a horizontal direction in the mold in order to prevent the capture of non-

metallic inclusions in the solidification shell.[10, 11] An EMBR helps control 

the flow of the molten steel by applying an electro-magnetic field to the flow 

of the injection stream from the submerged entry nozzle (SEN) which is 

meant to promote the floatation of non-metallic inclusions.[12] EMLA / 

EMLS are equipment used to maintain the velocity of molten steel at the mold 

surface within an appropriate range.[13] 

 

 

Secondary Cooling Zone 

 The secondary cooling zone consists of multiple rolls, intended to 

protect and maintain the shape of the weak strand, which despite the 

solidification of the surface at the mold is still filled with molten steel. As the 

rolls are in constant contact with the high temperature strand, it is subjected 

during casting to surface temperatures of 400 ~ 600 °C. Moreover, they are 
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subjected to repeated thermal stress due to their rotation. As such, selection of 

optimal materials and structure depending on the region of use is of great 

importance. The strand which exits the mold passes through the secondary 

cooling zone and is cooled and solidified by spray nozzles installed between 

the rolls. 

 Early continuous casting employed water spray nozzles for strand 

cooling, but more recently these have been replaced by air-mist nozzles to 

control the strand temperature at higher levels. As this secondary cooling has 

a major impact on strand quality, a great deal of recent research has focused 

on technologies such as air-mist cooling, transverse direction cooling, and 

cooling width control etc. And, shorter roll gaps and linearization have 

become widespread as methods to improve slab quality.  

 

 

Dummy bar 

 The dummy bar is used before the onset of casting to block the mold 

bottom and form the initial strand, and it is responsible for drawing the strand 

after the casting has commenced. Methods for inserting the dummy bar in the 

caster before casting include top feeding and bottom feeding. Earlier 

continuous casters employed the bottom feeding method, but the development 

of high speed casting technique and correspondingly longer caster length led 

to a proportional growth in the dummy bar length, which gave rise to a 

problem of increased casting preparation time. More recently, top feeding has 

become more widely used to decrease casting preparation time.  
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1. 1. 3 New Continuous Casting Technology 

 More recent new continuous casting technologies can largely be 

divided into two categories, the first of which is to cast a shape similar to the 

final product in order to truncate the process and improve efficiency in terms 

of both time and cost. Major examples include horizontal casting, thin slab 

casting, and strip casting. Additional technologies such as rheocasting, 

compocasting, spray casting, and Ohno casting are also being researched. 

 

 

Thin Slab Casting 

 Continuous casting technology has recently undergone great strides, 

to such an extent that it accounts for nearly 100% of all slab production, with 

great flexibility depending on size and steel type. Such slabs pass the heating 

furnace and move through the roughing mill and finishing mill to undergo hot 

rolling into thin slabs measuring 1~5 mm in thickness, and are then subjected 

to cold rolling to complete the final product. However, in the past such 

processing required separate and complex steps such as slab stacking, cooling, 

annealing, pickling, and roll grinding, involving significant losses in both time 

and cost. As a result, thin slab casting was developed recently as a new casting 

technology which is more closer to the final product size. The advantages of 

this casting method are that it eliminates many of the intermediate steps, 

thereby allowing for energy savings, small quantity batch production, 

reduction of investment cost, and reduced required space for equipment. 

Recently it has become possible to attain yearly output of 0.8 million tons or 
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more from a mini-mill scale. Slabs are uniformly heated in a soaking furnace 

and are turned into thin slabs by hot and cold rolling. 

 Great effort was expended and considerable advances attained 

through the 1960's in terms of making thin slab casting commercially viable, 

but development was hindered by issues such as segregation, surface crack, 

mold abrasion, break-out, and bulging etc. However with the rapid 

advancement of fundamental and general technologies such as secondary 

refining and process control in the 1970's and 1980's, many of these problems 

were resolved, and research continues to be carried out actively throughout 

the world. 

 

 

Horizontal Casting 

 Ever since its development in the mid-19the century by Sellers and 

Bessemer, many researchers have focused their efforts on horizontal casting. 

Since the 1930's it was used for non-metals and cast iron, but the issue of 

graphite used as the mold material melting during casting could not be solved. 

The following are the major characteristics of horizontal casting. 

 

(1) Direct connection between mold and tundish helps prevent molten-steel 

reoxidation and allows for easy production of small cross-section area slab 

(2) No use of mold flux, resulting in easy cooling of slab by the mold and 

reduction of inclusion by mold flux, but high friction between mold and 

slab 
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(3) Low ferrostatic pressure, resulting in reduce a slab bulging 

(4) No bending or straightening of the slab in the casting or horizontal 

direction allowing for easy casting of sensible steel to crack 

(5) No gravity segregation which occurs in vertical or curved continuous 

casting, and easy installation of EMS to control product quality 

(6) No meniscus, making it difficult to maintain a uniform solidification 

starting point within the mold 

 

 

Semi-Solid State Process 

 A semi-solid state process applies a violently stirred semi-solid state 

metal to casting, forging, extruding, and strip casting and has the following 

characteristics. 

 

(1) Elimination of crack and segregation found in earlier casting, leading to 

production of high-quality casting product 

(2) Fine and uniform texture without dendrites 

(3) Increased life span of die for the case of die casting 

(4) Possible combination of casting and rolling process 

(5) Improved productivity through higher casting speed in continuous casting 

 

 Major examples of semi-solid state processes include Rheocasting 

and Thixocasting. Rheocasting refers to using a continuous rheocaster to 

create a slurry through simultaneous cooling and agitation, and injecting it 
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into a short chamber for molding by direct die casting. Another method of first 

creating a rheocast ingot, cutting it into the desired size, rapidly reheating to 

an appropriate ductility and finally die casting is called thixocasting. The most 

important factors in establishing such semi-solid state processes are the 

technology to continuously produce large amounts of slurry, and to maintain 

and transport semi-solid state slurry.  

 

 

Spray Casting 

 Spray casting of the conventional manufacturing process of rapid 

solidification or metal composites, which has been widely studied. Currently 

the commercialization of process has been studied in the following three 

categories.[14] 

 

(1) Osprey process 

(2) Controlled spray deposition (CSD) 

(3) Spray rolling 

 

Among these, the Osprey process is currently the mostly actively studied, and 

consists of three steps: spray of molten steel, release of latent heat, and 

densification of solid particle.  
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1. 2 Fluid Flow in the Mold 

 Typical fluid flow pattern for various shape mold and operation 

conditions are shown in Fig. 1-2.[15] Fluid flow patterns are affected by the 

shape of mold and SEN, casting speed, submerged depth of SEN, amount of 

gas injection, and electromagnetic forces and so on.[16-26] In steel slab 

casting, the fluid flow patterns are divided into two as shown in Fig. 1-2.  

 For cases such as small SEN port angle, shallow submerged depth, 

low casting speed, large mold widths, and large amount of argon gas injection, 

the injection stream from the SEN port outlet directly reaches the top surface 

and moves along the narrow mold wall. Such a "single-roll" flow pattern is 

shown in cases of multi-port nozzle or a bifurcated nozzle with small, 

upward-directed ports. In this pattern, surface velocities and level fluctuations 

are high, so it is likely to appear phenomena such as slag entrainment and 

surface defects.  

 In another typical fluid flow pattern, the injection stream from the 

SEN port outlet reaches the mold narrow wall and is divided into two streams; 

one of these moves toward the surface and forms circulation toward the SEN, 

and the other follows the narrow wall to the mold outlet region. This type of 

fluid flow pattern appears for cases such as large or downward SEN port 

angle, deep submerged depth, and no argon gas injection. Two large re-

circulating regions are formed in each symmetric half of the caster, so this 

fluid flow pattern is termed “double roll.”   
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Fig. 1-2. Typical types of fluid flow patterns in slab continuous casting mold. 

(a) Single roll pattern. (b) Double roll pattern. [15] 

 

  

(a) (b)
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1. 3 Quality Problems Related to the Fluid Flow 

 Fluid Flow in the mold is important for a number of reasons. In the 

continuous casting process, the mold process is the last step in which molten 

steel exists as a liquid, and one in which many important factors relating to 

defects such as slag entrapment, surface defects, breakouts due to level 

fluctuation, inclusion flotation, and shell solidification are determined. 

