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Abstract: In steel continuous casting system, nozzles have an important role on the flow rate 

control of the molten steel and the elimination of the inclusions etc. Based on the fundamental 

principle of hydrodynamics, the optimal nozzle bore profile was determined for both tundish 

(TD) upper nozzle and submerged entry nozzle (SEN) with aiming to suppress the turbulence 

with high kinetic energy generated in the flow of the molten steel. A simulation by flow analysis 

using computational fluid dynamics (CFD) and a water model experiment were performed and 

clarified that the turbulence with high kinetic energy could be minimized in the nozzles with 

newly devised inner bore profile. The actual nozzle devised was manufactured and tested in 

the steel works with satisfying results. The adhesion of the alumina inclusions to the both nozzles 

is reduced by lowering the turbulent kinetic energy since the energy loss is minimized at the part. 

Both stability in the operation and quality of the steels have been brought by the present 

development. 
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1. Introduction 

Computational fluid dynamics (CFD) has been applied in recent decades since year of 

around 2000, for the analysis of molten steel flow and inclusion behavior in continuous casting 

(CC) system as one of the most useful approaches. Since the CC is very high temperature process 

dealing liquid state of steel at around 1550 ºC with certain difficulty to conduct experiments at 

such temperatures the CFD method is used effectively to simulate the behavior. Using the CFD, 

the authors [1,2] have presented papers on methodology of the designing nozzles for use in the 

CC system. Recently, Hernandez et al. have also presented [3,4] new geometrical design for 

submerged entry nozzle for slab CC of the molten steel with higher performance compared to 

that of a conventional cylindrical nozzle using the CFD software. Applying a hybrid turbulent 

model, Mohammadi-Ghaleni et al. [5] have presented a paper on a simulative study of molten 

steel flow patterns and particle-wall interactions inside the slide gate (SG) nozzle based on the 

CFD. Although there are several approaches carried out by groups except for them described 

above to analyze the molten steel flow using the CFD [6-11] and some cases together with a water 

model experiment [12-14], none of approaches have derived directly optimum geometry of the 
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key devices such as nozzles on the CC system to suppress the turbulence of the flow. As the key 

devices, the authors would like to close the tundish (TD) upper nozzle and the submerged entry 

nozzle (SEN) in the present investigation. 

As for the TD nozzle, the concept which serves as the foundation about the design of the 

inner bore profile of the nozzle for suppressing the energy loss due to turbulence in the molten 

steel flow to the minimum has been proposed through a different method from the "non-swirl 

nozzle" by Halliday [15] at 1959. The design concept was then examined its effectiveness through 

the flow analysis by the CFD and the water model experiment. Furthermore, the upper nozzle 

which has the optimum bore shape determined in the experiment based on the results examined 

through analysis and the experiment is used in the actual CC machine, and the adhesion-proof 

improvement effect was confirmed not only in the bore surface of the upper nozzle but in the 

inner surface of the SEN installed in the lower stream side. 

Through the TD upper nozzle, molten steel is poured into mould finally from the ejection ports 

located in the lower position of the SEN via flow rate controlling mechanisms such as SG and stopper 

head. In the case of slab casting, the SEN is designed generally to molten steel ejects almost 

horizontally despite of slight inclination by inhibiting molten steel flow in vertical downward 

direction in the SEN. Shape of cross section of the ejection ports are generally rectangular or round 

(type), and width and height of the port are kept constant linearly from inner to outer diameter wall 

toward molten steel flow. To avoid abrupt velocity change in the inner diameter side of ejection port, 

modification of the geometry to make “corner cut” at the upper part of the SEN inner wall side which 

is so-called double taper port (DTP) is performed occasionally. However, adapting the geometry 

described above in the SEN, most of the molten steel flow out only from the lower side in outlet of 

ejection port, resulting in considerably higher velocity difference in upper and lower directions in the 

molten steel flow in the mould. Thus, since the higher side of the velocity tends to increase easily the 

maximum port velocity (MPV) in significant extent, in some case back flow of the molten steel will 

happen at upper part of outlet of ejection port for the worst case. The high extent of the MPV derives 

increase in not only flow velocity in the mould totally but also inhomogeneity of the molten steel flow 

by increasing velocity to collide to the edge part of the mould. For stabilizing the molten steel flow in 

the mould, homogenization of the ejection flow velocity and decrease in the MPV must be required. 

Theoretical background for geometrical design to suppress the flow energy loss in the course from 

inlet to outlet of ejection port of the SEN and minimize the MPV are explained at first. In the case of 

ejection port geometry derived from the theory mentioned above it is confirmed that the molten steel 

flow velocity in the outlet of ejection port becomes extremely homogeneous and facilitates to decrease 

the MPV minimum limit by means of both fluid analysis using the CFD and the water model 

experiment. Furthermore, the adhesion of the Al2O3 inclusions in the molten steel to the part of 

ejection port and the erosion wear of the nozzle material by turbulent flow are inhibited by decreasing 

frequency of the collision of the inclusions to the surface of nozzle due to minimization of the energy 

loss at ejection port with suppressing the turbulent energy to the minimum limit. Namely, application 

of the new geometry SEN to the CC operation is highly expected to contribute to process innovation 

of the steel production in terms of the increase in stability of the operation itself as well as quality of 

the products through minimizing the MPV of the molten steel flow and improving the adhesive and 

abrasive properties of the SEN. 

2. Characteristics of the Molten Steel Flow 

The molten steel flow in the nozzle (circular pipe) in this simulation model are considered with 

comparison of the flow of water from a viewpoint of the Reynolds number, Re. That is, Re is expressed 

with the following Eq. (1), when the average flow velocity is set to U and the diameter of the nozzle, 

d (=2R) and coefficient of kinematic viscosity of a fluid is set to ν. 
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Re = Ud / ν, (1) 

From experimental value of the coefficient-of-viscosity [16] of 5.35-5.76cP (5.35-5.76x10-3Pa·s) at 

1500-1650ºC for Fe-0.18%C steel, the approximate value of the ν as 0.84-0.76x10-6m2/s was acquired 

using density value [16] of 7.0-6.8g/cm3 in this temperature region for the similar composition of the 

steel (0.35%C). Based on this, the approximate values of the Reynolds number calculated using the 

Eq. (1) are shown in Table 1 for each of low- and high-flow velocity conditions for the case of d=70mm. 

It turns out that the Reynolds number of molten steel is almost the same as value of the water for 

each condition. 
Table 1. Calculated Reynolds number (×103) of the molten steel and water for two flow velocity conditions. 

 

Material / Temp. 

Flow velocity 

Molten steel 

at 1500 ºC    at 1650 ºC 

Water 

at 25 ºC 

1.76ℓ/s (0.46 m/s) 38 42 32 

4.485ℓ /s (1.17 m/s) 97 107 82 

 

Generally, in the flow in circular pipe, the behavior of the flow changes by Re=2320, and at the 

Re larger than this value, pressure loss increases in proportion to the approximately 2nd power of the 

average flow velocity. And the flow of this domain is called "turbulence", a three-dimensional swirl 

exists in the flow in turbulence, and it is divided and/or unified repeatedly, and it exhibits time to 

time change locally [17], and it is possible to consider that such disorder in the flow brings about the 

increase in loss. That is, the flow in the nozzle dealt with the present investigation is the turbulence 

region whose Reynolds number is all in the range of 32-107x103, for both molten steel and water as 

shown in Table 1. 

