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Abstract
Closing a single nozzle or multiple nozzles for a temporary casting operation (fewer strands casting) was common in a

tundish due to insufficient molten steel or equipment failure. However, nozzle clogging usually happens under the situation

of fewer strands casting. Hence, a temperature deviation index was introduced to characterize the temperature stratification

of molten steel for a large capacity tundish, and a new calculation method of residence time curve was used to describe the

different flow types of molten steel at each outlet. Based on hydraulics experiment and numerical simulation, important

parameters of present case and modified case were compared. Under the situation of fewer strands casting, the proportion

of internal-recycle flow after modification decreased from 30.68% to 24.55%; the standard deviation of the response time

reduced from 27.59 to 13.16, and the interquartile range of temperature deviation index changed from 0.89 to 0.27.

Keywords Large capacity tundish � Fewer strands casting � Internal-recycle flow � Strands consistency � Temperature

deviation index

1 Introduction

With the development of metallurgical technology, the

tundish played an effective and efficient role in homoge-

nizing the composition and temperature of molten steel and

removing nonmetallic inclusions from molten steel. A large

capacity tundish could increase the residence time (RTD)

of molten steel and reduce fluctuation of the steel-slag

interface during the ladle change operation. It was more

and more widely used in Chinese steel mills [1, 2]. In field

production, problems such as insufficient supply of molten

steel or equipment failure often occurred; hence, it was

necessary to close a single nozzle or multiple nozzles for a

temporary casting operation, which was usually referred to

as fewer strands casting, to ensure the production rhythm

and to ensure that continuous casting matched the refining

cycle of ladle furnace (LF) and Ruhrstahl Heraeus (RH)

refining furnace [3, 4]. The extreme complexity of the flow

field and temperature field in the situation of fewer strands

casting made many phenomena worth being studied. In

general, the large capacity tundish could make the molten

steel flow state more complex, and it needed to be opti-

mized by effective measures. On the one hand, it was

important to install flow control devices such as turbulence

inhibitor, weir and dam, or adopt new technologies such as

electromagnetic stirring and argon blowing to improve the

flow state of melt and the consistency of strands [5–10]. On

the other hand, it was indispensable to find out specific and

effective quantitative indicators to describe the flow char-

acteristics of molten steel and to evaluate the quality of

molten steel flow [11, 12].

According to the combined model theory, the volume of

molten steel in a tundish was divided into plug-flow vol-

ume, well-mixed volume and dead zone volume. As a rule,

the plug-flow volume was relevant with the removal per-

formance of inclusions, and the dead zone volume was

relevant with the effective flow volume of molten steel.

Meanwhile, there was no qualitative explanation for the

advantages and disadvantages of the well-mixed volume.

The RTD curve was usually used to evaluate the flow

characteristics in a tundish. Previous studies on the RTD

curve mainly focused on the steady state flow in a multiple
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flow tundish, including consistency of strands or double

peaks phenomena of the RTD curve [13–16]. RTD

descriptions of the flow characteristics under the situation

of fewer strands casting in a large capacity tundish were

seldom reported because of the extremely complex flow

characteristic and large well-mixed volume.

Temperature field was also a necessary index to char-

acterize the flow state of molten steel [17, 18]. The large

capacity tundish usually had multiple strands, and the large

temperature difference of molten steel between multiple

strands was a symbol of poor flow characteristics of molten

steel. In addition, high temperature in the mold could easily

cause centerline segregation or breakout accidents during

continuous casting and low temperature in the mold could

easily cause nozzle blockage. Under the situation of fewer

strands casting, the temperature and energy exchange

between newly added molten steel and residual molten

steel in the tundish more easily resulted in the temperature

stratification, which aggravated the temperature difference

between strands. It was very important to get the detail

temperature field during casting process.