 

 

1. 3. 1 Inclusion Flotation 

 Most of the inclusions transported from the ladle to the mold exit 

from the SEN port outlet and circulate above in the upper circulation zone 

near the surface, as shown in Fig. 1-3, resulting in a large amount of 

inclusions being separated from the mold slag. Most inclusions, regardless of 

casting speed, are separated 1 ~ 3 m below the meniscus.[27, 28] This process 

is the last step by which inclusions are separated from the molten steel, and 

the inclusions which are not separated remain within the slab. The amount of 

inclusions remaining in the slab is higher for cases of high casting speed, wide 

mold, and asymmetric flow. Inclusions in the slab can lead to multiple defects 

such as surface slivers or internal defects, which is why the separation of 

inclusions is considered to be so important.[29-34] 
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Fig. 1-3. Trajectories of inclusion in the mold. Red and blue lines indicate 

mold geometry and inclusion trajectories, respectively.  
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1. 3. 2 Mold Slag Entrainment 

 Mold slag can be entrained into the molten steel due to surface 

vortex, high velocity flow near the surface, and turbulence at the meniscus. 

The mold slag contained may oxide inclusions, if it entrained to slab that can 

lead to a variety of problems. In particular, inclusions captured in the 

solidification shell can lead to line defects or slivers in the final product. 

 Surface vortex often appeared under asymmetric flow, where steel 

flows between the narrow mold wall and the SEN, as shown in Fig. 1-4.[35, 

36] This formed vortex near the SEN entrained the mold slag into the molten 

steel. If it is then entrained with the injection stream exiting the SEN port 

outlet, this slag will be dispersed everywhere and create defects. In addition to 

the vortex, slag may also be drawn downward by the recirculation pattern that 

accompanies flow from the SEN port outlet. Therefore, slag entrainment 

occurs most frequently under conditions such as shallow submerged depth and 

high casting speed. Additionally, mold slag entrainment can also occur when 

velocity at the top surface is sufficiently high.[37] Entrained mold slag is 

divided into particles and injected into the molten steel, leading to internal 

inclusion defects. To prevent such phenomena, the surface velocity must be 

kept below a critical value. This critical velocities have been measured as a 

function of viscosity and other parameter.[38, 39] 

 Slag entrainment is more easier for deeper slag layers, lower slag 

viscosity and lower slag surface tension. And the surface velocity may 

exceeded the critical velocity when the standing wave becomes too severe and 

the interface emulsifies.[40, 41] In addition, the critical velocity depends on 
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the relative densities of the steel and flux phases and the mold geometry.[41, 

42] 

 

 

 

 

 

 

 

 

 

Fig. 1-4. Mechanism of vortex formation in the mold.[36] 
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1. 3. 3 Defect from the Surface Level Fluctuations 

 Many surface defects are formed at the meniscus by surface level 

variations. Steady and controlled oscillation of the mold creates ripples at the 

surface, but it has no significant impact on steel quality problems since to 

forms flow to the mold narrow wall. However, phenomena such as sudden 

jumps or dips in surface level do have a major influence on steel quality. A 

sudden jump can cause molten steel to overflow the meniscus. And sudden 

jump induced that the steel can stick to the mold wall and start a sticker 

breakout.  

 The surface level variations stroke over a time interval on order of 

one second are the most detrimental. And low frequency variation which has 

above 60 sec period may cause defects for the case such as of the meniscus 

overflows and the solid slag rim is imprinted on the shell or captured.[43] 

Micro structural changes or depressions of slab surface caused by surface 

level variation are of great importance because they may become the starting 

point for various problems which are found in the final product. These 

problems include surface cracks and segregation. In particular, surface cracks 

can allow air to penetrate the steel surface and create iron oxides within. Such 

iron oxides can lead to line defects in the final product. These defects are very 

difficult to distinguish from inclusion related defects, other than by the 

simpler composition of their oxides.  
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1. 3. 4 Injection Stream Impingement 

 The injection stream from the SEN port outlet undergoes direct 

impingement against the solidification shell formed at the mold wall, so 

problems may arise if the temperature is either too high or too low. A sticker 

breakout may be caused by severe surface level fluctuation or slag lubrication, 

but also if the solidification shell formed is too thin because heat transfer from 

the molten steel to the mold wall is impeded by an excessively high 

temperature of the injection stream in contact with the shell.[44-46] In 

addition, this problem is most likely in the off-corner regions, where the 

injection stream impinge and the solidification shell shrinkage also creates a 

larger gap. 

 Most heat transfer in the molten steel solidification process takes 

place within the mold.[45] And in slab casting with bifurcated nozzles, the 

impingement region on the narrow mold wall absorbs the most heat. Injection 

stream impingement cause a thin solidification shell on narrow mold wall.[47] 

 

 

1.4 Previous Researches  

1. 4. 1 Asymmetric Flow in the Mold 

 The fluid flow of molten steel within the mold plays a major role in 

determining the quality of steel through its influence on the behaviors of 

inclusion flotation, fluctuations of the top surface, slag entrainment, and shell 

solidification. Fluid flow patterns are determined by various operating 

parameters, including casting speed, submerged depth, SEN design, and mold 
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geometry. In particular, higher casting speeds result in more unstable molten 

steel flow, with various types of flow patterns.[48] Many studies have been 

presented regarding flow patterns within the mold, through both 

experimentation and simulation, with many reports on asymmetric flow 

patterns. N. A. Molloy et al. first observed asymmetric oscillatory fluid flow 

patterns through experiments.[49] D. Gupta et al. show that flow patterns 

within the mold oscillate and are asymmetric to the central plane with a 

random period through the water model experiments.[50, 51] T. Honeyands et 

al. observe fluid flow patterns over time, and reported that fluid flow is not 

steady nor symmetric, but rather periodically oscillate.[40] N. J. Lawson et al. 

employed an 0.33-scale water model with laser Doppler anemometry 

measurements to observe oscillatory flow and also reported that the time 

averaged flow pattern at the mold wide plane is nearly symmetrical.[52] Q. 

Yuan et al. investigated the single phase transient turbulent flow using large 

eddy simulation and particle image velocimetry (PIV).[53] A. Rasmos-

Banderas et al. used digital particle image velocimetry to observe the fluid 

flow of water, and found that the fluid flow is asymmetric, and that the flow 

pattern is related to the vertical oscillation of the injection stream over 

time.[54]  

 

 

1. 4. 2 Origin of Oscillatory Flow 

 B. Guo et al. provide a comprehensive overview of injection stream 

precession.[55] They modeled turbulent flows through sudden expansions 
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with expansion ratios of the SEN and mold from 1.96 ~ 6.0. Both precessing 

and flapping phenomena were shown for expansion ratios above a critical 

value. For smaller expansion ratios the flow remains steady due to the smaller 

extent of the shear layer. At lower Reynolds numbers there is a damping effect 

due to increased viscous effects. A transition region exists in which the flow 

develops as a precessing or quasi-flapping mode, where the geometry limits 

full precessing.  

 F. M. Najjar et al. reported that the asymmetric flow is achieved by 

either blocking part of the inlet area or directing the flow through the inlet at 

an angle.[56, 57] Each effect decreases the mass flow and increases jet angle 

at one port with corresponding opposite change at the other port. And the 

effects may partly cancel each other. In addition, varying the relative port size 

or the curvature of the upper port walls induces asymmetric effects.  

 B. M. Gebert et al. studied a jet oscillation observed in thin slab 

continuous casting.[58] In their model, the fluid was injected from a small 

solid into the domain via an internal inlet. The effect of SEN volume was 

accounted for by exerting a resistance force in that region as the function of 

the velocity. And a consistent periodic oscillation was obtained when the 

resistance was below a critical value.  