On the other hand, in the "laminar-flow" region whose Reynolds number is 2320 or less, the 

velocity distribution in the circular pipe shows the shape of the parabola (the 1/2 power rule), as 

shown in Figure 1(a), but if it becomes turbulence region, as similarly shown in the figure, the flow 

velocity in the pipe center part falls, and, generally becoming flat velocity distribution (the 1/7 power 

rule) is known [17]. 

 

Figure 1. Schematic illustration of difference in flow velocity distribution of the laminar and the 

turbulent flow (a), concept of energy loss due to flow transition from laminar to turbulent (b) and the 

energy loss due to nozzle geometry in the turbulent flow (c). 

3. Molten Steel Flow to be essentially controlled in the CC System 

CC is defined as teeming of a liquid metal in a short mould with a false bottom through which 

partially solidified ingot is continuously withdrawn at the same rate at which metal is poured in the 
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mould. Steel continuous casting is a process in which liquid steel is continuously solidified into a 

strand of metal. Depending on the dimensions of the strand, these semi-finished products are called 

slabs (flat products, i.e. plate, sheet, coils), blooms (long products, i.e. bars, beams) and billets (long 

products, i.e. bars, channels, wires). The process was invented in the 1950s to improve the 

productivity of steel manufacturing. Previously only ingot casting was available which still has its 

benefits and advantages but does not always meet the productivity demands. Since then, CC has 

been developed further to improve on yield, quality and cost efficiency. The advantages of CC over 

ingot casting are better quality of the cast product, no need to have slabbing/blooming or billet mill 

as required when ingot casting is used, higher extent of automation is possible, width of the slab can 

be adjusted with the downstream strip mill, less segregation in continuously cast products and hot 

direct charging of the cast product for rolling is possible which leads to energy saving. 

 

 
Figure 2. Arrangement of ladle, TD and mould in a curved CC system [18]. 

 

Arrangement of each equipment and flow of the molten steel in the CC system is schematically 

shown in Figure 2. The system is composed of various parts such as ladle turret, ladle, TD, mould, 

withdrawal rolls, cooling spray, cutting device, the auxiliary electrical/mechanical gears to assist run 

the machine smoothly etc. 

The molten steel is supplied to the continuous caster from the converter. The ladle is usually 

delivered by crane and positioned into a ladle turret, which subsequently rotates the ladle into the 

casting position. A SG in the bottom of the ladle is opened to allow the molten steel to flow through 

a protective shroud into a TD, a vessel that acts as a buffer between the ladle and the mould. As the 

TD fills, stopper rods are raised to allow the casting of steel into a set of water-cooled copper moulds 

underneath the TD as shown in Figure 3 [18] as a 3-D illustration. Solidification begins at the mould 

walls and the steel is withdrawn from the mould by a dummy bar. Throughout the entire casting 

process, the mould oscillates vertically to separate the solidified steel from the copper mould. The 

strand is withdrawn from the mould by a set of rolls which guide the steel through an arc until the 

strand is horizontal. The rolls have to be positioned close enough together to avoid bulging or 

breaking of the thin shell. As the steel leaves the mould, it has only a thin solidified shell which needs 

further cooling to complete the solidification process. This is achieved in the so-called secondary 

cooling zone, in which a system of water sprays situated between the rolls are used to deliver a fine 

water mist onto the steel surface. At this point, the steel, solidified shell and liquid center, is called 

the strand. After the strand has been straightened and has fully solidified, it is torch-cut to pre-

determined product lengths. These are either discharged to a storage area or to the hot rolling mill. 
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Figure 3. 3-D illustration of an example of major parts of the CC system [18]. 

 

 

Figure 4. Precise description of major parts of CC system dealing the molten steel [19]. 
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Figure 5. Schematic detail of TD, SEN and mould in the CC system [20]. 

 

Detail of the movement of the molten steel from the ladle to the mould via TD is shown in Figure 

4 [19] and the circled positions in the figure are essential parts to be controlled the molten steel flow. 

Then, in Figure 5 [20], one of the pair in left and right-hand sides of circled part in the Figure 4 is 

magnified to show the molten steel flow in more detail. During CC processes impurities like 

deoxidation products in the melt deposit at the walls of the TD nozzle and the stopper. This 

phenomenon, termed clogging, causes obstruction of the flow and deteriorate the quality of the steel 

product. A detailed knowledge of the flow pattern within the TD nozzle-stopper region is very 

important for the design of appropriate nozzle and stopper geometries. By means of a numerical 

simulation the important influence of turbulence on the velocity field of the molten steel in the nozzle 

region could be demonstrated that most of the particles close to the walls are deposited in case of 

high turbulence. A new design for the nozzles proposed in the present investigation may reduce 

turbulence, prevent recirculation and permit a weaker lateral particle transport. 

4. Design of Nozzles for passing Molten Steel based on Flow Analysis 

4.1. TD Upper Nozzle 

Adhesion of Al2O3 system inclusion in molten steel occurs in the inner bore of pouring upper 

nozzle installed in the CC TD. The cross-sectional area of the inner bore will be reduced when 

adhesion occurred, and if the adhesion increased further, the nozzle clogging will be caused, and 

resulting in the interruption of the operation. Al2O3 system or Al2O3-C system refractories are mainly 

used as the upper nozzle material. Although there is a possibility that adhesion-proof will be slightly 

improved by difference in the materials selected, it has not yet resulted in fundamental solution. 

Moreover, although there is also technology which gives adhesion-proof by blowing inert gas by 

penetration hole installation or application of the gas permeable porous material for the nozzle and 

making small contact probability on the surface of refractories of the inclusion in the molten steel, 

however, as a result, sufficient improvement of adhesion-proof just by such way is not obtained 
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because of difficulty to cover the whole refractories surface by blowing-in gas. As for the shape of the 

nozzle, there have been no report other than so called non-swirl nozzle by Halliday of the 1950s [15]. 

4.1.1. Underlying concept on flow in the TD upper nozzle  

In the molten steel flow of the bore in a nozzle, Figure 6 explains the underlying concept of 

the bore shape determination in the nozzle as conditions for minimizing the energy loss by 

turbulence. The flow velocity of the molten steel which flows through the bore in the nozzle, V, 

is obtained by transforming the potential energy determined by the height (depth) from the 

meniscus Hr of TD, into the kinetic energy. From an energy-conservation-law [21], if static 

pressure of the system is set to P, molten steel density will be set to ρ, and acceleration due to 

gravity will be set to g, the following Eq. (2) (Bernouilli equation) will be hold.  

ρV2/2+ρg Hr+ P = Const., (2) 

If it is applied to at the molten steel surface (meniscus) (subscript ‘0’) and the outlet of the nozzle 

(subscript ‘1’), 

ρV0 2/2+ρg Hr+P0 = ρV1 2/2+P1, (3) 

It can be regarded as V0 = 0, because the area of the meniscus is so large compared to that of the 

nozzle bore. The pressure at meniscus and the pressure of the outlet are also considered as the 

atmospheric pressure, it is set to P0 =P1 =0 (gauge pressure). Eq. (3), therefore, can be modified as 

follows, 

V =(2gHr)1/2, (4) 

 
Figure 6. Schematic illustration of the vertical section of TD and its upper nozzle to explain a 

fundamental concept for suppression of intensified kinetic energy for the turbulent flow in the nozzle 

based on the pressure distribution in the TD shown in the right-hand figure. 