This paper focused on a large capacity six-strand T-type

tundish from a Chinese special steel plant and introduced

the temperature deviation index to characterize the tem-

perature stratification of molten steel; a new calculation

method of RTD curve was used to describe the different

flow types of molten steel at each outlet. Based on

hydraulics experiment and numerical simulation, the

important reference indexes of different cases were ana-

lyzed under the situation of fewer strands casting, and then,

the restricted links of nozzle clogging were found. This

research work can provide a basis for the operation of a

large capacity tundish to adapt the situation of fewer

strands casting.

2 Experiment description

2.1 Tundish description

A six-strand tundish with a nominal capacity of 66 t from a

steel plant of China was chosen for experiments. The top

view of the originally designed tundish is shown in Fig. 1a.

The tundish was composed of three characteristic areas

including impact area, casting area and two flow pipes. The

flow pipes were originally used as an induction heating

area; at present, the induction heating device was not

installed. For the tundish to be used in time, the flow pipes

were changed to a flow channel to contact with the impact

area and the casting area. The top view of the present used

tundish is shown in Fig. 1b. In the field production, prob-

lems such as insufficient molten steel supply or equipment

failure often occur. It is necessary to adopt fewer strands

casting in the tundish to ensure the production rhythm and

match the refining and smelting cycle of continuous casting

with LF and RH furnace. Under the situation of fewer

strands casting, although the control of superheat is rea-

sonable, the rest working outlets may result in clogging,

which could affect the production rhythm and even cause

accidents. In this paper, a modified tundish, as shown in

Fig. 1c, was designed, aiming to solve the above problems

that the working outlets were easy to be clogged. The top

width and bottom width of the flow channel changed from

1.2 and 0.9 m to 0.5 and 0.4 m, respectively; the V-type

retaining wall changed to U-type retaining wall, and the

slag retaining plate changed to slag retaining wall with

pilot hole. The specific details are shown in Fig. 1, and the

basic technological parameters of the tundish are shown in

Table 1.

The various outlets of the six-strand symmetric tundish

were defined as outlet 1, outlet 2, outlet 3, outlet 4, outlet 5

and outlet 6 from left to right. The study contained six

cases; case 1, case 2 or case 3 were to simulate the fewer

strands casting by closing the outlet 1, outlet 2 or outlet 3,

respectively, under the present used tundish, and case 4,

case 5 or case 6 were to simulate the fewer strands casting

by closing the outlet 1, outlet 2 or outlet 3, respectively,

under the modified tundish.

2.2 Description of hydraulics experiment

2.2.1 Preparation and procedure of hydrodynamics
experiments

Figure 2a shows the hydraulic model with a ratio of 1:3 to

the prototype based on the similarity principles in this

paper, and the Froude number and Weber number [19, 20]

of the model should be equal to those of the prototype and

the ratios of velocity. The flow rate and characteristic

length between the hydraulic model and the prototype can

be obtained by Eq. (1).

v2p
Lp

¼ v2m
Lm

ð1Þ

where vp and vm are the velocities of the prototype and the

hydraulic model, respectively; and Lp and Lm are the

characteristic lengths of the prototype and the hydraulic

model, respectively.

The hydraulics experiment process can be described as

four stages, as shown in Fig. 2b, and the numbers in square

brackets in Fig. 2b indicate the following stages. The first

stage (Stage 1) was the process of storing water and

appeared from flow time t = 0 to t = tr (tr is time to regu-

late flow instruments), the second stage (Stage 2) was the

process to regulate flow instruments and appeared from
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t = tr to t = t0 (t0 is the tracer time), and the fourth state

(Stage 4) was the process to drain away water and occurred

after t = 2.0ts (ts is the theoretical residence time). The

third stage (Stage 3) was the experiment time to simulate

the fewer strands casting and the ‘‘stimulation-response’’

method was used. When t = t0, the liquid level in the

tundish was stable at a specified height, 250 mL potassium

chloride (KCl) was added by pulse from the tracer adding

device on the ladle shroud, and the concentration infor-

mation of the tracer was collected by conductance elec-

trodes in outlets. From t = t0 to t = 2.0ts, the concentration

information collected by the conductance electrodes was

transmitted to the data acquisition system and the RTD

curve was automatically drawn by the data analysis system.

