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1. Introduction

The generation of swirling flow in a submerged entry

nozzle is a fundamental way to stabilize flow in a continu-

ous casting mold. The swirling-flow submerged entry noz-

zle can improve the surface quality of slabs and steel coils

and increase the casting speed by increasing flow stability

in the mold. We have researched the technology of swirling

flow in a submerged entry nozzle to prove its effectiveness

in continuous casting.1–8) The final goal of our research has

been to prove the effect of swirling flow in a submerged

entry nozzle for slab casting by applying submerged entry

nozzles with a swirl blade equipped inside the nozzle to ex-

isting continuous casting machines. This is the easiest way

to apply swirling flow to a submerged entry nozzle for con-

tinuous casting without additional investment by facilities.

An additional aim of our research has been to match the ef-

fect of electromagnetic devices. Since the flow swirling in a

submerged entry nozzle uses only the energy of the head

difference between a tundish and mold, this swirling flow

technology is an energy-saving means to improve flow in

the continuous casting mold without the use of electromag-

netic devices, which generally cost several hundred million

yen.

The development of submerged entry nozzles with

swirling flow for continuous casters in steelmaking works

started with investigation of the durability of the swirl blade

and intensity of swirling flow in the multi-strand round bil-

let caster since the risk to casting operation and the quality

of products for round billets was considered relatively

small.9,10) The development of this technology for slab cast-

ers then began. Before the technology was applied to slab

casters, we carried out water model experiments and CFD

simulations to design the swirl blade and the internal geom-

etry of the submerged entry nozzle and obtain information

on the suitable consumption of head energy between the

tundish and mold; the shape of the outlet ports could then

be designed to produce stable and appropriate flow in the

mold.11–13)

In this paper, swirling-flow submerged entry nozzles

were designed, then evaluated in a water model experiment

and applied to industrial slab casters. The application in-

volves casting ultra-low carbon steel for galvanized auto-

motive panels, which allows for evaluation of the swirling

flow in the case of one of the most stringent grades of steel

sheet in terms of surface quality.
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submerged entry nozzles increased the casting speed and improved the surface quality of slabs and steel

sheets.
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2. Problems with the Conventional Nozzle and Advan-

tages of the Swirling-flow Nozzle

First, problems with conventional submerged entry noz-

zle are summarized to clarify the purpose of developing the

submerged entry nozzle with swirling flow. Generally, con-

ventional submerged entry is problematic in terms of flow

in the nozzle for slab casters as stated below.

In a conventional submerged entry nozzle, a downward

flow in the nozzle changes direction by colliding with the

bottom of the nozzle. The flow then spouts out mainly from

the lower region of the outlet ports, which causes a strong

flow in the lower region and a suction flow in the upper re-

gion of the outlet ports. The strong flow in the lower region

of the ports causes fluctuations in the molten steel surface

in the mold. In addition, the downward flow colliding with

the bottom of the nozzle turns upward and produces verti-

cal fluctuations in the angle of the outlet flow from the

ports.

On the other hand, wobbly downward flow in the nozzle

affects the balance of the flow rates of two flows spouting

from two outlet ports at the bottom of the nozzle. The fluc-

tuation of the outlet flow angle and the imbalance of the

outlet flow rates result in self-excited flow oscillation in the

mold. The flow oscillation in the mold causes a Karman

vortex on the weak-flow side as shown in Fig. 1(a). The

Karman vortex and the suction flow in the upper region of

the outlet ports draw down mold powder into the molten

steel and thus form mold powder defects in products. Fur-

thermore, the fluctuation of the molten steel surface in the

mold is promoted on the strong-flow side, and the molten

steel flow rate decreases on the weak-flow side. A decrease

in the casting speed is required to suppress the molten steel

surface fluctuation on the strong-flow side, which induces

flow stagnation on the weak-flow side. The flow stagnation

decreases the Saffman effect14–16) as the flow velocity de-

creases at the front of the solidified shell and reduces the

surface temperature of molten steel in the mold; these phe-

nomena give rise to entrapment of inclusions or bubbles in

the solidified shell. The problems mentioned above are

schematically shown in Fig. 1.

The purpose of developing the submerged entry nozzle

with swirling flow is to effectively address the problems

stated above for the conventional submerged entry nozzle.