Here, the 1st term of the left side of the Eq. (2) is the kinetic energy, and the 2nd term of the left 

side is the potential energy. Then, in Figure 6, in whole structure including a nozzle, the domain on 

the right side of Line1 in the right-hand figure can show potential energy in the depth direction of 
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the TD, i.e., the bore height direction in the nozzle. If the kinetic energy can be expressed in linear 

function (straight line) like Line1, P will become a constant, as for it, all the energy distribution will 

be stabilized, and it will be thought that it is ideal. However, since the TD is installed for stabilization 

of the molten steel flow and for inclusion surfacing in molten steel in the CC operation, it has big 

enough capacity. Therefore, as mentioned above, in the TD the flow velocity of the molten steel will 

be able to be considered as zero except for the very vicinity of the nozzle inlet. Thus, the conversion 

to kinetic energy from potential energy is generated only inside the nozzle. The kinetic energy change 

inside the nozzle is large as shown in Line2 in the right-hand figure, but within the TD until the 

molten steel flow reaches there, namely the inlet of nozzle, as shown in Line3 in the right-hand figure, 

the kinetic energy change is comparatively small. In addition, the domain of the left side of the Line1 

and the right side of the Line2 or Line3 in the figure is equivalent to the above mentioned static 

pressure, P. That is, when the molten steel reaches the nozzle inlet part, it means that rapid energy 

conversion takes place. Therefore, if this energy (pressure) change by the bore in the nozzle including 

the nozzle inlet can be made small as much as possible, overall, energy loss will become small and 

will become possible suppressing the energy loss by the turbulence in the molten steel flow in the 

nozzle bore to the minimum. Thus, generation and growth of the inclusion in the molten steel are 

confined, and probability that the inclusion will contact to the nozzle bore surface can be made small, 

and it is thought that it becomes possible as the result to decrease the adhesion of the inclusion to the 

refractories. 

It is possible to consider that the molten steel flow through the upper nozzle of the TD is similar 

problem of general hydrodynamics [22] on the "energy loss in the fluid flow through the pipe in 

which section reduces suddenly". It was known on experience that the energy loss is small in the pipe 

inlet in this case for the diameter reducing pipe (nozzle) which gave a certain curvature like the shape 

of trumpet. However, in the Figure 6, the trial which determines the shape of the curve shown by 

Line4 strictly is not yet made so far. 

According to the following methods, the shape of this curve (correctly curved surface) will be 

determined here. If the amount of flow is set to Q and the flow velocity V and the bore cross-sectional 

area in the nozzle are set to A in the nozzle bore, the following relation will be hold from the 

continuity of fluid [21] in every height position of the nozzle. 

Q = VA = Const., (5) 

Here, in practice, since the molten steel flow Q is controlled (restricted) by the SG (it does not 

appear in the Figure 6) installed in the connection to the nozzle bottom, considering the molten steel 

head H of imagination, the Eq. (4) is expressed as follows. 

V = (2gH) 1/2, (6) 

And from the radius of the nozzle, R, since A = πR2, the Eq. (5) becomes to the following relation. 

(2gH)1/2 πR2 = Const., (7) 

Finally, the relation of the following formula is hold in between the nozzle radius R and the 

virtual molten steel head (height) H. 

R∝H -1/4, (8) 

That is, as for the formula (8), it is a solution obtained for the first time for the determination of 

the curve shown as Line4 in the Figure 6 which is a curve expressing the bore profile in the nozzle 

which makes energy loss the minimum, and it is the 4th curve (Biquadratic). Furthermore, since the 

relation of V2∝H holds from the Eq. (6), that is, kinetic energy (V2) and height (depth) H have a 

straight line relation. Since the static pressure P which is the difference from all the energies has 
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straight line relation with the height (depth) H, the Line2 of the right-hand figure in the Figure 6 can 

be expressed in a straight line (see also bottom figure in the Figure 9(b)). 

4.1.2. Flow analysis for the TD upper nozzle 

Calculation was conducted with about 100,000 elements using the Fluent6.3.26 (finite volume 

method) system software. Analysis modeling of the molten steel flow from the TD to the upper nozzle 

and the SG was carried out. The coordinates set the height direction to ZTD, and the lower part is the 

plus side, and it made the nozzle upper surface center the starting point (XTD=YTD=ZTD=0). Moreover, 

the slide direction of the SG was set to XTD, and the perpendicular direction was set to YTD to ZTD and 

XTD. The molten steel surface (meniscus) in the TD was made 1m from the bottom. Calculation fluid 

considered it as water for a reason which was described previously, and the mass flow rate 

considered it as two conditions of the low- velocity 1.76 and high-velocity 4.485ℓ/s and was calculated 

by the k-omega viscosity model. As mentioned above, by making it slide, the SG is equipment which 

changes valve travel and performs control of the flow, and fixed valve travel with 50% was used in 

calculation here. 

The bore shape in the nozzle taken up here can be expressed as shown in Figure 7 as the function 

of the radius R and the height ZTD. That is, if the height position which nozzle height is 230mm and 

the distance from the upper end (inlet) of the nozzle to the lower part is set to ZTD, Shape① has the 

basic profile used for the pouring nozzle (TD upper nozzle) until now, in which the nozzle outlet 

radius is 35mm (70mm in diameter), and the radius from the outlet to 50mm above the height 

direction is 35mm. And in the section, the linear taper was formed from the height position (ZTD= 

180mm) to the nozzle top end (ZTD= 0mm), and the radius in the nozzle upper most plane is 70mm, 

and the curvature (radius of curvature of 295mm) was given in the corner part to avoid the rapid 

change at ZTD= 180mm position. Shape②  is the 4th curvilinear shape previously shown by the 

formula (8) and Line4 in the Figure 6, and the outlet 35mm in radius, and inlet 70mm in radius 

presupposed that it is the same as that of Shape①. 

 

Figure 7. Representations of two nozzle bore shapes tested in the present work as the function of the 

nozzle height and radius. 

The flow velocity distribution and the vector diagram in the nozzle obtained by the calculation 

are shown in Figure 8(a) and (b), respectively. For both figures, distribution in the nozzle center 

section (YTD=0mm section at the time of setting the direction of SG slide to XTD and setting the 

perpendicular direction to YTD) is shown. At Shape①, although the flow velocity change in a corner 
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part (ZTD=180mm) is remarkable, it turns out that the flow velocity is changing from the inlet 

gradually to outlet including the neighborhood of the SG for Shape②. 

 
(a) (b) 

Figure 8. Comparison of calculated velocity of the molten steel flow in the TD upper nozzle of Shape① 

and Shape② (a), and the flow velocity vectors coloured by the velocity magnitude for both shapes 

(b) at throughput (flow velocity) condition of 1.76ℓ/s. 

In Figure 9(a) and (b), by calculation as similarly as the previous figure, Shape① and Shape② 

are compared respectively in both the pressure-distribution diagram in upper side and the variation 

of the static pressure with the nozzle (height) position in the bottom side. Here, the upper figures are 

the pressure distribution on the inner surface of the nozzle, and the bottom figures are the pressure 

distribution in the nozzle center section (YTD=0mm section). Although the pressure is declining 

rapidly in the corner part (ZTD =180mm) for the Shape① like the velocity distribution shown in the 

Figure 8, it turns out that pressure is declining gradually (linearly) from the inlet to the outlet for the 

Shape②. 

Moreover, since the flow control mechanism by the SG exists in the nozzle outlet side, the shape 

is largely change for both shapes at the SG open and close side, the pressure distribution is changing 

in the SG stroke direction (the direction of XTD), comparing the bottom side figures in (a) and (b). 