 N. J. Lawson et al. demonstrated a flapping oscillatory flow in a 1/3 

scale water model of a casting mold by laser Doppler anemometry 

measurements.[59] The cross flow time series recorded were found to be 

roughly sinusoidal in appearance with a relatively stable oscillation frequency. 

Two feedback pathways were considered responsible for the self-sustaining 
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oscillation, namely, the cross flow region near the nozzle and cross flow 

through the gap between the nozzle and the cavity wall, with the former being 

the primary mechanism. 

 

 

1.5 Goals of the Research 

 In the previous studies, they reported that asymmetric flow patterns 

are related to expansion ratio between the SEN and mold [55], asymmetric 

flow in the SEN port [56, 57], the resistance force of injection stream [58], 

mold geometry or nozzle diameter to mold width ratio [52, 59], and Reynolds 

number [60]. However, while these studies have shown that flow within the 

mold is unstable and that it undergoes periodic oscillation, do not provide a 

clear explanation of various types of oscillation frequency within the mold. 

 Through the present research, we aim to specifically investigate the 

physical origin of various types of frequencies arising from oscillatory flow 

patterns within the mold, and to analyze the degree of oscillation depending 

on location. Furthermore, we attempt to show by water model experiment and 

numerical simulation that surface level fluctuations are strongly influenced by 

fluid flow pattern in the mold, and that the SEN port angle is a major factor in 

determining the amplitude of surface level fluctuations. 
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Chapter 2. Research Methods 

2. 1 Water Model Experiment 

2. 1. 1 Water Model Equipments 

 In order to observe fluid flow patterns and surface fluctuation within 

the mold, we performed a half-scale water model experiment. Photograph of 

the full water mold equipments can be seen in Fig. 2-1. And Fig. 2-2 shows 

the schematic configuration of the water model equipment. As illustrated in 

Fig. 2-1 and Fig. 2-2, the water model consists of three different chambers 

[50], with the first chamber for observing fluid flow within the mold, the 

second one to maintain a constant mold surface level, and the third to act as a 

reservoir. The first chamber measures 650 mm × 125 mm × 1500 mm. An 

acrylic tank is installed to act as the tundish above the mold. The tundish 

measures 715 mm × 420 mm × 310 mm, and is designed to allow for the 

amount of water stored inside to be kept at a constant value, with an overflow 

pipe to connect the tundish and reservoir. Water from the tundish is poured 

into the mold by SEN, and the all equipments were built with transparent 

acrylic at a thickness of 200 mm to allow for PIV measurement and fluid flow 

observation. In the water model equipment, casting speed is controlled by 

means of three gate valves located at the mold outlet, tundish inlet and SEN 

inlet. To keep casting speed constant at same conditions to the simulation, 

flow was maintained at 48.75 kg/min while measuring velocity fields within 

the mold with PIV equipment. And, the water levels were measured by 

KEYENCE RD-50R and protocol analyzer. 
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Fig. 2-1. Photograph of overall water model equipments.  
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Fig. 2-2. Schematic configuration of the water model experiment equipments. 

(a) Front view. (b) Side view. 
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Particle Image Velocimetry 

 Particle Image Velocimetry (PIV) is a whole-flow-field technique 

providing instantaneous velocity vector measurements in a cross-section of 

the flow. The fluid is seeded with particles which are generally assumed to 

faithfully follow the flow dynamics. It is the motion of these particles from 

which the velocity information is calculated. It is done by taking two images 

shortly after one another and calculating the distance individual particles 

travelled within this time. The displacement field is determined from the 

motion of the seeding particles between the two images. The velocity field is 

obtained by dividing the displacement field by the known time separation. We 

used the sphere type of silver coated particle which has the mean size of 40 

μm. And measurement time is 1,000 sec with 0.01 sec intervals. Fig. 2-3 

shows our PIV equipment setup.  

 

 

Surface Level Fluctuation Measurement Sensor 

 Surface level fluctuations were measured by KEYENCE RD-50R, 

and experiment setups are shown in the Fig. 2-4. We measure surface level 

fluctuation for 400 sec with 0.01 sec intervals at the monitoring point (x = 

487.5 mm, y = 625.5 mm, z = 1275 mm). 
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Fig. 2-3. Photograph of PIV equipment setup. 

 

 

Fig. 2-4. Photograph of level sensor equipment setup. 
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2. 1. 2 Similarity of Water Model Equipments 

 Disregarding thermal similarity, in order to simulate fluid flow in the 

continuous casting mold through water model experiments, kinematic 

similarity, geometric similarity, and dynamic similarity must all be satisfied. 

Table 2-1 shows the properties of water and molten steel. 

 As Table 2-1 shows, the kinematic viscosity ratio between water and 

molten steel is very similar at 1:0.9, satisfying the kinematic similarity 

condition. Meanwhile, the three dimensionless groups of the Froude number, 

Weber number, and Reynolds number must be satisfied to ensure dynamic 

similarity, but in most cases the dominant Froude number is matched for 

water modeling. 
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Property Water Molten Steel Ref. 

Density (kg/m3) 998.2 7020 [61, 62] 

Kinetic viscosity (m2/s) 1.0× 10-3 0.9× 10-3 [61, 63, 64] 

Thermal conductivity (W/m·K) 0.6 34.16 [65, 66] 

Specific heat (J/kg·K) 4182 932.4 [45, 67] 

 

Table 2-1. Physical properties of water and molten steel.  
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 In our study, the Weber-Froude similarity criterion was used to 

design the water model for asymmetric fluid flow in the mold. For the high-

velocity fluid flow conditions present, fully developed turbulent conditions 

are always produced, so achieving Reynold’s similarity by matching the ratio 

of the momentum and diffusion forces was less important. 

 Invoking the Froude similarity to ensure equal ratios of the 

momentum and buoyancy forces in the water model ( w ) and steel caster ( s ) 

gives 

 

2 2

w s

U UFr
gL gL

⎛ ⎞ ⎛ ⎞
= =⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

                                        (2-1) 

 

where, Fr  is the Froude number, U  is a characteristic velocity (m/s), g  

is the gravitational acceleration rate (m/s2), L  is a characteristic length (m). 

Substituting the geometry scale factor, /w sL Lλ = , in to Eq. (2-1) gives 

 

w

s

U
U

λ=                                                   (2-2) 

 

 And, applying Weber similarity to match the ratio of the momentum 

and surface tension forces implies 

 

2 2

w s

U L U LWe ρ ρ
σ σ

⎛ ⎞ ⎛ ⎞
= =⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

                                  (2-3) 
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where, We  is the Weber number; ρ  is the density, 7020 kg/m3 for molten 

steel and 998.2 kg/m3 for water; and σ  is the surface tension, 1.6 N/m for 

molten steel and 0.073 N/m for water. 

 

Combining Eqs. (2-2) and (2-3) gives 

 

1/2

0.5664s w

w s

ρ σλ
ρ σ

⎛ ⎞
= ⎜ ⎟
⎝ ⎠

                                      (2-4) 

 

Thus, our half-scale water model equipment satisfy both Froude and Weber 

similarity simultaneously.  
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2. 2 Numerical Calculation 

2. 2. 1 Governing Equation 

 Fluid flow calculation were solved conservation equation for mass 

and momentum. For flows involving heat transfer or compressibility, an 

additional equation for energy conservation was solved.  

 

 

Mass Conservation 

 Mass conservation requires that the time rate of change of mass in 

control volume be balanced by the net mass flow into the same control 

volume. The equation for conservation of mass can be written as follows 

 

( ) mv S
t
ρ ρ∂
+∇⋅ =

∂
                                          (2-5) 

 

where, ρ  is the fluid density, mS  is the mass added to the continuous 

phase from the dispersed second phase and any other sources. The first term 

on the left hand side is the time rate of the density change. The second term 

describes the net mass flow across the control volume's boundaries and is 

called the convective term.  

 

 

Momentum Conservation 

 Newton's second law states that the time rate of the momentum 
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change of a fluid element is equal to the sum of the forces on the element. 