Specifically, in the case of the submerged entry nozzle with

swirling flow, the centrifugal force acting on molten steel

inside the main body of the nozzle promotes outlet flow

from the upper region of the outlet ports, and the distribu-

tion of the outlet flow velocity becomes homogeneous,

which prevents suction flow in the upper region of the

ports, as shown in Fig. 2. Furthermore, the centrifugal force

acting in the nozzle promotes a balanced distribution of the

outlet flows from the two ports at the bottom of the nozzle.

As stated above, the submerged entry nozzle with swirling

flow restrains the self-excited flow oscillation in the mold

and thus prevents molten steel surface fluctuation and flow

stagnation.

3. Water Model Experiment

3.1. Experiment Conditions and Specification of a

Submerged Entry Nozzle

Before commencing an industrial-scale experiment for

steel casting by slab casters, we confirmed the fundamental

operation of the submerged entry nozzles with swirling

flow for the conventional nozzles in full-scale water model

experiments.

Table 1 gives the experimental conditions of the full-

scale water model experiments and Figs. 3 and 4 are

schematic diagrams of the full-scale water models. These

are models of casters in the works at Wakayama and

Kashima respectively. The flow velocity was measured by a

laser Doppler velocimeter in the case of the Wakayama

model and by a small propeller velocimeter, 3 mm in diam-
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Fig. 1. Bad influences of conventional nozzle.

Fig. 2. Schematic view of flow formation in nozzle.

Table 1. Water model specification and condition.



eter in the case of the Kashima model. The sampling pitch

of the measured velocity data was 2.6 ms for the laser

Doppler velocimeter and 0.5 s for the small propeller ve-

locimeter.

Table 2 and Figs. 5 and 6 present specifications of the

submerged entry nozzles with swirling flow. The nozzles

around the outlet ports have an outer diameter of 140 mm

for the Wakayama caster and 161 mm for the Kashima

caster.

Table 3 gives the specifications of the conventional sub-

merged entry nozzles. The nozzles have a uniform internal

diameter. The outlet ports are rectangular, and the upper

wall and lower wall of the outlet ports are sloped at the

same constant angle. The nozzles around the outlet ports

have an outer diameter of 140 mm for the Wakayama caster

and 150 mm for the Kashima caster.

Figure 7 is a schematic diagram of the conventional sub-

merged entry nozzle for the Wakayama caster as an exam-

ple. The nozzles for the Wakayama and Kashima casters

have basin-shaped internal bases as shown in Fig. 7. The

basin depth is between 10 and 15 mm, which is designated

as the vertical distance between the line of intersection of

the internal surface of the main nozzle body with the lower

wall of the outlet ports and the internal base.
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Fig. 3. Schematic geometry of water model set-up (Wakayama).

Table 2. Specification of swirling flow nozzles.

Fig. 4. Schematic geometry of water model set-up (Kashima).

Fig. 5. Dimension of swirling flow nozzle.

Fig. 6. Dimension of swirl blade.

Fig. 7. Dimension of conventional nozzle (Wakayama).

Table 3. Specification of conventional nozzles.



3.2. Experiment Results

3.2.1. Flow Velocity at the Outlet Port

Figure 8 shows the horizontal flow velocity at the outlet

port of the conventional submerged entry nozzle for the

Wakayama caster. The flow velocity at the outlet port was

measured in a vertical plane 5 mm from the outlet port. The

nine measurement points in Fig. 8 are the intersections of

three vertical and three horizontal positions of the outlet

port. The three vertical positions are at non-dimensional

widths of �0.3, 0 and 0.3 and the three horizontal positions

are at non-dimensional heights of 0.2, 0.5 and 0.8. The bar

height in Fig. 8 shows the average value of the measured

flow rate for 3 min at each point.

As seen in the upper region of Fig. 8, there is a vortex in

the outlet ports. In addition, the vortex visibly changes di-

rection owing to unstable downward flow in the main noz-

zle body. Figure 8 shows the flow velocity at the outlet port

in each case of the rotational direction of the vortex. The

same vortex in the outlet ports was reported by Bai et al.,17)

Ramos-Banderas et al.18) and Yoshida et al.19)

Figure 8 shows that the flow velocity distribution at the

outlet port is influenced by the rotational direction of the

vortex. For example, in the case that the rotational direction

of the vortex is clockwise (left side of Fig. 8), the outlet

flow velocity in the lower-right region is relatively high

where the downward flow collides with the internal base of

the nozzle. On the other hand, the outlet flow velocities in

the lower-left and upper-right regions are relatively low.