Next, to investigate the influence of the molten steel flow velocity, calculation on the conditions 

raised to 4.485ℓ/s of average flow corresponding to the actual operation was performed. The velocity-

distribution diagrams for both shapes are shown in Figure 10. Shape② exhibits uniform velocity 

distribution, but the Shape① showed the unique radial-velocity distribution to which a high-speed 

region is seen in the corner part (ZTD= 180mm) by the portion near the nozzle wall, and a low-speed 

region exists in the center part, and the stability of the flow disappeared. Next, as shown previously 

in the Figure 1(a), the velocity distribution of the corner part for both cases was compared as shown 

in the Figure 11(a). In Shape②, velocity distribution is rather "flat" form peculiar to turbulence, 

showing the velocity distribution almost uniform from the portion near the nozzle outer wall to the 

center part, but in Shape①, the velocity became low in the nozzle center part and the velocity became 

high near the nozzle surface (position at where a radius position ± is large except for the real surface), 

and namely there was a considerable velocity change in the radial direction. It is, thus, thought that 

the area under the curve which shows velocity distribution expresses energy notionally, the energy 

loss by changing from laminar to turbulent flow can be shown as the area difference in the Figure 

1(b). Then, the energy loss in Shape① shown here can be expressed with the slash part (a centerline 

is separated and only a half is illustrated) shown in Figure 11(b). That is, it is typically shown in the 

Figure 1(c), and the area of these slash parts can be considered as energy loss by the shape of the 

nozzle also in turbulence from the energy loss by the changes to turbulence from the laminar flow. 

Furthermore, although Figure 12 shows the calculation result of kinetic energy distribution for 
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turbulence, in Shape①, the turbulence with high energy occurs in the nozzle central part in the height 

position of the corner part, and the high turbulence energy also is seen in the SG entrance part. 

However, in the Shape②, the high turbulence energy is not seen within the nozzle, and even in the 

SG entrance part, the energy is not so high, either. That is, it is thought that the existence of turbulence 

generating with the high kinetic energy in the upper stream affects to the downstream SG section. 

 

 
        (a) 

 
(b) 

Figure 9. Comparison of calculated static pressure of the molten steel flow at flow velocity of 1.76ℓ/s 

for the TD upper nozzle and the graphic presentation of the static pressure change with position from 

top to bottom of the nozzle for both Shape① and Shape② in (a) and (b), respectively. 

 

(a) 
 

(b) 

Figure 10. Comparison of calculated velocity of the molten steel flow for the TD upper nozzle of Shape

① and Shape② at the higher throughput (flow velocity) condition of 4.485ℓ/s. 
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(a)                            (b) 

Figure 11. Comparison of the flow velocity distribution in the horizontal section of the nozzle at the 

height of 180mm from the top which corresponds to the corner point for nozzle of Shape① (a) and 

the concept of the energy loss expressed by the shaded part (1/2 of total divided by the center line) 

due to intensified kinetic energy of the turbulent flow (b). 

 
     (a) 

 
(b) 

Figure 12. Comparison of calculated turbulent kinetic energy for the TD upper nozzle of Shape① and 

Shape② at the higher throughput (flow velocity) condition of 4.485ℓ/s. 

The influence of the turbulence energy in the nozzle on the inclusion adhesion is reviewed here. 

Nakaoka [23] has reported that the collision frequency of inclusion particles is proportional to the 1/2 

power of turbulence energy dissipation velocity based on the results [24,25] that the inclusion in the 

molten steel condenses by turbulence. According to these results, it is considered that growth rate of 

the inclusion in the bore part of the nozzle is high for Shape① with high kinetic energy of turbulence 

due to increased collision frequency of the inclusions inside the nozzle. Moreover, it has also 

described simultaneously [23] that collision frequency is proportional to the 3rd power of a particle 

radius, if inclusion grows, collision frequency with the nozzle surface of wall will also increase, and 

it will be thought that it becomes further easy to adhere. It is also suggested that when the grown-up 

inclusion flows for the SG plate and the SEN by the side of the lower stream, a possibility that 

adhesion by the part will also increase. Next, Shimasaki et al. [26,27] carried out the detailed 

examination about flow behavior of the molten steel, such as surfacing and sedimentation of the 

particles in flow with turbulence. The relative velocity of Al2O3 inclusion particles in the molten steel 

is greatly dependent on intensity of turbulence, and it is shown clearly in the portion with strong 

turbulence that relative velocity decreases sharply etc. And about the adhesion behavior on the 

surface of a nozzle Mukai et al. [28] have reported that since the traveling velocity (terminal velocity) 
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of the particles based on interfacial tension migration is proportional to the diameter of particles, and 

is proportional inversely to the viscosity, when the interfacial tension gradient is constant, and 

particles are more far away from refractories wall, if the inclusion grows and its diameter becomes 

large, it has been said that the traveling velocity becomes high and tends to adhere the nozzle surface 

easily. From the above argument, it is expected that adhesion of the inclusion decreases by Shape② 

in which turbulence energy suppressed significantly. 

4.1.3. Water model experiment for the TD upper nozzle 

Supposing the actual system, upper nozzle, SG, and SEN were set to the experimental tank, and 

the mould was set to the lower part. Same as the high-speed conditions in previous flow analysis, the 

amount of flow per unit time (the flow velocity) set to 4.485ℓ/s. The upper nozzle used was usual 

porous type, and it had the structure from which gas flows out of the whole bore surface in the nozzle, 

and the air of 15ℓN/min was blown in the water model experiment. (Where ℓN, normal liter, is amount 

of flow at standard state of 0℃ and 1atm.) With the actual system, since the gas is blown at high 

temperature at around 1550ºC, it counts upon cubical expansion and it is thought that it becomes one 

several times the amount of capacity of this. Therefore, in the system, it is thought in a water model 

experiment that the conditions of 15ℓN/min are comparable to the amount of gas blowing in about 3 

- 5ℓN/min for the actual operation. Although the diameter of blow out gas changes by the gas pressure 

and kind of fluid blowing out etc., it was about 1mm on the conditions which blow out the air of 

10ℓN/min to water. Although the gas blow technology which described previously in the introduction 

part, has not all-round effect for the prevention from adhesion, even if a certain effect is accepted in 

reduction of adhesion by covering the nozzle surface by gas, it was utilized together with the present 

improvement in the nozzle bore profile. In the simulation in flow analysis, however it was not taken 

into consideration.  

When the flow situation of the air blown into the stream is observed from the nozzle upper part 

for the Shape① and ②, respectively, as shown in Figure 13. In the Shape①, the blown air flows 

violently through the bore in the nozzle, spiral flow was also seen. The probability which air attains 

to the nozzle center is also very high, and it is thought by Shape① that the intense high turbulence 

with high kinetic energy has occurred in the nozzle bore. A flow of gas was very quiet and the air 

which blew off from the surface in the nozzle flew toward straight under by Shape② along the 

surface in the nozzle toward the nozzle outlet (bottom) mostly to it. 

From this, by Shape②, the turbulence with high kinetic energy is not generated but it is thought 

that the comparatively steady flow was obtained. 

 

 
(a) 

 
(b) 

Figure 13. Comparison of the test results of water model simulation for the nozzle of Shape① (left) 

and Shape② (right) as the photograph taken from nozzle top with blowing gas. 
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4.1.4. Field test in the actual CC system in the steel works 

The examination for the system to compare Shape① and ② was done to the same timing using 

the CC facility of two strands as shown in Figure 14, and the upper nozzle of Shape① was set to one 

strand of the two and by another strand in the upper nozzle of Shape②. The test was performed at 

the same conditions in both strands, such as SG and SEN other than the upper nozzle. In addition, as 

described previously, for the upper nozzle of Shape① and ②, an inert gas blowing was carried out 

for both using all porous type nozzle, as the case of the water model experiment. The gas blowing 

was controlled by the back-pressure of about 100kPa. The capacity of the ladle was 180ton and 6-cast 

was performed in the throughput (flow velocity) of 4.485ℓ/s which is the high-speed conditions in 

the previous flow analysis and water model experiment, corresponding to about 2ton/min for each 

strand. 