Conservation of momentum in an inertial reference frame is described by 

 

( ) ( ) ( )v v v p g F
t
ρ ρ τ ρ∂

+∇⋅ = −∇ +∇⋅ + +
∂

                   (2-6) 

 

where, p  is the static pressure, τ  is the stress tensor, gρ  and F  are 

the gravitational body force and external body forces, respectively. [68]  

The stress tensor τ  is given by 

 

( ) 2
3

Tv v v Iτ μ ⎡ ⎤= ∇ +∇ − ∇⋅⎢ ⎥⎣ ⎦
                                (2-7) 

 

where, μ  is the molecular viscosity, I  is the unit tensor, and the second 

term on the right hand side is the effect of volume dilation.  

 

 

Energy Conservation 

 As well as imposing conservation of mass and momentum, we must 

also address energy conservation. So far, in our treatment of fluid dynamics, 

we have finessed this issue by simply postulating some relationship between 

the pressure p  and the density ρ . In the case of ideal fluids, this is derived 

by requiring that the entropy be constant following the flow. In this case, we 

are not required to consider the energy to derive the flow. However, 
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understanding how energy is conserved is often very useful for gaining 

physical insight. Furthermore, it is imperative when dissipative processes 

operate. 

 Conservation of energy is described by  

 

( ) ( )( ) j j h
j

E v E p h J S
t
ρ ρ

⎛ ⎞∂
+∇⋅ + = −∇⋅ +⎜ ⎟∂ ⎝ ⎠

∑                  (2-8) 

 

where, h  is enthalpy defined for ideal gases and jJ  is the diffusion flux of 

species. hS  includes the heat of chemical reaction, and any other volumetic 

heat sources.  

 

 

2. 2. 2 Turbulent Model 

 Fluid flow in the mold is simulated with computational model using 

the realizable k-ε turbulent model. The modeled transport equations for k  

and ε  in the realizable k ε−  model are [69] 

 

( ) ( ) t
j k b M

j j k j

kk ku G G Y
t x x x

μρ ρ μ ρε
σ

⎡ ⎤⎛ ⎞∂ ∂ ∂ ∂
+ = + + + − −⎢ ⎥⎜ ⎟∂ ∂ ∂ ∂⎢ ⎥⎝ ⎠⎣ ⎦

    (2-9) 

 

and  
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( ) ( )
2

1 2 1 3

j
j

t
b

j k j

u
t x

C S C C C G
x x kk ε ε

ρε ρε

μ ε ε εμ ρ ε ρ
σ νε

∂ ∂
+

∂ ∂

⎡ ⎤⎛ ⎞∂ ∂
= + + − +⎢ ⎥⎜ ⎟∂ ∂ +⎢ ⎥⎝ ⎠⎣ ⎦

    (2-10) 

 

where, 1 max 0.43,
5

C η
η

⎡ ⎤
= ⎢ ⎥+⎣ ⎦

, 
kSη
ε

= , and 2 ij ijS S S= . 

 

 In these equation, kG  represents the generating of turbulence 

kinetic energy due to the mean velocity gradients, bG  is the generation of 

turbulence kinetic energy due to buoyancy, MY  is the contribution of the 

fluctuating dilatation in compressible turbulence to the overall dissipation rate, 

2C  and 1C ε  are constants, kσ  and εσ  are the turbulent Prandtl numbers 

for k  and ε , respectively.  

 As in the realizable k ε−  model, the eddy viscosity is computed 

from  

 

2

t
kCμμ ρ
ε

=                                               (2-10) 

 

with 1C ε = 1.44, 2C = 1.92, Cμ = 0.09, kσ =1.00, and εσ = 1.20 
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2. 2. 3 Simulation Geometries 

 We conducted numerical calculation for the three different 

geometries. And, the geometries used in the mold fluid flow simulation are 

given in Fig. 2-5. [61, 62, 65, 70] 

 

 

 

 

Fig. 2-5. Simulation geometry. (a) Full domain (FD). (b) Half domain (HD). 

(c) Quarter domain (QD). 
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2. 2. 4 Simulation Mesh 

 To investigate the mesh size effect which may occur in simulations 

regarding asymmetric fluid flow, we compared simulation results for three 

different mesh sizes. The meshes were created using ANSYS MESH. The 

major information points regarding the three types of mesh are given in Table 

2-2. Steady state results were obtained from each of the mesh variations, and 

changes in speed were observed at a frequency of 0.1 sec for a total of 100 sec 

of transient calculations starting from the steady state result. Fig. 2-6 shows 

speed variation at the same monitoring point in each of the meshes. As the 

figure shows, for all three cases the speed does not remain constant over time, 

but constantly changes. However, a mesh size of 20 mm results in a smaller 

oscillation amplitude for the speed variation compared to 12 or 10 mm, and is 

less able to reflect fluid flow oscillation phenomena. A mesh size of 12 mm 

results show many small oscillation peak compare to 10 mm, but the overall 

trend in speed variation frequency over time is very similar. We judged that a 

mesh size of 12 mm is adequate to reflect asymmetric oscillatory flow, and 

therefore selected it as the average mesh size in the consideration of 

calculation efficiency. 
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Average Mesh Size Number 
of Nodes 

Number of 
Elements 

Minimum Edge 
Length 

20 mm 166976 116078 5 mm 

12 mm 748626 535430 5 mm 

10 mm 1391634 993189 5 mm 
 

Table 2-2. Mesh statistics.  
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Fig. 2-6. Simulation results of speed variations for the three different mesh 

size at the same monitoring point (487.5 mm, 62.5 mm, 1275 mm). 
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2. 2. 5 Boundary Conditions 

Velocity Inlet 

 Velocity inlet boundary conditions are used to define the flow 

velocity, along with all relevant scalar properties of the flow, at the flow inlet. 

A constant velocity condition ( inletU ) corresponding to water model flow rate 

at the SEN inlet with k  ( ( )23
2 inletU I= , where I = 0.05 is turbulent 

intensity) and ε  (
3/2

3/4

0.07 H

kC
Dμ= , where Cμ = 0.09 is and empirical 

constant specified in the turbulent model and HD  is the hydraulic diameter). 

 

 

Top Surface 

 Free surface boundary is applied to the mold surface. Actually, the 

mold surface is covered with slag and mold flux. But in this study, the 

influence of slag or mold flux were ignored. The velocity which is 

perpendicular to surface was set to zero and with the parallel component, it 

was assumed that the gradient of them was zero.  

 

 

Symmetry Plane 

 The component of velocity normal to each symmetry plane is fixed 

to zero to prevent flow from penetrating the plane. Compared with the 

geometry of Fig. 2-5(a), a symmetric boundary condition is applied for the yz-
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plane in Fig. 2-5(b) to suppress x-directional asymmetric flow. Fig. 2-5(c) 

shows symmetric boundary condition applied to both the xz-plane and yz-

plane, suppressing asymmetric flow not only in the x-direction but also in the 

y-direction. 

 

 

Pressure Outlet 

 Pressure outlet boundary conditions require the specification of a 

gage pressure at the outlet boundary. The outlet at the mold bottom used a 

constant pressure boundary condition (0 Pa gauge pressure) with k  and ε  

values. The hydraulic diameter for a rectangular mold outlet; H
LWD

L W
=

+
, 

where L  is the length and W  is the width of mold outlet.  
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Chapter 3. Origin of Periodic Oscillatory Flow 

3. 1 Experiment Conditions 

 In order to analyze origin oscillatory flow patterns in the mold, we 

measure velocity field of three different region through PIV in Fig. 2-2. 

Measuring regions is symmetry plane of the mold (y = 62.5 mm). Regions 

size are about 160 mm × 120 mm, and measurement time is 1000 sec with 

0.01 sec intervals.  

 

 

3. 2 Simulation Conditions 

 To analyze the water model experiment results, numerical simulation 

was performed on the first chamber shown in Fig. 1(b) using Fluent ver. 14.0. 