Considering the fluctuation of the outlet flow velocity, suc-

tion flow may well occur in the region in which the outlet

flow velocity is relatively low. In the case that the rotational

direction of the vortex is counter-clockwise, the outlet flow

distribution has a left–right reversed pattern.

The vortex changes its rotating direction owing to the un-

stable downward flow in the main nozzle body. Accord-

ingly, the real outlet flow is estimated to fluctuate between

the two outlet flow distribution patterns shown in Fig. 8.

Meanwhile, in the case of the conventional submerged

entry nozzle for the Kashima caster, no vortex in the outlet

ports is observed; thus, the vortex in the outlet ports is

thought to be due to the narrow width of the outlet ports. In

other words, the downward flow in the nozzle colliding

with the internal base generates the vortex prior to flowing

out from the outlet ports in the case that the width of outlet

port is narrower than the internal diameter of the nozzle.

Figure 9 shows the horizontal flow velocity at the outlet

port of the submerged entry nozzle with swirling flow for

the Wakayama caster. As shown in Fig. 9, the outlet flow

velocity for the submerged entry nozzle with swirling flow

is homogeneous over the entire area of the outlet port. As a

result of the homogeneous outlet flow, the measured maxi-

mal outlet flow velocity is approximately half that of the

conventional submerged entry nozzle.

Figure 10 shows the horizontal outlet flow velocity dis-

tribution of the conventional submerged entry nozzle for

the Kashima caster. The bar height length in Fig. 10 shows

the average value of the measured flow rate for 3 min at

each point.

In the case of the conventional submerged entry nozzle

for the Kashima caster, for which the width of the outlet

ports is larger than the internal diameter, no vortex in the

outlet ports is observed. Accordingly, the vortex does not

affect the outlet flow distribution. On the other hand, the

outlet flow is concentrated to the lower region of the ports;

therefore, there is suction flow at the centers and in the

upper regions of the ports.

Figure 11 shows the horizontal flow velocity at the outlet
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Fig. 8. Outlet flow velocity distributions of conventional nozzle

under two directions of vortex in port (Wakayama, corre-

sponding casting speed�1.6 m/min).

Fig. 9. Outlet flow velocity distributions of swirling flow nozzle

(Wakayama, corresponding casting speed�1.6 m/min).

Fig. 10. Outlet flow velocity distributions of conventional nozzle

(Kashima, corresponding casting speed�1.5 m/min).



port of the submerged entry nozzle with swirling flow for

the Kashima caster. As seen in Fig. 11, the outlet flow ve-

locity of the submerged entry nozzle with swirling flow is

more homogeneous over the entire area of the outlet port

than that of the conventional submerged entry nozzle. The

outlet flow velocity in the upper region of the port is higher

than that in the lower region of the port in Fig. 11 because

the centrifugal force generates a dominant extended flow

along the R-shaped upper wall of the port.

Figure 12 shows the average standard deviations of the

flow velocity data obtained at each point in Figs. 8, 9, 10

and 11 as an index of the outlet flow stability. Data in the

case of the clock-wise vortex in the outlet port are adopted

from Fig. 8. As clear seen in Fig. 12, the outlet flows of the

submerged entry nozzles with swirling flow are more stable

than those of the conventional submerged entry nozzles.

Specifically, the submerged entry nozzles with swirling

flow are effective in terms of both a homogeneous outlet

flow distribution and stable outlet flow velocity.

3.2.2. Flow in the Mold

The horizontal surface flow velocity along the wide face

of the mold was measured at 1/2 thickness, 1/4 or 3/4

width, and 50 mm below the fluid surface in the mold. Fig-

ures 13 and 14 show the transitions of the surface flow ve-

locity for the conventional nozzles and submerged entry

nozzles with swirling flow for the Wakayama and Kashima

casters respectively. The surface flow velocity is measured

at 1/4 width of the mold with the laser Doppler velocimeter

for the Wakayama caster and at both 1/4 and 3/4 width with

the small propeller velocimeter for the Kashima caster.