 

 

Figure 14. Set-up of test nozzles of Shape① and Shape② for two strands TD in the actual CC system 

in the steel works. 

 
(a) 

 
(b) 

Figure 15. Comparison of the appearance of spigots obtained in the test. 

 



 
  A | T | C | T  
Application and Theory of Computer Technology 

 

49 | P a g e                  Appl. Theory Comput. Technol. 2017, 2, 4; doi: 10.22496/atct.v2i4.115 

 
(a) 

 
(b) 

Figure 16. Comparison of the cross section of the SENs connected from the upper nozzles of Shape① 

(a) and Shape② (b), respectively, 15 to 20mm thick adhesion is observed in (a) but no adhesion is 

observed in (b). 

The solidified metal (spigot) which remained in the inner bore was investigated after casting. 

Although the metal which remained in the bore in the upper nozzle was shown in Figure 15. In the 

case of the Shape①, adhesion was seen at the corner part from which inner bore profile changes, and 

the nozzle lower part near the SG. On the other hand, in the Shape②, adhesion was not observed at 

all to it. Moreover, the quality of the cut surface of the spigot was also very smooth, and the 

contamination of the inclusion etc. was not seen. In the detailed observation after casting, and 

adhesion or erosion were not observed at all in the case of Shape②. 

Although adhesion of 15-20mm thickness was observed in the inner bore of the SEN connected 

to Shape① as shown in Figure 16(a), adhesion was not observed at all in the inner bore of the 

submerged entry nozzle connected to Shape② as shown in Figure 16(b). 

The improved prevention effect from adhesion due to suppression of condensation growth in 

the inclusions also might be brought by the increased flow velocity of the inner bore part, facilitating 

the air bubbles to downstream. 

4.2. SEN 

In the steel CC process, homogenization of molten steel flow in the mould is quite important for 

assuring quality of steel products. Since suppression of the adhesion of Al2O3 based inclusion to the 

ejection port and inner bore of the SEN as a final outlet of the molten steel to the mould is considered 

as key factor of stabilizing the molten steel flow in the port ejection, development of stepwise type 

[29] and mogul type [30] geometry of the SEN inner bore, application of SiO2 [31] or B2O3 [32] as a 

substitution of Al2O3-C based SEN materials in conjunction with investigation on the improvement 

effect of the anti-adhesive in the case of CaF2 [33] or CaO [34] addition to the ZrO2 based materials, 

and multilayer type [35,36] nozzle structure have been tried in previous research works so far. Thus, 

from another points of view, application research of spinel-C based materials [37,38] to improve anti-

erosion property of nozzle itself despite opposite of anti-adhesive property have been carried out, 

and effect of Ar gas blowing [39] on the adhesion, adhesion mechanism [40], device of evaluation 

method [41] of adhesion and case study of fluid analysis [42,43] of molten steel flow have been 

reported. However, despite of tremendous efforts described above, stabilization of port ejection flow 

in the SEN has not yet achieved. 

4.2.1. Energy minimization theory and geometrical design of the SEN 

Molten steel flow from the SEN inner bore to nozzle ejection ports is schematically shown by the 

arrows in Figure 17. In the figure, the controlled molten steel flow by the SG at the upper part of the  
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SEN vertically downward to the straight nozzle body (arrow (1) in the figure). Here in the 

coordinates vertical downward direction is +Z and direction of ejection port (horizontal direction) is 

±X. Straight forward flow down velocity V in straight body part of the SEN vertically can be 

considered as V≒VZ (Z direction component of V) and VX≒0 (X direction component of V), although 

there is some possibility to induce a drift due to affection of flow controlling system in the upper 

stream side of the SEN. However, to decrease the flow velocity and stabilize the molten steel flow in 

the mould in which the SEN is installed, the ejection ports must be directed to almost horizontal 

becomes V≒VX and VZ≒0, that is a conversion of flow direction as shown in the arrow (2) in the 

figure. Therefore, it is important that the conversion of the flow velocity direction from V=VZ to V=VX 

is performed stably without losing energy during molten steel flow from inlet of ejection port (SEN 

inner wall side) to outlet of the ejection port through the part of ejection port. 

Applying the Bernoulli’s theorem as the energy conservation law for flow to the molten steel in 

the continuous casting mould, the following Eq. (9) can be obtained as same as the Eq. (2), 

ρV 2/2 + ρgH + P = Const., (9) 

Where, density of molten steel, velocity of flow, gravitational acceleration, head (position in 

depth) and pressure are expressed by ρ, V, g, H and P, respectively. The first, the second and third 

terms of the left-hand side of the Eq. (9) indicate kinetic energy, position energy and hydrostatic 

pressure, respectively. Although no terms expressed in the Eq. (9) for energy loss in the flow, a 

considerably high energy loss occurs due to transformation of flow to turbulent by changing the flow 

direction abruptly as seen in the ejection port in the SEN. 

In the ejection port of the SEN, since H=Ｘ' (position toward inlet from the exit of ejection port) 

and V=VX (X component of flow velocity inside of ejection port), Eq. (9) can be also expressed as 

follows; 

ρVX 2/2+(ρg 'Ｘ' + P + α) = Const., (10) 

where, g ' is gravitational acceleration in the ejection port and g ' =g × tan(θ) when inclination 

angle of direction of ejection port flow root against horizontal line is θ. α is kinetic energy occurred 

in the ejection port except for X component (VZ 2
 and VY 2) including the energy loss occurred by 

formation of turbulent flow. 

 

Figure 17. Schematic flow directions of molten steel in the SEN in which downward vertical flow 

described by (1) is converted to two of nearly horizontal flows described by (2). 

The authors have already reported [1, 44,48] that a significant contribution can be given for the 

stability of the operation of continuous casting and of the steel quality with including some of test 

results in actual operation line through suppressing to minimum both occurrences of turbulent 
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energy and adhesion of Al2O3 based inclusions to the nozzle by applying the energy minimizing 

theory which means energy loss minimization during molten steel flowing in nozzle, to the 

geometrical design for the TD upper nozzle. 

 

 

Figure 18. Explanatory illustration for ideal energy distribution (b) of the molten steel flow in the port 

of the SEN (illustrated schematically in (a)) based on theory of the energy minimization. 

 
    (a) 

 
  (b) 

Figure 19. Analytical optimization of the parameters, n, hI and hO for determining the geometrical 

design of the SEN using relative standard deviation (= standard deviation/average) of the flow 

velocity in the port. 

The energy minimization theory means in another word that the energy change for a period of 

molten steel passing the nozzle is able to express by a linear function without having an inflection 

point. Namely, as energy distribution during passing molten steel through the SEN is schematically 
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shown in Figure 18, the second term in the left hand side of Eq. (10), (ρg'Ｘ'＋P＋α) equals to VX 2 

(kinetic energy) varied linearly withＸ', obtaining kinetic energy distribution of the linear function 

shown in the figure as “Non-Inflection Line“, must be hold and the following relation must be hold.  

VD 
2 ∝D, (11) 

Where D is distance from virtual origin imaged inside of inner bore of the SEN to direction toward 

exit of ejection port and VD is the X component in the flow velocity (VX) at the position D. On the other 

hand, for the molten steel passing through the ejection port following Eq. (12) on the continuity of 

the fluid. 