Figure 2c shows the details of the RTD curve and three

typical types of curves at the peak, including that (1) there

was only one wave peak, and the curve at the peak was

smooth; (2) there were many wave peaks, and the values of

each wave peak were close; and (3) there were many wave

peaks, and there was a larger wave peak; and the position

of the wave peak in different situations had been marked on

Fig. 2c.

2.2.2 Description of traditional calculation method
and new calculation method of RTD curve

The RTD curve was a common method to handle the

collected information. In the traditional calculation method

of RTD curve, the time of experiment measurement was

2.5 times the theoretical residence time of a tundish after

the tracer adding. The characteristic volume of molten steel

in the tundish was calculated by the characteristic time on

RTD curve, including plug-flow volume, well-mixed vol-

ume and dead zone volume. The volume fraction of these

three volumes in a tundish can be obtained by Eqs. (2)–(6):

ts ¼
V

Q
ð2Þ

ta ¼
Z 1

0

tc tð Þdt=
Z 1

0

c tð Þdt ð3Þ

hd ¼ 1� ta
ts

ð4Þ

Fig. 1 Specific structure details of originally designed tundish (a), present used tundish (b) and modified tundish (c)

Table 1 Basic technological parameters of tundish

Casting condition Unit Value

Working capacity of ladle t 120

Working capacity of tundish t 60

Inner diameter of ladle shroud mm 75

Outer diameter of ladle shroud mm 130

Submergence depth of ladle shroud mm 270

Height of molten steel mm 900

Bloom cross section mm 9 mm 320 9 390

Casting speed m/min 0.6
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hp ¼
tmin þ tmax

2ts
ð5Þ

hm ¼ 1� hd � hp ð6Þ

where ta is practical residence time, respectively; c(t) is

the tracer concentration at time t; V is the the total volume

of molten steel; Q is the flow rate of molten steel; and hd,
hp and hm are the plug-flow volume, well-mixed volume

and dead zone volume, respectively.

However, the traditional calculation method of RTD

curve was not suitable for the situation of fewer strands

casting in a large capacity tundish. Taking the present used

tundish as an example, the specific analyses are as follows:

(1) The theoretical residence time of hydraulic experi-

ment was 879 s obtained through Eq. (2), and 2.5

times the theoretical residence time of hydraulic

experiment was 2198 s, which could convert into the

actual production time, about 3806 s, through

tm ¼ k
1
2tp, where k is a similarity ratio of the model

to the prototype, and tm and tp are the model and

prototype time, respectively. The time of continuous

casting one heat steel in the actual production was

only about 2400 s and the long experiment time

could lead to the unnecessary and uncertainty of the

results of the hydrodynamics experiment.

(2) The calculated well-mixed volume proportion of

each strand was about 60%, which cannot reflect the

difference of strands, and there was no systematic

description of the advantages and disadvantages of

the well-mixed volume. The data about well-mixed

volume are from the analysis in Sect. 3.1.

(3) In view of the problem of nozzle clogging of fewer

strands casting, it was more effective and efficient to

study the flow types of molten steel flow at each

outlet than to study the characteristic volumes of

molten steel in tundish.

In this paper, a new calculation method of RTD curve

was put forward to calculate the fewer strands casting in a

large capacity tundish. The difference and connection

between the new method and the traditional method are

shown in Fig. 3b. In a nutshell, the traditional method was

to calculate the characteristic volume of molten steel in a

tundish and the new method was to calculate the flow types

of molten steel flow at each outlet. The types of molten

steel flowing out of the plug-flow volume were short-cir-

cuiting flow and plug flow. The types of molten steel

flowing out of the well-mixed volume were mixing flow

and internal-recycle flow. The measurement time of

hydraulic experiment changed from 2.5 times the theoret-

ical residence time to 2.0 times. In this paper, the internal-

recycle flow is the molten steel flowing from the outlets

between the 1.0 time the theoretical residence time and the

2.0 times the theoretical residence time.