Data presented in Figs. 13, 14 and Fig. 15 are averages for

5 s and thus exclude instantaneous fluctuations of the veloc-

ity caused by small vortexes. In these figures, positive val-

ues on the vertical axis indicate surface flow in the direc-

tion from the narrow face of the mold to the submerged

entry nozzle.

Figure 13 shows that fluctuation of the surface flow ve-

locity decreases approximately by half with application of
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Fig. 11. Outlet flow velocity distributions of swirling flow nozzle

(Kashima, corresponding casting speed�1.5 m/min).

Fig. 12. Effect of swirling flow nozzle on stability of outlet flow

velocity.

Fig. 13. Effect of swirling flow nozzle on surface flow stability

in mold (Wakayama, corresponding casting speed�

1.6 m/min).

Fig. 14. Transition of surface flow velocity with conventional

nozzle (Kashima, corresponding casting speed�

1.5 m/min).

Fig. 15. Transition of surface flow velocity with swirling flow

nozzle (Kashima, corresponding casting speed�

1.5 m/min).



the submerged entry nozzle with swirling flow for the

Wakayama caster. In this case, the conventional submerged

entry nozzle has an upward outlet port angle; however, the

actual outlet flow has a downward angle, and thus, there is a

double-roll flow pattern13) in the mold in which the surface

flow is directed from the narrow face of the mold to the

submerged entry nozzle.

As seen in Figs. 14 and 15, the submerged entry nozzle

with swirling flow for the Kashima caster also made 30%

decrease in fluctuation of the surface flow velocity.

As mentioned above, the submerged entry nozzles with

swirling flow for both the Wakayama and Kashima casters

reduce the fluctuation of the surface flow velocity since the

swirling flow in the submerged entry nozzles has the effect

of stabilizing the molten steel flow in the mold as we had

expected.

The surface flow velocities for the Wakayama caster are

measured for a short duration because of the limited data

storage of the laser Doppler velocimeter. On the other hand,

the surface flow velocities for the Kashima caster are meas-

ured for a relatively long duration; accordingly, the effect of

the submerged entry nozzle with swirling flow in stabilizing

the flow formation in the mold is thought to be well evalu-

ated for the casting condition of the Kashima caster.

Figure 16 shows the ratio of time in which all surface

flow velocity data in Figs. 13, 14 and 15 are in the proper

range of 0.2–0.3 m/s. In addition, the ratio of time in which

the surface flow velocity is in the range of 0.1–0.4 m/s is

also shown in Fig. 16. The time ratio of the proper surface

flow velocity is greater for the swirling-flow submerged

entry nozzle as shown in Fig. 16.

Considering that the actual rate of surface defects de-

tected on steel sheets is several percent at most, the time

ratio of the proper range of the surface flow velocity—56%

in the case of the conventional submerged entry nozzle—is

relatively small. This means that 44% of the slab surface is

cast under a poor condition of the surface flow velocity.

This value of 44% seems too large when compared with the

small surface defect rate of several percent. If the proper

range of the surface flow velocity is wider than the above

mentioned range (for example, if 0.1–0.4 m/s is the real

proper range), the time ratio of the proper range of the sur-

face flow velocity increases to 89% in the case of the con-

ventional submerged entry nozzle. In this case, the ratio of

casting time under the poor condition of the surface flow

velocity is 11%. This is not much larger than the actual sur-

face defect rate. From this viewpoint, the proper range of

the surface flow velocity of 0.2–0.3 m/s is considered to be

too small. The reason may be that the conventionally re-

ported range of 0.2–0.3 m/s is an average value for a long

duration, whereas all data in Figs. 13, 14 and 15 are aver-

aged over the relatively short duration of 5 s; that is, the

proper range of the surface flow velocity must be wider

than the conventionally reported range when we focus on

data averaged over a short duration. However, it is difficult

to define the proper range of the surface flow velocity by

strictly comparing only the time ratio of the proper surface

flow velocity with the surface defect rate of the steel sheets

since surface defects are caused by many factors in a com-

plicated manner.