Q = VD×AD = Const., (12) 

Where, Q is rate of volumetric flow of molten steel, and AD is the cross section of the ejection port at 

the position of D. Combining the Eq. (11) with the Eq. (12), the following relation is finally obtained 

as Eq. (13). 

AD∝D-1/2, (13) 

Equation (13) is a fundamental formula to be used for designing the geometry of ejection port to 

suppress occurrence of energy loss and turbulent flow to the minimum limit in molten steel flow in 

ejection port of the SEN and using the SEN designed based upon the prospect mentioned above, the 

turbulent flow is inhibited to the minimum limit in the part of ejection port and the low velocity and 

homogeneous velocity distribution can be obtained even at the outlet of the ejection port. 

Thus, to generalize the Eq. (13) further, suppose the height of the ejection port in the D position 

is TD when width of the ejection port is a constant, the relationship of TD∝AD is hold. Then the left-

hand side of Eq. (13) is substituted to TD, and if the exponential term of the right-hand side converted 

to more general form -1/n, the Eq. (13) can be rewritten as follows; 

TD∝D-1/n, (14) 

As the parameters to reflect the relation expressed by Eq. (14) to the actual geometry of the SEN, 

n for a degree of upper and lower curves in the cross-section diagram of the ejection port, hI and h0 

for both height of inlet and outlet of the ejection port were selected. Where the h0 is considered as a 

constant (setting value) with the relation of h0≦TD≦hI. In order to optimize conditions of these values 

for stabilizing the ejection flow velocity Vx at the outlet of the ejection port, the effect of these 

parameters on the fluctuation factor (ratio of standard deviation and average value) of the Vx was 

investigated analytically. At first analytical results for varying n value for the condition of hI/h0=2.0 is 

shown in Figure 19(a). In the figure, since the fluctuation factor is low and stable in the condition of 

2≦n≦4.5, the effect of the fluctuation factor with varying hI/h0 was checked with selecting n = 4.0. As 

the result, it was clarified that the fluctuation factor is low and Vx tends to stabilize in the condition 

of hI/h0 higher than 1.6 as shown in Figure 19(b). 

Where, the other conditions for the numerical analysis mentioned above were that inner and 

outer diameters of the SEN were 70 and 130mm, respectively, the ejection port is round shape with 

inclination angle of 20deg. from horizontal, and finally mould size and flow rate of the molten steel 

are 220×1800mm and 5ℓ/s , respectively. 

4.2.2. Flow analysis for the SEN by CFD 

A fluid analysis on the SEN has been performed by Thomas and Bai [43] comprehensively on the 

upper stream controlling system and effect of blowing gas and adhesion on the molten steel flow. 

However, they have never reffered to the geometry of the ejection port. Although authors have 

already reported the results of flow analysis [2] on unique structure having protrusion like guides in 

both sides from the height position of the ejection port of the SEN to the outlet of the ejection port 
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through the inner bore part, it was clarified that occurrence of turbulent flow is higher in the ejection 

port having the unique structure compared to the conventional structure and also reducing effect of 

the MPV is low. In the present invesitigation a new geometry of the ejection port which was designed 

by applying above described energy minimization theory on the SEN with typical conventional 

structure of the ejection port have been analysed. 

Conditions for numerical calculation such as the geometry and size of ejection port, depth of 

immersion, mould size of CC and rate of molten steel (throughput) are shown in Table 2. Geometry 

of part of ejection port showing vertical cross section including a line connecting the center part of 

both ejection ports in the cross section of SEN of only bottom right side are shown in Figure 20(a) 

and (b) for “Shape③” and “Shape④”, respectively. Where a turbulent flow calculation using the 

fluid anaysis software FLUENT12.1.4 was performed for both shapes of the SEN, they are 

conventional geometry of Shape③ and Shape④ which is derived from the above described energy 

minimization theory. The Shape③ is a geometry aiming to suppress the occurrene of negative 

pressure and back flow at the upper part of the ejection port by adapting the DTP corner cut in the 

upper inside of the ejection port. In the Shape③ the effect of lowering of the MPV has been expected 

by a deep well structure in which the setting height of ejection port is the position of 50mm from the 

bottom of the SEN inner bore as shown in Figure 20(a). Here an inclination angle of the ejection port 

from the horizontal line was set to downward 25 deg. commonly for both shapes. In the case of Shape

④, width of ejection port was set constant as 88mm and the height of ejection port inlet was set 

Table 2. Conditions of the numerical analysis. 

Cross section of mould for continuous casting Width×thickness= 1372×230mm 

Throughput of molten steel  6 ℓ/s 

Submerged depth (from meniscus to the tip of SEN) 290mm 

Dimensions of the submerged entry nozzle  

and the installed ports 

Length×outer dia.×inner dia=847×150×90mm 

Cross section of ports; 

width×height=88×70.6mm 

Downward inclination angle of the ports from the 

horizontal line 

25 deg. 

 

   
(a) 

   
(b) 

Figure 20. Shape and dimension of port in the SEN as representative right-half profile (section) (in the 

left hand) and front view of the port (in the right hand) for numerical analysis of molten steel flow in 

the continuous casting; in (a) conventional (DTP) type nozzle as Shape③ and (b) newly designed one 

as Shape④. 

as 141.2mm which is derived from hI/h0=2.0 according to Figure 19. And also adapting optimum 

solution 4 for n in the relation expressed by Eq. (14) , the height of ejection port at the position D of 

the SEN radial direction, TD follows the relation; TD∝D-1/4. The water liquid was used for calculation 

since its Reynolds number is almost equal [45-47] to that of molten steel. Center axis of the SEN is set 

as X=Y=0mm with width direction (direction of ejection in the ejection port) as ±X and mould 
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thickness direction as Y, and molten steel surface in the mould as Z=0mm in the vertical direction 

which is set +Z as the downward direction. 

Figure 21 shows two-dimensional flow velocity distribution in the center cross section of the 

mould (Y=0mm) and in Shape③ (a) the flow velocity in the lower part of ejection port is high (yellow 

~red colour) with colliding almost linearly to both left and right side walls in the mould. Molten steel 

flow from meniscus to ejection port is also seen in (a) which is considered to caused by negative 

pressure occuring in the upper part of ejection port. On the other hand, in Shape④ (b) the flow is 

homogeneous and low velocity (green colour) in whole ejection port and the colliding flow velocity 

to the both left and right-side walls in the mould is decreased by decreasing MPV and velocity of the 

ejection after flow. 

Three-dimensional distribution of the flow velocity vectors in the outlet of ejection port is shown 

in Figure 22(a) and (b). As is apparent from the figure, in Shape③ (a), considerably large velocity 

difference in upper and lower positions of the ejection port is observed even though the DTP & deep 

well type which is thought as a superior geometry among the various types of conventional geometry 

used so far. However, the flow velocity distribution obtained here should be considered as even 

excellent. In the meantime, the flow velocity seems to be remarkably homogenized in whole ejection 

port of Shape④ (b). 