In the meantime, Fig. 3a shows the flow field in 70 s of

the hydraulic experiment and the result indicates that the

guide hole on the V-type retaining wall in the experimental

tundish had a good effect on the acceleration and guidance

of the molten steel. Figure 3c shows the general trajectory

of different flow types and the result indicates that after the

tracer entering the casting area from the guide hole, the

kinetic energy was sufficient, the tracer mainly concen-

trated in the upper area of outlet 4, and the short-circuiting

flow can be basically eliminated, which means that the

short-circuiting flow can be ignored by using the new

Fig. 2 Hydraulics model (a), hydraulics experiment process (b) and RTD curve obtained by new method (c). tmin Response time; tmax peak time;

Cmax peak concentration
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method under the experimental tundish. The description of

the new method is shown in Fig. 2c, where h1, h2 and h3
can be obtained by Eqs. (7)–(9).

h1 ¼
Z tmax

tmin

tc tð Þdt=
Z 2ts

tmin

tc tð Þdt ð7Þ

h2 ¼
Z ts

tmax

tc tð Þdt=
Z 2ts

tmin

tc tð Þdt ð8Þ

h3 ¼
Z 2ts

ts

tc tð Þdt=
Z 2ts

tmin

tc tð Þdt ð9Þ

2.3 Description of numerical simulation

2.3.1 Basic assumptions

The molten steel flow in the tundish was a very complex

turbulent flow and this paper made some basic assumptions

in the calculation of numerical simulation.

(1) The molten steel flow in the tundish was treated as

steady state flow, and the molten steel was consid-

ered as Newtonian and incompressible.

(2) The molten steel level was special shear wall

boundary, ignoring the fluctuation of steel-slag

interface and change of molten steel height.

(3) The effect of temperature on the density of the

molten steel was ignored, and the density of the

molten steel was constant.

(4) The physicochemical reaction between molten steel

was ignored because the temperature and composi-

tion of molten steel entering the tundish previously

and later were close.

2.3.2 Mathematical models

The equations that describe the transport of the turbulent

energy k and dissipation rate e could be expressed as

follows:

qui
ok

oxi
¼ o

oxi

leff
rk

� ok

oxi

� �
þ G� qe ð10Þ

quj
oe
oxj

¼ leff
re

� oe
oxj

� �
þ C1eG

k
� C2qe2

k
ð11Þ

where G ¼ lt
oui
oxj

oui
oxj

þ ouj
oxi

� �
; q is the density of liquid steel,

kg m-3; xi and xj are the coordinates in the i and j direc-

tion; u is the velocity, m s-1; subscripts i and j represent

the coordinate directions; leff is the effective viscosity,

Pa s; leff ¼ ll þ lt; lt ¼ qCl
k2

e ; ll is the laminar viscos-

ity, Pa s; lt is the turbulent viscosity, Pa s; and C1 = 1.43,

C2 = 1.93, Cl = 0.09, rk= 1.0, and re = 1.3 are the

empirical constants of the turbulence model.

Heat transfer model could be expressed as follows:

o qCpTui
� �

oxi
¼ o

oxi
keff

oT

oxi

� �
ð12Þ

where keff is the effective thermal conductivity,

keff ¼ k0
Cpli
Prt

, W/(m K); k0 is the initial thermal conduc-

tivity, W/(m K); li is the viscosity, kg/(m s); Cp is the

specific heat capacity of liquid steel, J/(kg K); Prt is the

turbulent Prandtl number; and T is the temperature, K.