4. Examination of the Slab Caster

4.1. Casting Conditions and Specifications of the Sub-

merged Entry Nozzle

As the next step of development of the submerged entry

nozzles with swirling flow, the nozzles were applied to in-

dustrial slab continuous casting in steel works to investigate

the effects of stabilizing flow in a mold and improvements

of the surface quality of slabs and steel sheets.

Casting conditions in the Wakayama and Kashima works

are given in Tables 4 and 5. Ultra-low carbon steel for gal-

vanized steel panels of automobiles, one of the most severe

steel grades in terms of surface quality, was selected for the

examination. In the case of casting with the submerged

entry nozzles with swirling flow, the effect of stabilizing

flow was estimated in the mold. Accordingly, we could cast

at higher speed with the submerged entry nozzles with

swirling flow.

The submerged entry nozzles have the same dimensions

as those in the water model experiment. The material of the

main body and swirl blade is alumina–graphite.

4.2. Results of Casting Examination

4.2.1. Flow in the Mold

Figures 17 and 18 show the mold level fluctuations
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Fig. 16. Effect of swirling flow nozzle on flow velocity control

in mold.

Table 4. Casting condition (Wakayama).

Table 5. Casting condition (Kashima).



against casting speeds at the Wakayama and Kashima

works to estimate the effects of stabilizing the flow in the

mold that the submerged entry nozzles with swirling flow

would have. The mold level fluctuation in these figures is

the difference between the lowest and highest mold levels

during one slab casting. The cycle time of a mold level fluc-

tuation is 10–30 s in general. This cycle time is significantly

less than the casting time for one slab, which is between 4

and 7 min.

Both Figs. 17 and 18 show that mold level fluctuations

are well controlled to lower fluctuations with the submerged

entry nozzles with swirling flow despite the higher casting

speeds. The mold level is measured by an eddy current sen-

sor and controlled by PID controller so that it can be kept at

a target level. The results in Figs. 17 and 18 show that mold

level fluctuations were especially high at higher casting

speed in the case of conventional submerged entry nozzles.

The origin of mold level fluctuations are the self-excited

flow oscillation or the wavy molten steel surface produced

by the strong outlet flow from the ports as shown in Fig. 1.

The submerged entry nozzles with swirling flow restrain

these origins of the mold level fluctuation as we had ex-

pected.

The effect of the submerged entry nozzle with swirling

flow on the flow balance fluctuation in the mold is shown in

Fig. 19. The flow balance fluctuation index sH is a standard

deviation of the flow balance index H, which is calculated

from the cooling intensity of each narrow face of the mold.

The flow balance index is a parameter of the self-excited

flow oscillation in the mold. As seen in Fig. 19, the sub-

merged entry nozzle with swirling flow effectively restrain

the self-excited flow oscillation, which is one of the origins

of the mold level fluctuation.

4.2.2. Surface Quality of Slabs and Steel Sheets

(1) Pinholes in Slabs

Figure 20 shows the rejection rate for slabs produced at

Wakayama due to pinhole formation on the slab subsurface,

which is observed after 1.5 mm surface scarfing. Figure 21

shows the effect of the submerged entry nozzle with

swirling flow in reducing the number of pinholes on slabs

produced at Kashima. The entire surfaces of slabs were

scarfed by a machine to a depth of 2.5 mm and then areas

60 mm in width were scarfed to a maximum depth of 1 mm

with a hand torch along each of 1/2 width line, 1/4 width

line and 3/4 width line. Subsequently, the pinholes were

counted on slabs. Accordingly, the number of pinholes in a

slab at 2.5–3.5 mm depth was estimated.

As shown in Figs. 20 and 21, pinholes in the slab subsur-

face are remarkably reduced by applying the submerged

entry nozzles with swirling flow. This is thought to be due

to the nozzles achieving a proper surface flow velocity in

the mold and thus preventing the entrapment of bubbles on

the solidified shell.

(2) Surface Defects on a Steel Sheet

Figure 22 compares the rates of sliver defects on coils of

galvanized steel sheets produced at Wakayama between the

cases of submerged entry nozzle with swirling flow and

conventional nozzle. Galvanized steel sheets were produced

from slabs through hot strip, cold strip and galvanizing

processes and then inspected so that defect areas of the

coils could be cut off. The surface defect rate index in Fig.