Variations of the ejection flow velocity (VX: X component flow velocity) with position in depth 

of the ejection port for both Shape③ and Shape④ were shown in Figure 23(a) and (b), respectively, 

to investigate some detail in the ejection flow for both types of port geometry. Results of the analysis 

for both types are shown in the inserted table in the figure where the Shape④ exhibited a highly 

homegenized state of flow in the whole part of the ejection port with largely improved ejection flow 

property in which the minimum value of the flow velocity “Min.“ is high and the standard deviation 

of it, “Deviation“ is reduced to about half even though the lowering of the maximum value “Max.“ is 

meager compared to the case of Shape③. There are some difference in the average value of the flow 

velocity, “Average“ for both Shape③ and Shape④. As the cause of such difference, homogeneity in 

the rate of ejection flow for both left and right ports was much higher in the Shape④ in which the 

rate was 2.997 and 3.003ℓ/s for +X and -X sides, respectively, compared to the case of Shape③ in 

which the rate was 3.025 and 2.975ℓ/s for +X and -X sides, respectively, about 1% high rate in the +X 

side. Also as an another reason it is considered that there was slight difference in the geometry of the 

ejection port in the calculation model, as was shown in the Figure 20(a) and (b), the corner radius 

(R7.5mm) is set in the outlet of the ejection port in the Shape③ (a), but not in the Shape④ (b), 

resulting in the slight increase in the cross section in the Shape④. 

Two-dimensional distribution of turbulent kinetic energy in the mould and nozzle center cross 

section (Y=0mm) for Shape③ and Shape④ are shown in Figure 24(a) and (b), respectively. As seen 

in the figure, it is clarified that the turbulent kinetic energy for Shape③ in (a) is quite high in the 

position of the bottom part of the SEN, especially in the lower inlet of the ejection port. The occurrence 

of the turbulent flow facilitates the adhesion of the inclusion in the molten steel to the surface of 

nozzle materials and increases the wear loss by the erosion of the nozzle due to increased contact 

probability of the inclusion. Namely, the adhesion and/or erosion wear into the SEN materials makes 

the molten steel flow from the ejection port to the mould further instable state due to serious change 

of the ejection port from its original geometry. And also, once adhesion occurred in the nozzle, an 

abrupt change is brought on the molten steel flow from ejection port to the mould by spalling due to  
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(a) 

 
(b) 

Figure 21. Flow velocity distribution (at Y=0mm) of the molten steel poured into the mould through 

the SEN located upper center part of the images for (a) Shape③ and (b) Shape④, respectively. 

 
(a) 

 
(b) 

Figure 22. Three-dimensional velocity vectors distribution calculated by CFD at the outlet of the ports 

of the SEN for (a) Shape③ and (b) Shape④, respectively. 

 
(a) 

 
(b) 

Figure 23. Variation of the flow velocity (Vx) at the +X side port outlet with Z (distance from meniscus) 

for (a) Shape③ and (b) Shape④, respectively, and results of calculation are shown in the inserted 

table as average, maximum, minimum and deviation of the flow velocity comparing (a) with (b). 
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(a) 

 
(b) 

Figure 24. Two-dimensional distribution of the turbulent kinetic energy at Y=0mm section in the 

nozzle and mould calculated by CFD for (a) Shape③ and (b) Shape④, respectively. 

 

impact of the flow. For the worst case of the adhesion, the operation is forced to stop by clogging of 

the nozzle. On the contrary the highly expectable results of analysis were obtained for the Shape④ 

in Figure 24(b) where the suppression effects of the generation and growth of the inclusions, their 

adhesion to the nozzle surface and the erosion wear, have been realized by stabilizing and 

homogenizing the ejection flow using newly designed SEN. 

 

4.2.3. Water model experiment for the SEN 

The water model experiments were carried out by the same condition as the flow analysis in the 

previous section. Where in order to play a role of a tracer in taking photographs and the particle 

image velocimetry (PIV), air was blown by the rate of 2ℓN/min. from the porous upper nozzle installed 

in the upper part of the SG. The diameter of the air bubbles generated in the mould was about 1-3mm. 

The relatively large bubbles tend to surfacing upward by the action of the buoyancy with separating 

from the direction of the water flow in the mould. On the contrary, the direction of water flow is also 

considered to be shifted upward by the effect of the bubble movement. According to the results on 

the optimization of the amount of blowing gas in the case of the TD upper nozzle [50], the rate of 

blowing of the air was lowered to the possible limit in order to minimize the effect of the bubbling 

on the water flow. The flow behaviour in the mould for Shape③ and Shape④ were compared by 

the photographs shown in Figure 25(a) and (b). Although they are somewhat hard to see with the 

low contrast monocolour photographs, it was able to confirm that the flow was kept low velocity in 

the whole mould for the Shape④ in the water model experiment shown in the Figure 25(b) as same 

as the results of the CFD analysis shown in the Figure 21(b). To compensate the unclearness in the 

Figure 25, the measured data images of the flow velocity using PIV in the cross section of center of 

mould thickness direction (Y=0mm) were compared in Figure 26(a) and (b) for Shape③ and Shape

④, respectively. The figure shows the average value of the PIV measurement during stroke of 1min., 

and the maximum ejection flow velocity (MPV) for both cases were 0.60 and 0.52m/s for Shape③ and 

Shape④, respectively, showing the almost similar results as the CFD analysis again. However, in the 

PIV measurements there was a tendency to lower the flow velocity compared to the value of the 

actual MPV because of averaging the whole data obtained. The direction of the ejected after flow is 
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somewhat upward in Shape④ as was confirmed in both images of the Figures 25 and 26, exhibiting 

a same tendency as in the CFD analysis described in the previous section. 

Assuming the operation with the higher speed casting, water model experiments were also 

performed at the flow rate of 12ℓ/s which is twice as high as the previous experiments. MPV results 

obtained by the PIV measurements were 1.08 and 0.74m/s for the Shape③ and Shape④, respectively. 

Superiority on the homogenizing the ejection flow in the Shape④  became much higher in the 

condition of the higher rate of flow compared to the case of lower one, resulting in the increase 

expectation on the further improvements in the productivity and product quality. 

 

 
(a) 

 
(b) 

Figure 25. Bubbled gas-visualized water flow from the SEN located upper center part in the photo of 

water model experiments for the cases of (a) Shape③ and (b) Shape④, respectively. 

 

 
(a) 

 
(b) 

Figure 26. Particle image velocimetry (PIV) expressing water flow from the SEN located upper center 

part in the water model experiments as calculated average measured data at Y=0mm section during 

1 min measuring term for (a) Shape③ and (b) Shape④, respectively. 

4.2.4. Discussion 

In the analytical results for the geometrical design previously shown as the Figure 19(b), the 

fluctuation factor for flow velocity was kept in the lower value when hI/h0 is higher than 1.6 and 

indicating the tendency to stabilizing the velocity much better for further high value. However, there 

is a limit for the value of hI due to constraint in the length and manufacturing of the SEN. Therefore 

in the geometrical design for the Shape④ the hI set the highest value as possible as following hI/h0=2.0. 

And n was set to 4.0 in order to keep the straightness of the molten steel flow at the ejection port. 

Although the analytical calculation was also performed in the same condition for the value of hI/h0=1.0 

which is representing the conventional geometry, the fluctuation factor of the flow velocity was as 

high as 85%. 
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As the results of the flow analysis performed in the same condition to obtain the calculation 

results shown in the Figure 19, the difference of the state of flow in the part of the ejection port of the 

SEN for both conventional geometry and new geometry determined by energy loss minimization 

theory is shown in Figure 27 for three-dimensional distribution of the flow velocity vectors in the part 

of ejection port, and in Figure 28 for two-dimensional distribution of turbulent flow energy in the 

cross section of the ejection port. As apparently shown in the figures, the ejection of the flow is rather 

concentrated in the lower part of the port and the backward flow occurred in the upper part (see 

Figure 27(a)) with exhibiting an intensive occurrence of the turbulent flow as seen in the Figure 28(a). 