Tracer diffusion model could be expressed as follows:

o qCð Þ
ot

þ o quiCð Þ
oxi

¼ o

oxi
qDeff

oC

oxi

� �
ð13Þ

where C is the tracer unquantifiable concentration; Deff is

the effective diffusivity, Deff ¼ Dm þ Dt ¼ Dm þ Deff

qSct
,

Fig. 3 Difference and connection between two methods (a), flow field in 70 s of hydraulic experiment (b) and flow types under new method (c)
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m2 s-1; Dm and Dt are the molecular and turbulent diffu-

sivity, respectively, m2 s-1; and Sct is the turbulent Sch-

midt number.

2.3.3 Boundary conditions

According to the actual flow of fluid in a tundish, this paper

set some boundary conditions in the calculation of

numerical simulation.

(1) The inlet adopted the velocity-inlet condition, and the

velocity directionwas downward. The turbulent kinetic

energy and the turbulent energy dissipation rate were

calculated by k ¼ 0:01v2inlet and e¼2k1:5
�
Dinlet

, where

vinlet is the inlet velocity, m/s, and Dinlet is the inner

diameter of ladle shroud, m.

(2) The outlet also adopted the velocity-inlet condition,

the velocity direction was downward, and the total

flow rate of the outlet was equal to the flow rate of

the inlet.

(3) The upper liquid level was set as the free surface and

the shear force was set as zero.

(4) The solid wall surface of the tundish was non-slip

wall surface, the standard wall function was used

near the wall surface, and the gradient in normal

direction was zero.

Numerical model parameters are shown in Table 2.

2.3.4 Numerical method

In this paper, the tundish was divided into two symmetrical

parts; one part of the grid was mirrored by another part of

the divided grid at first, and then, the interface between the

two parts was set as interior in computational fluid

dynamics (CFD) software ANYSY-ICEM. Local grid

encryption technology was used for ladle shroud and

nozzles, and the grid in the calculation domain contained

about 1,500,000 cells of non-uniform grid. Then, the con-

trol equation was solved by the CFD software ANYSY-

Fluent, and the SIMPIEC algorithm was used for coupling

the pressure and velocity terms. The convergence criterion

was established when the sum of all residuals for the

dependent variable was less than 10-4. After the flow field

was obtained for the steady state, the tracer diffusion model

was solved for the unsteady state to obtain the RTD curve.

Starting at t = 0 s, the model was run for * 3045 s using a

constant time step of 0.01 s. Figure 4 shows the details of

the numerical simulation process.

3 Results and discussion

3.1 Model validation and comparison of two
calculation methods of RTD curve

In this paper, the hydraulic experiment and numerical

simulation of fluid flow in a tundish were carried out by

RTD curve, which was a common and useful tool to verify

the similarity of the results. Taking case 2 as an example,

the RTD curves of hydraulic experiment and numerical

simulation were drawn, respectively, and then, the con-

sistency of the two methods was verified by comparing the

results of outlet 1 and outlet 4, as shown in Fig. 5. Outlet 1

and outlet 4 had the biggest difference in RTD curve

characteristics. It was difficult to characterize the differ-

ences in RTD curve characteristics among all outlets

together; thus, other outlets were deliberately ignored. The

average residence time of outlet can be calculated by

Eq. (3). The average residence time of outlet 1 in hydraulic

experiment and numerical simulation was 1.03ts and 0.98ts,

respectively, and the average residence time of outlet 4 in

hydraulic experiment and numerical simulation was 0.89ts
and 0.86ts, respectively, and the error of the numerical

model was less than 5%. It indicates that the results of

hydraulic experiment and numerical simulation were cor-

rect and reliable, and the results can be used in the study of

the experimental tundish. Therefore, at the subsequent

stage, the present used tundish and the modified tundish

would be analyzed and studied by combining the two

models.