22 shows the weight ratio of the cut-off area of coils due to

slab defects such as pinholes and inclusions. As seen in the

figure, the application of the submerged entry nozzle with

swirling flow reduced the rate of surface defects to 1/5 of

the rate in the case of using conventional nozzle.

In the same manner, Fig. 23 shows the rate of surface de-

fect on coils of galvanized steel sheet at Kashima. The
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Fig. 18. Effect of swirling flow nozzle on mold level fluctuation

(Kashima).

Fig. 17. Effect of swirling flow nozzle on mold level fluctuation

(Wakayama).

Fig. 19. Effect of swirling flow on stable flow formation in mold

(Wakayama).



counted number of surface defects induced by pinholes or

inclusions of slabs is indicated in the figure.

As seen in Fig. 23, the defects on the galvanized steel

sheet decreased by half with the application of the sub-

merged entry nozzle with swirling flow.

(3) Conclusion on Surface Quality

The effect of the submerged entry nozzles with swirling

flow in stabilizing the flow in the mold was illustrated by

the above-mentioned improvements in the surface quality

of slabs and steel sheets, which matches the effects of elec-

tromagnetic flow-control devices in molds.22–24)

4.2.3. Outlet Port Clogging of the Submerged Entry Noz-

zle

The areas of the outlet ports after approximately 450 t of

steel casting are shown in Fig. 24 for the submerged entry

nozzle and conventional nozzle, and Fig. 25 shows the in-

ternal views of the outlet ports. Originally, the outlet ports

of the two kinds of nozzles were of the same size. As is

clear from Figs. 24 and 25, clogging of the outlet port is ef-

fectively prevented by the swirling flow in the submerged

entry nozzle. This is because the outlet flow is homogenous

and stable in the case of the submerged entry nozzle with

swirling flow as shown in Figs. 8 and 9, and this prevents

vortex formation and flow stagnation at the outlet ports that

are responsible for the adhesion of non-metallic inclusions.
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Fig. 22. Effect of swirling flow on surface quality of coils

(Wakayama).

Fig. 23. Effect of swirling flow on surface quality of coils

(Kashima).

Fig. 24. Effect of swirling flow on prevention of outlet port clog-

ging.

Fig. 25. Comparison of internal view of port after casting

(Wakayama).

Fig. 20. Effect of swirling flow nozzle on pinholes on slab sur-

face (Wakayama).

Fig. 21. Effect of swirling flow nozzle on pinholes on slab sur-

face (Kashima).



Prevention of outlet port clogging makes the outlet flow sta-

ble during the entire casting period, which is effective in

stabilizing the surface quality of slabs and steel sheets.

5. Conclusion

The submerged entry nozzles with swirling flow for slab

casting were designed and evaluated in full-scale water

model experiments and industrial casting examinations at

the Wakayama and Kashima works. These experiments

clearly showed that the combination of the swirling flow

generation with proper intensity in the submerged entry

nozzle and adequate design of the outlet ports improves the

stability of flow in the mold remarkably, and reduces sur-

face defects on slabs and steel sheets of ultra low-carbon

steel destined to be galvanized automobile panels, which

are one of the most severe grades of steel. The submerged

entry nozzles with swirling flow were designed on the basis

of previous research.11–13) The effect using the submerged

entry nozzles with swirling flow was comparable to that of

using electromagnetic flow control devices in a mold.22–24)

This work has been the first development of submerged

entry nozzles with swirling flow that employs a twisted

blade. We achieved our initial goal of the nozzle develop-

ment in verifying the effectiveness of the swirling flow gen-

eration in submerged entry nozzle as a fundamental meas-

urement to stabilize the molten steel flow in the mold. The

results of this research clearly indicate the importance of

flow control in the submerged entry nozzle, which has no-

table influence on flow stability in the mold.

The twisted blade as a swirling-flow generator has been

the most suitable way to evaluate the effect of swirling flow

in that only the submerged entry nozzle needs to be re-

placed in an industrial continuous caster. However, this is

not a fully-satisfied device to generate swirling flow be-

cause it has low energy efficiency of 20% which results in

the limited swirling flow intensity11) and its long-term use

brings on the clogging of nonmetallic inclusions.

With the development of a new technology to generate

swirling flow without drawbacks, the benefits of the

swirling-flow generation in a submerged entry nozzle may

be applied widely in continuous casting.
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