A constant velocity condition ( inletU ~ 0.65 m/s) corresponding to water model 

flow rate at the SEN inlet with k and ε values of 1.6 × 10-3 m2/s2 and 3.8 × 10-3 

m2/s3 respectively, and the outlet at the mold bottom used a constant pressure 

boundary condition with k and ε values of 3.75 × 10-7 m2/s2 and 2.57 × 10-9 

m2/s3 respectively. And no slip shear condition were applied on the walls of 

SEN and mold. And fluid flow patterns in the mold were modeled with the 

realizable k-ε turbulent model and standard wall functions.[69] Simulation 

was carried out for a period of 1,000 sec, in order to determine oscillation 

periods which may exist in various flow patterns. The geometry and 

parameters used in the mold fluid flow simulation are given in Fig. 2-5 and 



43 

Table 3-1.[61, 62, 65, 70] 

 

 

 Water model Molten steel caster 

SEN length (mm) 500 1000 

SEN bore diameter (mm) 40 80 

SEN submerged depth (mm) 150 300 

SEN bottom well depth (mm) 5 10 

Port width / height (mm) 32.5 / 40 65 / 80 

Port thickness (mm) 15 30 

Port angle (°) 15 15 

Casting speed (m/min) 0.6 1.2 

Mold height / width / thickness (m) 1.275 / 0.65 / 0.125 2.55 / 1.3 / 0.25 

Temperature inlet / outlet (K) 298 / 298 1873 / 1823 

Fluid density (kg/m3) 998.2 7020 

Viscosity (kg/m·s) 1.003 × 10-3 6.697 × 10-3 

Fluid specific heat (J/kg·K) 4182 932.4 

Fluid thermal conductivity (W/m·K) 0.6 34.16 

Turbulent model Realizable k-ε by Fluent 14.0 
 

Table 3-1. Simulation conditions. 
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3. 3 Result and Discussions 

3. 3. 1 Velocity Variations in the Mold 

 Through water model experiments and PIV measurement, we 

measured speed variations over time at the three different monitoring points in 

PIV measurement region (Fig. 2-2), and the results are plotted in Fig. 3-1. As 

shown in Fig. 3-1, the speed values do not remain constant at the monitoring 

points, but keep varying over time. And, average velocities at point 1, 2, and 3 

are 0.035, 0.113, and 0.083 m/s, respectively.  

 To analyze the relationship between such speed changes and fluid 

flow patterns, we performed numerical simulation for same geometry and 

operation conditions as the water model experiment. Fig. 3-2 shows the 

numerical simulation results of speed change of the same point of Fig. 3-1. As 

Fig. 3-2 shows, the simulation results also show that the velocities do not 

remain constant, but oscillates in nearly same rage with experiment results, 

and simulation results indicate average velocities of 0.044, 0.136, and 0.095 

m/s, respectively. 
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Fig. 3-1. PIV experiment results of speed variations at the three different 

monitoring points; Point 1 = (325 mm, 62.5 mm, 637.5 mm), Point 2 = (487.5 

mm, 62.5 mm, 1275 mm), Point 3 = (650 mm, 62.5 mm, 637.5 mm). 
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Fig. 3-2. Simulation results of speed variations at the three different 

monitoring points; Point 1 = (325 mm, 62.5 mm, 637.5 mm), Point 2 = (487.5 

mm, 62.5 mm, 1275 mm), Point 3 = (650 mm, 62.5 mm, 637.5 mm). 
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3. 3. 2 FFT Power Spectrums of Velocity Magnitude  

 The variation in speed is plotted at 0.1 second intervals for both 

numerical simulation and water model experiment results in Fig. 3-1. 

However, comparing the results of experiment (Fig. 3-1) and simulation (Fig. 

3-2), there are distinct differences in the number of peaks. Compared with 

simulated results, experimental results show higher frequency fluctuations. To 

understood the cause of such differences, we compared Fast Fourier 

Transform (FFT) power spectrums of velocity magnitude behaviors for 

numerical simulation and water model experiment results (Fig. 3-3). As 

shown in Fig. 3-3, for the low frequency spectrums not only all major 

oscillation frequencies commonly exist in the numerical simulation and 

experiment results, but also their magnitudes are similar. However, 

fluctuations of high frequencies exist in experimental results, but not in 

simulation results. This difference appears to arise due to the turbulent 

phenomena. The high frequency fluctuations are mainly generated by the 

chaotic nature of the turbulence.[56] Our water model system has an Reynolds 

number of Re ~ 2.57×105 (at the SEN inlet), which characterizes it as fully 

turbulent flow. In numerical simulation, turbulent behaviors are filtered out by 

the turbulent model. Therefore, high frequency fluctuations caused by 

turbulent behaviors in experimental results do not show up in the numerical 

simulation results.[71] This phenomena more clearly confirmed in Fig. 3-4. 

As shown in Fig. 3-4, FFT power of simulation more rapidly decreased 

compare to experiment result above 0.1 Hz. We regard oscillation above 0.1 
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Hz to be turbulent phenomena filtered out by the turbulent model, so focused 

on the frequencies lower than 0.1 Hz in the present study.  
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Fig. 3-3. Fast Fourier transform of velocity fluctuations in Fig. 3 and 4 (a) 

PIV experiment result. (b) Numerical simulation result. 
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Fig. 3-4. FFT Power spectrum of velocity magnitude fluctuations for 

numerical simulation (black solid line) and experiment (red solid line).  
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3. 3. 3 The Periodicity of Velocity Variation 

 In order to investigate the periodicity of speed variation over time, in 

Table 3-2 we summarize the oscillation frequencies obtained from the 

experimentation and simulation shown in Fig. 3-3. As Table 3-2 shows, 

experimental results indicate similar oscillation frequencies for each of the 

three different points, which is also observed in the simulation results. We 

selected oscillation frequencies which are commonly found in both 

experiment and simulation results, with values of 0.010, 0.020, 0.030, 0.033, 

0.040, 0.051, and 0.066 Hz. Among these frequencies, 0.020, 0.030, 0.040, 

and 0.051 Hz are all integer multiples of 0.01 Hz. We take these frequencies 

to be of a single group, arising from the same physical origin, and analyze 

cases of 0.01, 0.033 and 0.066 Hz. These values are obtained from speed 

variation not velocity, and it is hard to reflect to accurate oscillatory flow in 

the x-, y-, and z-directions. However, speed fluctuation includes all oscillation 

motion in the x-, y-, and z-directions. Moreover, we identified the each 

directional oscillation flow effect through three different geometries 

simulation. 
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 Point
Index Appeared frequencies (× 10-2 Hz) 

Experi 
ment 

1 0.7 1.0 1.2 1.7 2.0 2.9 3.3  4.7 5.1  6.6 

2  1.1   2.1 2.9 3.5 3.9 4.8  5.4 6.4 

3  1.1   2.1 3.1 3.5 3.9 4.5 5.0 5.6 6.5 

Simul 
ation 

1  1.0 1.3  2.0 3.0 3.3 4.1 4.7 5.1 5.9 6.6 

2 0.5 1.0 1.3 1.7 2.1 2.9 3.6 4.0 4.4 5.0 5.9 6.5 

3 0.5 1.0  1.6 2.1 2.9 3.4 3.9  5.0 5.9 6.4 

 

Table 3-2. Oscillation frequencies of experiment and simulation in Fig. 3-3.  
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3. 3. 4 The Origin of Oscillation Frequencies 

 To determine the origin of these frequencies, simulation was 

performed for the 3 different geometries shown in Fig. 2-5. Compared with 

the geometry of Fig. 2-5(a), a symmetric boundary condition is applied for the 

yz-plane (x = 325 mm) in Fig. 2-5(b) to suppress x-directional asymmetric 

flow. Fig. 2-5(c) shows symmetric boundary condition applied to both the xz-

plane (y = 62.5 mm) and yz-plane (x = 325 mm), suppressing asymmetric 

flow not only in the x-direction but also in the y-direction. To determine what 

changes arise in fluid flow patterns when asymmetric flow is eliminated by 

geometry variation, we observed speed variations for the three different 

geometries. 