Table 2 Numerical model parameters

Numerical model parameter Unit Value

Density of liquid steel kg/m3 6980

Viscosity of liquid steel kg/(m s) 0.00614

Specific heat capacity of liquid steel J/(kg K) 830

Thermal conductivity of liquid steel W/(m K) 34.39

Inlet velocity m/s 1.41245

Turbulence kinetic energy of inlet m2/s2 0.02872

Dissipation rate of turbulence kinetic

energy of inlet

m2/s3 0.12984

Inlet temperature K 1820

Heat flux from free surface W/m2 15,000

Heat flux from short side wall W/m2 3800

Heat flux from long side wall W/m2 3200

Heat flux from bottom W/m2 1400

Gravitational acceleration m/s2 9.81
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Table 3 shows the characteristic index of the flow field

by using traditional method or new method. Under the

situation of fewer strands casting, the side of the two

working outlets was defined on the left side, and the side of

the three working outlets was defined on the right side.

Well-mixed volume in the traditional model and the

internal-recycle flow in the new model were the two ref-

erence indexes most closely related to long residence time.

Figure 6a shows the differences of the characteristic index

in different cases, and the results show that the maximum

difference in the well-mixed volume between different

cases calculated by the traditional method was only 6.8%,

which indicates that the traditional method did not compare

the different modes of fewer strands casting in the same

tundish structure and did not explain the difference of the

left side and the right side in the same case. After using the

new method, the maximum difference of the internal-re-

cycle flow between different cases was 13.6%, and the

difference between the characteristic of the left side and the

right side in the same case can also be explained. The

results show that the value by using new method can sig-

nificantly show changes in the characteristic index between

different cases. Figure 6b shows the differences in the

characteristic index of different outlets, and the results

show that the maximum difference in the internal-recycle

flow between different outlets calculated by the new

method was 14.3%, which indicates that the new method

can effectively and efficiently judge the differences

between different outlets in same case.

3.2 Comparison of important flow indicators
between different cases

The proportion of internal-recycle flow, as shown in Fig. 7,

was taken as an index to represent the severity of internal

circulation. Under the situation of fewer strands casting in

the different tundishes, the proportion of internal-recycle

flow reduced from the present average of 30.68% to the

modified average of 24.55%, and the differences of inter-

nal-recycle flow reduced from the present average of

14.76% to the modified average of 5.9%. The results show

that the internal circulation phenomenon was significantly

improved in the modified tundish, and the residence time of

molten steel was more reasonable, which could signifi-

cantly reduce the potential for nozzle clogging.

In addition, the standard deviation (S) of the response

time tmin of each strand, which was used as the evaluation

standard for the consistency of strands, can be obtained by

Eq. (14),

S ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
i

ai � �að Þ2= n� 1ð Þ
s

ð14Þ

where ai can be the tracer response time of the single strand

RTD curve of the tundish; and �a is the arithmetic mean

value of the variable.

Under the situation of fewer strands casting in the dif-

ferent tundishes, the standard deviation decreased by more

than half from the present average of 27.59 to the modified

average of 13.16; the consistency of strands was obviously

improved; and the molten steel can be timely and evenly

distributed to each outlet after it entered the casting area,

which ensured the effective replacement of newly added

molten steel and residual molten steel.

Comparison of the response time between six cases is

shown in Fig. 8. In case 2 or case 3, the difference of

response time was about 71 s, and it illustrated that newly

added molten steel took priority into the nearest working

Fig. 4 Details of numerical simulation process

Fig. 5 Verification of hydraulic experiment and numerical simulation
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outlet after entering the casting area and molten steel

cannot be added to the rest outlets in time, which meant

that there were large volume of fluid inactive areas near the

furthest working outlet, with serious flow problems. Under

the situation of fewer strands casting in the modified

tundish, the difference of response time was about 31 s and

the response time of outlets was shortened, which illus-

trated that the newly added molten steel can be distributed

more evenly to the outlets and the flow field was optimized.