In contrast to the above results, as seen in the Figures 27(b) and 28(b), the ejection of the flow is 

homogeneous with low velocity and free from the occurrence of turbulent flow in the case of the 

nozzle designed by the theory on the energy loss minimization. Thus, it is important that the height 

of the ejection port TD at the position D of radial direction of the nozzle is assurred by changing height 

position of the upper and lower surfaces of the ejection port to keep the center line of the direction of 

the height in ejection port setting to the inclination angle. 

Since the new geometry Shape④ is much effective for the homogenization of the ejection flow 

velocity at the higher speed condition (12ℓ/s) from the results of water model experiments, the state 

of the flow at the high speed condition was also analyzed by the CFD, and the results are shown in 

Table 3. In the comparison to the results obtained in the casting speed of 6ℓ/s as was shown in the 

Figure 23, the lowering of the MPV,“Max.”was also comfirmed to be significant in the high speed 

condition for the Shape④ by the numerical calculation. For the minimum value“Min.”of the flow 

velocity was 0.10 and 0.55m/s for Shape③ and Shape④, respectively, with having 5 times difference. 

The regression analysis results of VX distribution in the vertical (height) position of Z=195mm 

(Y=0mm) (see Figure 29; center of the outlet of the ejection port), distance from center of the SEN to 

the outlet of the ejection ports of left and right sides (±X sides) are shown in Figure 30(a) and (b) for 

Shape③ and Shape④, respectively. It wa slso confirmed in the Figure 30(b) that an ideal velocity 

distribution with free from the inflection point from the center of the SEN to the ejection ports in the 

left and right sides (±X sides). According to the analytical results obtained in the Figure 30, it was 

able to consider that the occurrence of the turbulent flow was suppressed to the minimum limit for 

the new geometry (Shape④), resulting in the homogeneous distribution of molten steel ejection in 

whole part of the ejection port. 

 

 
(a) 

 
(b) 

Figure 27. Three-dimensional distribution of the velocity vectors calculated by CFD in the condition 

described previously for Figure 19, showing for (a) conventional shape nozzle ( hI /hO=1.0) and (b) 

newly design nozzle ( hI /hO=2.0, n=4), respectively. 
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(a) 

 
(b) 

Figure 28. Two-dimensional distribution of the turbulent kinetic energy for (a) conventional nozzle 

(hI /hO=1.0) and (b) newly design nozzle ( hI /hO=2.0, n=4), respectively. 

Table 3. Calculated flow velocity obtained by CFD analysis for higher throughput (12ℓ/s). 

Nozzle 

design 

Flow velocity, VX  (m/s) 

Average Maximum Minimum Deviation 

(a) Shape③ 0.98 1.41 0.10 0.30 

(b) Shape④ 0.94 1.25 0.55 0.18 

 

Figure 29. Position (Z=195mm) of flow velocity VX distribution analysis. 

 

 
         (a)  

 
(b) 

Figure 30. Comparison of X-component flow velocity VX distribution from center (X=0mm) of the SEN 

to outlet of both ports (+X and -X directions) at Z=195mm (Y=0mm) calculated by CFD in the condition 

of higher throughput (12ℓ/s) for (a) Shape③ and (b) Shape④, respectively. 
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5. Concluding Remarks 

The bore shape of the TD upper nozzles in CC facility of the steel, was investigated based on the 

basic principle of hydrodynamics, aiming to suppress the turbulence with high kinetic energy 

generated in the molten steel flow. The optimal nozzle bore profile (4th curve) was determined as the 

function of the molten steel head (height) and nozzle radius which derived from the principle of the 

energy minimum in the molten steel flow. The simulation by flow analysis and water model 

experiment was first performed for both shapes of this 4th curvilinear nozzle and conventional one. 

It was clarified that generating of the turbulence with high kinetic energy can be controlled in the 

upper nozzle which made the inner bore profile the 4th curve (curved surface) of alignment. 

Furthermore, when the actual nozzle was made as an experiment for the trial in the actual steel works 

was presented with the conventional shape nozzle for comparison, with the 4th curvilinear shape 

upper nozzle, it became clear that it not only can control the adhesion of the inclusion to itself, but it 

demonstrated the adhesion control effect also in the SEN installed in the lower stream side. By 

application of the nozzle newly devised from this, not only the durability improvement of the 

refractories in the molten steel CC process but both the slanted flow within the mould generated by 

alumina adhesion and the contamination due to mixing the exfoliated inclusions decreased, and it 

was thought that it could contribute to the improved quality of steel or operation stabilization. 

Optimization of geometry of ejection port of the SEN has been performed in order to stabilize 

the velocity of the molten steel flow in the mould for CC of steel through suppressing the energy loss 

in the molten steel flow passing the ejection port of the nozzle to the minimum limit with device of 

newly designed geometry of the port utilizing theory of fluid mechanics. In the newly designed SEN, 

analysis by CFD as well as water model experiment apparently verified the effectiveness for 

suppressing turbulent flow and homogenizing the flow velocity. Application of the new geometry 

SEN to the CC operation reduced the MPV and the occurrence of the negative pressure at the upper 

part of the ejection port with inhibiting back flow, resulting in stable molten steel flow in the mould. 

Stabilizing molten steel flow by suppressing the turbulent flow bring to improvement of both 

adhesive of inclusion to the nozzle surface and erosion/corrosion of the nozzle surface. 
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Nomenclature 

A   Bore cross-cectional area in TD upper nozzle  m2 

AD Cross section of SEN ejection port at position D  m2 

D   Distance from the virtual origin to the position in the exit direction of SEN ejection port m 

d   Diameter of TD upper nozzle (= 2R)  m 

g Gravitational acceleration  m/s2 
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g' Gravitational acceleration in the direction of SEN ejection port (ｇ×tan(θ))  m/s2 

H Head (Location in tundish (TD) or mould depth) m 

Hr    Height (depth) from the meniscus in the TD  m 

hI Height of inlet of ejection port (inner bore side of SEN)  m 

h0 Height of exit of ejection port (outer surface of SEN)   m 

n Degree of upper and lower curves in the cross section of SEN ejection port 

P Hydrostatic presure  Pa 

P0    Hydrostatic pressure at meniscus (surface) in the TD  Pa 

P1    Hydrostatic pressure at nozzle outlet in the TD    Pa 

Q Rate of volumetric flow of molten steel   m3/s = ×103 ℓ/s 

R Radius of TD upper nozzle  m 

Re    Reynolds number 

TD Height of SEN ejection port at position D  m 

V Velocty of molten steel flow  m/s 

V0    Velocity of molten steel flow at meniscus (surface) in the TD m/s 

VD Velocity (ＶＸ) of molten steel flow in the SEN at position D m/s 

VX X component of velocity of molten steel flow    m/s 

VY Y component of velocity of molten steel flow    m/s 

VZ Z component of velocity of molten steel flow    m/s 

U   Average velocity of molten steel flow    m/s 

w Width of SEN ejection port     m 

X Direction of SEN ejection port (horizontal) (Center of SENＸ=0) m 

X ' Position toward inlet from exit of SEN ejection port    m 

Y Direction of mould thickness (horizontal) (Center of SEN Y=0)    m 

Z Vertical direction (height of meniscus in the mouldＺ=0，lower direction: +Ｚ)  m 

α Kinetic energy in the Y and Z directions, plus energy loss (for SEN)   Pa = (m2/s2) ×(kg/m3) 

θ Inclination angle of the SEN ejection port from horizontal direction deg. 

ν   Coefficient of kinematic viscosity of fluid      m2/s 

ρ Density of molten steel    kg/m3 

XTD  Sliding direction of the SG (slide gate) mm 

YTD  Direction perpendicular to the sliding direction of the SG mm 

ZTD  Height Direction in the tundish (TD)  mm 
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