 Fig. 3-5 shows variations of velocity over time at the same 

monitoring point in three different geometries; full domain (FD), half domain 

(HD), and quarter domain(QD). Fig. 3-5 shows that for monitoring points of 

all the geometries, the speed does not remain constant, varying over time. To 

determine the periodicity of such speed variations, we did FFT of velocity 

magnitude variations for the different geometries (Fig. 3-6). We found 

oscillations with frequencies of 0.010, 0.013, 0.020, 0.030, 0.033, 0.041, 

0.047, 0.051, 0.066 Hz in the FD, 0.002, 0.007, 0.017, 0.026, 0.032, 0.052, 

0.064 Hz in the HD, and  0.066, 0.132 Hz in the QD. Furthermore, the 

reason for the appearance of 0.066 Hz and its integer multiple frequencies in 

the QD despite highly regular speed change after 200 sec is that frequencies 

of integer multiple values comprise a group arising from a same physical 

origin, as mentioned above. Therefore 0.020, 0.030, 0.041 and 0.051 Hz are 
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all of the same group as 0.01 Hz,  and 0.132 Hz can be seen as belonging to 

the same group as 0.066 Hz. We found that frequencies of 0.01, 0.033, 0.066 

Hz which exist in common for the water model experiment and FD simulation 

through such frequency analysis. However, 0.01 Hz exists only FD simulation 

but not in HD or QD simulation, 0.033Hz exist only in FD and HD but not in 

QD, and 0.066 Hz commonly exist in all simulations. Assuming that such 

phenomena arise due to asymmetry of the fluid flow patterns within the mold, 

we can suppose that 0.01 Hz is related to x-directional cross flow, which in 

turn is related to x-direction asymmetry. Furthermore, we surmise that 0.033 

Hz arises from y-directional cross flow which is related to y-direction 

asymmetry, and 0.066 Hz result from factor other than in the x- or y-

directional cross flow. 
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Fig. 3-5. Water model simulation results. (a) Speed variations at the same 

monitoring point (325 mm, 62.5 mm, 637.5 mm) in full domain (FD), half 

domain (HD) and quarter domain (QD). 
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Fig. 3-6. Fast Fourier transform of velocity in Fig. 3-5. 
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X-directional Cross Flow 

 To analyze x-directional cross flow in the mold, we performed 

simulation of pipe-shaped SEN with water as the fluid. Results of simulation 

on pipe-shaped SEN are shown in Fig. 3-7. Fig. 3-7 (a) shows variations of 

speed at the monitoring points. The speed does not remain constant, instead 

changing with a certain frequency of approximately 0.01 Hz (Fig. 3-7 (b)). As 

shown in Fig. 3-8(c), the variation of speed at the monitoring point arises 

from x-directional cross flow which is caused by the periodic left-right 

oscillation of the water stream from the pipe-shaped SEN, over a period of 

approximately 100 sec. Such results regarding x-directional cross flow have 

been reported before in numerous studies.[49, 52, 55, 58-60] 
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Fig. 3-7. Water model simulation results of pipe shape SEN. (a) Speed versus 

time curves at the monitoring point (162.5 mm, 62.5 mm, 319 mm). (b) Fast 

Fourier transform of velocity in (a).  
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Fig. 3-8. Snapshot images of velocity distribution on the symmetry plane in 

HD. The streamlines with small arrows on each figure represent the in-plane 

velocity components of the fluid. The numbers on the top of each figure 

indicate the times at which the red circles are shown in Fig. 9(a). 
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Y-directional Cross Flow 

 Through simulation of a pipe-shaped SEN, we confirmed the 

existence of periodic x-directional cross flow within the mold, with a 

frequency of approximately 0.01 Hz. To determine whether y-directional cross 

flow exists apart from x-directional cross flow, we observed speed variations 

at monitoring point in the HD simulation. As shown in Fig. 3-6, the speed 

does not remain constant, instead changing with a certain frequency of 

approximately 0.033 Hz. Through experimentation and numerical simulation, 

we confirmed that y-directional cross flow exists apart from x-directional 

cross flow with a frequency of approximately 0.033 Hz. And, due to the mold 

geometry such cross flow is dominated more by x-directional cross flow than 

by y-directional cross flow.  

 

 

Injection Stream Oscillation  

 Aside from the cross flow frequency discussed above, to analyze the 

frequency (0.066 Hz) found in common for all simulation geometries (FD, 

HD, and QD), we observed speed variation at the QD monitoring points (Fig. 

3-9). As shown in Fig. 3-9, the speed does not remain constant, instead 

oscillating with a certain periodicity of approximately 15 sec (= 0.066 Hz). To 

determine the relationship between periodic oscillation of speed and the fluid 

flow patterns, we observed variations in flow at the xz-symmetry plane over 

time (Fig. 3-10). As Fig. 3-10 shows, fluid flow at the symmetry plane is not 

steady, changing constantly over time. Such fluid flow patterns are closely 
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related to the periodic up-down oscillation of the injection stream near the 

SEN outlet. The oscillation periodically creates vortices near the mold narrow 

wall. The newly formed vortex moves downward to be absorbed into the pre-

existing vortex. This process is repeated, at a frequency of approximately 

0.066 Hz. 
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Fig. 3-9. QD simulation result of the water model. (a) Velocity versus time 

curves at the monitoring (487.5 mm, 62.5 mm, 637.5 mm).  
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Fig. 3-10. Snapshot images of velocity distribution on the symmetry plane in 

QD. The streamlines with small arrows on each figure represent the in-plane 

velocity components of the fluid. The numbers on the top of each figure 

indicate the times at which the orange circles are shown in Fig. 3-9. 
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3. 3. 5 Position Dependence of Oscillation Frequencies 

 We identified that there are two types of cross flow within the mold; 

that they are related to x- and y- directional cross flow; that their respective 

frequencies are 0.01 and 0.033 Hz; and that the up-down oscillation frequency 

of the injection stream is 0.066 Hz. To determine how each oscillation 

changes depending on the location within the mold, we observed FFT of 

speed variation at the two different monitoring points. The monitoring points 

are located at points 1 and 3 in Fig. 2-2, and the FFT results are given in Fig. 

3-11. As Fig. 3-11 shows, the main frequency is different at each of the points, 

with respective values of 0.01 Hz and 0.021 Hz at points A and B. FFT power 

appears differently depending on location, but it is observed that x-directional 

cross flow frequency, y-directional cross flow frequency, and injection stream 

oscillation frequency all appear at points 1 and 3.  
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Fig. 3-11. Fast Fourier transform powers of velocity at two different points; 

Point 1(325 mm, 62.5 mm, 637.5 mm) and 3(650 mm, 62.5 mm , 637.5 mm). 
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 Through FFT analysis of speed variation at two different points, we 

confirmed that the main oscillation frequency and FFT power appear 

differently depending on the position. This means that for different locations 

within the mold, the main oscillation frequency and FFT power may differ. To 

determine how dominant x- and y-directional cross flow frequency and 

injection stream oscillation frequency appear at different points within the 

mold, we observed FFT power distribution of 0.01, 0.033 and 0.066 Hz at the 

wide symmetry plane (y = 62.5 mm) (Fig. 3-12). As Fig. 3-12(a) shows, x-

directional cross flow frequency appears dominant around the SEN port outlet, 

near the center of the mold interior, and near the mold narrow wall. Y-

directional cross flow frequency appears similarly to x-directional cross flow, 

but appears relatively more strongly at the upper part of the mold narrow wall, 

whereas its influence is smaller than that of x-directional cross flow at the 

mold center (Fig. 3-12(b)). For the case of injection stream oscillation, its 

influence is smaller than that of cross flow, but its existence can be observed 

near the SEN port outlet (Fig. 3-12 (c)). 
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Fig. 3-12. Fast Fourier transform power distributions of the oscillation 

frequency in the FD simulation; (a) 0.01 Hz. (b) 0.033 Hz. (c) 0.066 Hz. 
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3. 3. 6 Periodic Oscillatory Flow of Molten Steel 

 We identified that the main frequency of oscillation in the mold is 

caused by cross flow and injection stream oscillation, and that the respective 

influence of each differs depending on the position. To determine whether the 

same phenomena can be observed for the case of molten steel as the medium 

instead of water, we performed numerical simulation with molten steel as the 

medium. The parameters employed in the simulation are given in Table 3-1. 