3.3 Comparison of temperature field
between different cases

The temperature field was an important index to charac-

terize the quality of molten steel during fewer strands

casting. The uneven temperature distribution in the tundish

could cause many harm, for example, (1) it could aggravate

the instability of the growth thickness of the billet shell in

the mold; (2) it could not be conducive to the floating

Table 3 Characteristic index of flow field by using traditional method or new method (%)

Case Characteristic index Outlet 1 Outlet 2 Outlet 3 Outlet 4 Outlet 5 Outlet 6

Case 1 Plug-flow volume – 19.9 17.2 15.7 16.9 18.4

Well-mixed volume – 67.4 67.4 66.8 62.9 70.2

Dead zone volume – 12.6 15.3 17.5 20.2 11.4

Plug flow – 12.5 19.0 23.5 23.1 28.1

Mixing flow – 53.9 49.2 49.1 51.4 38.2

Internal-recycle flow – 33.6 31.8 27.4 25.5 33.7

Case 2 Plug-flow volume 30.4 – 20.0 19.2 17.4 23.0

Well-mixed volume 62.9 – 65.3 60.6 60.5 64.6

Dead zone volume 6.6 – 14.6 20.1 22.1 12.4

Plug flow 21.5 – 32.3 31.3 31.3 22.0

Mixing flow 43.7 – 36.2 44.3 44.4 46.9

Internal-recycle flow 34.7 – 31.5 24.5 24.2 31.1

Case 3 Plug-flow volume 36.2 28.6 – 25.7 24.1 29.8

Well-mixed volume 62.3 63.1 – 62.5 63.1 63.5

Dead zone volume 1.4 8.3 – 11.9 12.8 6.7

Plug flow 21.0 23.3 – 28.5 26.3 14.9

Mixing flow 40.0 43.1 – 43.6 46.3 50.8

Internal-recycle flow 39.0 33.6 – 28.0 27.4 34.3

Case 4 Plug-flow volume – 17.9 20.3 26.6 20.4 23.5

Well-mixed volume – 64.9 65.7 64.6 62.6 64.3

Dead zone volume – 17.2 14.1 8.8 17.0 12.2

Plug flow – 15.9 16.7 24.9 20.2 20.4

Mixing flow – 61.9 60.1 47.8 58.3 55.2

Internal-recycle flow – 22.2 23.2 27.3 21.4 24.4

Case 5 Plug-flow volume 30.2 – 27.0 27.1 22.6 27.0

Well-mixed volume 59.3 – 64.2 67.4 65.6 64.9

Dead zone volume 10.5 – 8.8 5.5 11.8 8.0

Plug flow 26.1 – 21.4 18.5 17.2 19.4

Mixing flow 49.0 – 53.4 53.4 59.0 54.7

Internal-recycle flow 24.9 – 25.2 28.1 23.8 25.9

Case 6 Plug-flow volume 23.9 24.3 – 23.8 23.0 28.3

Well-mixed volume 61.9 59.4 – 68.7 61.9 60.1

Dead zone volume 14.2 16.3 – 7.5 15.0 11.6

Plug flow 17.3 25.8 – 16.2 22.7 28.7

Mixing flow 58.9 51.3 – 58.2 53.4 45.7

Internal-recycle flow 23.8 22.9 – 25.7 24.0 25.6
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removal of nonmetallic inclusions; and (3) it could produce

the low-temperature molten steel region, and the low-

temperature molten steel entering the outlet could lead to

nozzle blocking.

The temperature field results at the longitudinal section

of the outlets of different cases are shown in Fig. 9a. The

results indicates that the temperature fields of case 1, case 2

and case 3 had same characters, while the temperature

fields of case 4, case 5 and case 6 had same characters. In

case 1, case 2 and case 3, the present used V-shaped

retaining wall divided the casting area into two

independent sides. The temperature distribution on two

sides was obviously non-uniform. The average temperature

on the left side was lower than that on the right side, and

the maximum temperature difference between the outlets

was 5.0 K. By contrast, in case 4, case 5 and case 6, the

modified U-shaped retaining wall could make the casting

area connected as a whole and the molten steel can be

added to most regions of the left side in time. The non-

uniformity of the temperature distribution of the casting

area was obviously optimized. The temperature distribu-

tions on the left side and the right side were similar, and the

maximum temperature difference between the outlets was

reduced by half from 5.0 K to a value below 2.5 K.