In addition, unlike the water model simulation, for the case of molten steel we 

took into account the geometry of the solidification shell.[72, 73] Fig. 3-13 

shows temperature variations at the monitoring point. As the figure shows, the 

temperature does not remain constant at the monitoring points, constantly 

varying over time. To determine the periodicity of the temperature  variation, 

we analyzed FFT results (Fig. 3-14). As shown in Fig. 3-14, there are many 

different oscillation peaks, but the main oscillation frequency is about 0.01 Hz, 

a value which corresponds with x-directional cross flow frequency. 

Additionally, peaks also exist near the y-directional cross flow frequency and 

injection stream oscillation frequency. Through simulation of molten steel, we 

identified that with molten steel as the medium instead of water, x- and y-

directional cross flow and injection stream oscillation exist as with the case of 

water.  

 Furthermore, to determine what kind of influence such periodic 

oscillation has on the solidification process, we analyzed FFT power 

distribution of temperature variations at monitoring lines (x = 50 mm, y = 125 

mm) near the mold narrow wall (Fig. 3-15). As Fig. 3-15 shows, oscillation 



69 

frequency near the mold narrow wall has a value less than 0.1 Hz, and the 

influence of oscillation is greater near the top, compared with the bottom. In 

addition, main oscillation peaks at the top are peaks which exist near 0.01 and 

0.033, meaning that cross flow imparts an influence. Such oscillation near the 

top can have an impact on the behavior of initial solidification. 
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Fig. 3-13. Molten steel simulation results. Temperature versus time curves at 

the monitoring point (650 mm, 125 mm, 1275 mm).  
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Fig. 3-14. Molten steel simulation results. Fast Fourier transform of 

temperature in Fig. 3-13. 
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Fig. 3-15. FFT power distributions of temperature variations at the monitoring 

line (x = 50 mm, y = 125 mm). 
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Chapter 4. Surface Level Fluctuation 

4. 1 Experiment Conditions 

 To identify the relationship between the surface level fluctuation and 

SEN port angle, we conducted water model experiments. We observed 

changes in surface level to investigate surface fluctuation over time. Surface 

level was measured every 0.01 sec for a period of 400 sec. All 

experimentations were performed with same conditions except for the SEN 

port angles, which were designed downward directions 0 ~ 35° at 5° intervals. 

 

 

4. 2 Simulation Conditions 

 We performed the numerical simulation to analyze the water model 

experiment results. The numerical simulation region is given in the first 

chamber of Fig. 1(b), reflecting the entirety of SEN and mold, and calculation 

was performed using commercial CFD code Fluent 14.0 version. A constant 

velocity condition ( inletU ~ 0.65 m/s) corresponding to water model flow rate 

at the SEN inlet with k  and ε  values of 1.6 × 10-3 m2/s2 and 3.8 × 10-3 

m2/s3 respectively, and the outlet at the mold bottom used a constant pressure 

boundary condition (0 Pa gauge pressure) with k  and ε  values of 3.75 × 

10-7 m2/s2 and 2.57 × 10-9 m2/s3 respectively. And no slip shear condition were 

applied on the walls of SEN and mold. And fluid flow patterns in the mold 

were modeled with the realizable k-ε turbulent model and standard wall 

functions. The geometry and parameters used in the simulations for fluid 
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pattern analysis within the mold are given in Table 3.[61, 65, 70] 

 

 

 Water model Molten steel caster 

SEN length (mm) 500 1000 

SEN bore diameter (mm) 40 80 

SEN submerged depth (mm) 150 300 

SEN bottom well depth (mm) 5 10 

Port width / height (mm) 32.5 / 40 65 / 80 

Port thickness (mm) 15 30 

Port angle (°) Downward direction 0~35° at 5° intervals 

Casting speed (m/min) 0.6 1.2 

Mold height / width / thickness (m) 1.275 / 0.65 / 0.125 2.55 / 1.3 / 0.25 

Temperature inlet / outlet (K) 298 / 298 1873 / 1823 

Fluid density (kg/m3) 998.2 7020 

Viscosity (kg/m·s) 1.003 × 10-3 6.697 × 10-3 

Fluid specific heat (J/kg·K) 4182 932.4 

Fluid thermal conductivity (W/m·K) 0.6 34.16 

Turbulent model Realizable k-ε by Fluent 14.0 
 

Table 4-1. Simulation conditions. 
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4. 3 Result and Discussions 

4. 3. 1 Surface Level Fluctuations for Different SEN Port Angles 

 We observed changes in surface level to investigate surface 

fluctuation over time. Surface level was measured every 0.1 sec for a period 

of 400 sec. Fig. 4-1 shows surface level variation for 10° port angle over a 

period of 10 seconds. As the figure shows, the surface level does not remain 

constant, but instead changes with an amplitude of approximately 3mm. In 

order to investigate the relationship between SEN port angle and surface 

fluctuation, we measured variations in surface level for port angles of 0° to 35° 

at intervals of 5°. Fig. 4-2 shows results for water model experiment, namely 

variations in surface level with time for different port angles. As Fig. 4-2 

illustrates, the surface level fluctuation amplitudes with port angles of 20 ~ 35° 

are smaller than those with port angles of 0 ~ 15°. The level fluctuation 

defined as the average value of the five largest level fluctuations during the 

measurement time.[74] The level fluctuations are 3.3 and 1.3 mm for 0 and 35° 

port angles, respectively.  
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Fig. 4-1. Surface level (H) versus time curves for 10° SEN port angles.  
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Fig. 4-2. Water model experiment results. Surface level (H) versus time 

curves for different SEN port angles (as noted in graph). All the x and y axes 

are of the same scale, ranging from t = 0 to 200 sec and H = -2 to 3 mm, 

respectively. 
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4. 3. 2 Surface Level Fluctuation Behaviors 

 To quantify the degree of surface level fluctuation, we obtained 

standard deviation values of level fluctuation for the different port angles for a 

duration of 400 sec. Fig. 4-3 shows water model results of surface level 

standard deviation for different SEN port angles. As the figure shows, port 

angles of 0 ~ 15° result in surface level standard deviation of approximately 1 

mm, but above 20°, the value rapidly decreases to approximately 0.5 mm. In 

comparison against previously reported studies, these results are similar in 

that steeper SEN port angle reduces surface fluctuation [75], and the 

fluctuation is maximized at the 0° port angle [74].  
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Fig. 4-3. Water model experiment results. Standard deviations of surface level 

(H) versus time behaviors for different SEN port angles. 
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 To analyze the sudden decrease of surface fluctuation above a certain 

port angle, we performed simulations with conditions and parameters identical 

to the water model experiment. Calculations were performed for a transient 

model with all conditions kept same except for the SEN port angle. And in the 

numerical simulation, we measured the pressure variations at the surface 

under the flat surface condition. As shown in Fig. 4-4 the pressure values are 

also fluctuating. And Fig. 4-5 shows the standard deviation of pressure at a 

monitoring point (x = 487.5 mm, y = 62.5 mm, z = 1275 mm). These values 

also decrease for port angles greater than 20°, in agreement with water model 

experiment results. 
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Fig. 4-4. Water model simulation results. Pressure (P) versus time curves at 

the monitoring point for different SEN port angles (as noted in graph). All the 

x and y axes are of the same scale, ranging from t = 0 to 400 sec and P = -20 

to 5 Pa, respectively. 
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Fig. 4-5. Standard deviations of pressure versus time curves for different SEN 

port angles. 
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4. 3. 3 Fluid Flow Patterns for the Different SEN Port Angles 

 To analyze the formation of these fluctuation behaviors depending on 

the SEN port angle, we investigated the relationship between pressure 

variation at the surface and injection stream oscillation. And we also observed 

changes in flow patterns with pressure variation for a port angle of 0°, as 

shown in Fig. 4-6. Fig. 4-7 represent the snapshot images of velocity 

distribution on the symmetry plane at the red open circle in Fig. 4-6. As Fig. 

4-7 shows, with a port angle of 0°, the injection stream near the port outlet is 

not symmetrical, and vortex is created continuously near the mold narrow 

wall and moves downward. In addition, the asymmetric shape of the injection 

stream is not maintained steadily, but constantly changes due to the injection 

stream's vertical oscillation. This asymmetrical flow pattern caused by 

injection stream oscillation is in agreement with previous water model 

experiment results.[40] 

 This flow pattern variation is related to pressure variation at the 

surface. When the injection stream approaches the surface, the pressure 

decreases (t = 171.3 and 200.6 sec), whereas when the injection stream 

oscillates vertically and moves away from the surface, the surface pressure 

increases (t = 178.6 and 223.8 sec). On the other hand, compared to a port 

angle of 0°, an angle of 35° results in almost no injection stream oscillations, 

as shown in Fig. 4-8. The flow pattern becomes symmetric, and no vortex 

nucleation takes place near the mold narrow wall. The distance between the 

injection stream and surface is maintained at a constant value, with no 
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significant surface pressure variation. In addition, such a symmetric flow 

pattern does not changed at different times (t = 150 and 192 sec). 

 

 

 

 

 

 

 

 

 

Fig. 4-6. Pressure versus time curves at a monitoring point for 0° port angle. 
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Fig. 4-7. Snapshot images of velocity distribution on the symmetry plane. The 

numbers on the top of each figures indicate the times at which the red open 

circles are shown in Fig. 4-6. 
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Fig. 4-8. (a) Pressure versus time curves at a monitoring point for 35° port 

angle. (b) Snapshot images of velocity distribution on the symmetry plane. 

The numbers on the top of each figures indicate the times at which the red 

open circles are shown in (a).The streamlines with small arrows on each 

figure represent the in-plane velocity components of the fluid. The red open 

circles of each figures in (b) indicate the monitoring point. 
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4. 3. 4 Surface Velocities for Different SEN Port Angles 

 The SEN port angle not only effect on the flow pattern and surface 

pressure, but also has a strong influence on the surface velocity. Fig. 4-9 

represent the average velocities at the monitoring point (x = 487.5 mm, y = 

62.5 mm, z = 1275 mm) for different SEN port angles. As seen Fig. 4-9, it is 

similar to the surface pressure fluctuations that the average surface velocity 

also rapidly decrease above a certain port angle at the monitoring point. Such 

a rapid decrease phenomena of the surface velocity above a certain angle, it is 

not the increase of the distance between the injection stream and surface, but 

the suppression of the injection stream oscillation and vortex nucleation above 

that angle. 
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Fig. 4-9. Average surface velocities at the monitoring point for different SEN 

port angles. 
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4. 3. 5 Surface Level fluctuations of Molten Steel 

 To determine whether the flow pattern variation change with port 

angle, which is observed when the medium is water, also occurs for a medium 

of molten-steel, we performed numerical simulations with conditions given 

for continuous casting of steel slab. The simulation was performed, with 

conditions given in Table 3-1. Results of the simulations reveal as shown in 

Fig. 4-10 that for lower port angles, pressure at the monitoring point (x = 

487.5 mm, y = 62.5 mm, z = 1275 mm) oscillates with an amplitude of 

approximately 500 Pa, which may result in fluctuation of around 7 mm at the 

molten steel surface. However, for port angles above 20°, this pressure 

oscillations nearly disappears. This phenomenon can be confirmed more 

clearly through the standard deviation of pressure variation at the monitoring 

point. As shown in Fig. 4-11, the pressure standard deviation decreases to 

approximately 1/10 for a port angle greater than 20°. 

 We suggested through simulation that for molten steel as with water, 

the SEN port angle has a significant impact on flow patterns within the mold, 

that the fluid flow patterns maintained steadily above a certain port angle, and 

that surface level fluctuation also rapidly decreases above that angle. 
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Fig. 4-10. Pressure versus time curves for different SEN port angles (as noted 

in graph). All the x and y axes are of the same scale, ranging from t = 0 to 400 

sec and P = -400 to 100 Pa, respectively.  
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Fig. 4-11. Standard deviations of pressure versus time curves for different 

SEN port angles.  
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Chapter 5. Conclusions 

 We identify that fluid flow patterns within the mold are asymmetric 

rather than symmetric, but that they demonstrate a regular periodicity through 

water model experiment and numerical simulation. The oscillation frequency 

of fluid flow are related to x- and y- directional cross flow and injection 

stream oscillation, with frequency values of 0.01, 0.033 and 0.066 Hz, 

respectively. In addition, the influence of each oscillation frequency differs 

depending on the location within the mold. Oscillation appears strongly near 

the SEN outlet and mold narrow wall. Moreover, such oscillation phenomena 

also appear in cases for which the medium is molten steel, with their influence 

appearing most strongly near the top of the mold. This may have a significant 

impact on initial solidification.  

 Moreover, we verified that SEN port angle has a major influence on 

surface fluctuation. At low port angles, the amplitude of surface level is large 

and unstable, but as increased port angles the amplitude diminishes and the 

surface becomes more stable. And, we also found that such surface level 

changes are inherently linked to fluid flow patterns within the mold, that the 

flow pattern is asymmetrical and that surface fluctuation increases in regions 

with strong injection stream oscillation. Therefore, the SEN port angle is a an 

important factor exerting significant influence on surface level fluctuation and 

fluid flow patterns in the mold. 

 These results not only offers specific insight into fluid flow patterns 

within the mold, but also provides a method of analyzing what sort of impact 

the fluid flow pattern has within the mold. In addition, offer a specific 
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understanding of complex flow patterns within the mold, and present a 

method by which surface fluctuation may be decreased through SEN port 

angle adjustment. 
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초      록 

 

슬라브 연속 주조 공정 중에서 몰드 내부에서의 유동 패턴

은 강의 품질의 결정하는데 많은 영향을 미치므로 이를 이해하는 

것은 매우 중요하다. 몰드 내부에서의 유체 유동 패턴을 확인하기 

위해서 우리는 수모델 실험 및 전산모사를 수행하였다. 유동 패턴은 

안정적인 하나의 패턴을 유지하기 보다는 특정한 주기를 갖고 진동 

하는 것을 확인하였다. 우리는 여러 종류의 진동 주기에 대한 물리

적 원인을 규명하였고, 각각의 진동 주기가 몰드 내부에서의 횡류 

및 토출구 주변에의 흐름 진동과 관련이 있음을 실험 및 전사모사

를 통하여 확인할 수 있었다. 또한, 각각의 유체 유동 진동 주기는 

몰드 내부 위치에 따라 다르게 나타나며, 특히 용강의 응고에 많은 

영향을 미치는 몰드 벽 부근에서도 진동의 영향이 크게 나타나는 

것을 확인하였다.  

또한, 슬라브 연속 주조 몰드 내부에서의 침지 노즐 토출 각

과 표면 진동과의 상관 관계를 규명하기 위해서 서로 다른 토출 각

에서 수모델 실험을 수행하였다. 토출 각이 작은 값들을 갖는 경우

에는 토출 각이 큰 경우들에 비해서 표면 진동의 진폭이 상대적으

로 크게 나타나는 것을 확인하였다. 우리는 이러한 현상이 몰드 내

부에서의 유체 유동 패턴과 접한 상관 관계가 있음을 전산 모사

를 통하여 확인하였다. 토출 각이 작은 경우의 유동 패턴은 비대칭 
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적이며, 몰드 내부에서의 소용돌이 생성 및 소멸을 반복하며 시간에 

따라 진동한다. 반면, 토출 각이 큰 경우에는 안정적인 하나의 유동

패턴을 유지하며, 소용돌이의 생성 및 소멸 현상도 사라지게 된다.  

본 연구 결과는 몰드 내부에서의 복잡한 유동 패턴에 대한 

자세한 이해를 제공할 뿐만 아니라, 안정적인 몰드 표면을 형성할 

수 있는 방법을 제시한다.  

 

 

 

주요단어 : 연속 주조 몰드, 수모델 실험, 전산 모사, 유동 진동, 진

동 주파수, 표면 진동 
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