In order to quantitatively compare the temperature

stratification of the regions around stopper rods in different

cases, a new index, temperature deviation index, were

proposed, which can be calculated by Eq. (15),

KTi ¼
T1 � Ti
T1 � T0

ð15Þ

where KTi is the temperature deviation index; Ti is the

temperature value at any temperature point of the section,

K; T0 is the average temperature at each point, K; and T1 is

the inlet temperature, K.

Figure 9b shows the boxplot elements and formulas, and

Fig. 9c shows the relevant information of temperature

deviation index in different cases. The interquartile range

(IQR), which is the difference between the upper quartile

(Q1) and the lower quartile (Q2), reflects the dispersion

degree of the data in the middle 50% of each case. m in

Fig. 9b represents the number of items of temperature point

of the section. The low value of IQR indicates that the

intermediate data were concentrated and the temperature

stratification was not obvious. After using the modified

tundish, IQR decreased from present average of 0.89 to

modified average of 0.27, which illustrated that the tem-

perature stratification phenomenon was significantly

improved and the temperature distribution was more

reasonable.

Fig. 6 Differences in characteristic index of different cases (a) and different outlets (b)

Fig. 7 Proportion of internal-recycle flow under present used tundish

and modified tundish

Fig. 8 Comparison of response time between six cases
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The flow field index and temperature field index were

mutually verified. The results showed that due to the irra-

tionality of present used tundish structure and flow control

device, after the molten steel entering the casting area, the

molten steel cannot reach the outlets evenly and the con-

sistency of strands was also poor. At the same time, molten

steel cannot supplement many regions of the left side (only

two working outlets) in time. The flow velocity in these

regions, accompanying serious internal circulation, was

very slow. For a long time, these regions could easily

become cold steel regions, where low-temperature molten

steel accumulated, and then, the low-temperature molten

steel entered into the working outlets, causing nozzle

clogging. Compared with the present used tundish structure

and flow control device, the modified tundish and flow

control device were more reasonable, and each reference

index was obviously optimized, which illustrates that using

the modified tundish can effectively improve the consis-

tency of strands, improve the temperature stratification

phenomenon and prevent the occurrence of nozzle

clogging.

4 Conclusions

1. A new calculation method of RTD curve is proposed.

The value of the characteristic index by using the new

calculation method could increase about twice com-

pared to that of traditional method, which illustrated

that the new method can significantly show variation

between different cases or different outlets.

2. The standard deviation of the response time reduced

from the present average of 27.59 to the modified

average of 13.16. Maximum temperature difference of

each outlet changed from the present average of 5.0 K

to the modified average of 2.5 K. The consistency of

strands, internal circulation phenomenon and temper-

ature stratification was significantly improved.

3. Because of the irrationality of the present used tundish

structure, the consistency of strands was poor, and the

molten steel cannot be added to many regions on the

left side (only two working outlets) of the casting area

in time. The velocity in these regions, accompanying

serious internal circulation, was very slow, which

Fig. 9 Temperature field results of outlet longitudinal section of different cases (a), boxplot elements and formulas (b) and relevant information

of temperature deviation index in different cases (c)
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could cause these regions to easily become cold steel

regions, where low-temperature molten steel accumu-

lated, and then the low-temperature molten steel

entering into the working outlets could cause nozzle

clogging.

4. The modified tundish structure was more reasonable

and reference indexes were obviously optimized,

which can provide a basis for the operation of a large

capacity tundish to adapt the situation of fewer strands

casting.
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