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Abstract Ladle cranes are metallurgical equipment used
to carry and pour molten metal. Their security and opera-
tional reliability are important. This paper adopts
mechanical analysis to obtain the method for formulating
allowable casting hook loading when the ladle crane is
pouring molten steel. Taking advantage of ladle’s inner
cavity size and molten steel height, the corresponding
relationship between tilting moment and tilting angle is
obtained. Then, according to tilting moment, the relation-
ship between casting hook load and tilting angle is found,
and then used to obtain the precise algorithm for the casting
hook load on the ladle crane. The research shows that when
the ladle is pouring molten steel, the tilting moment and the
casting hook load on ladle crane show a trend of rising first
and then decreasing; when molten steel had been poured,
dumping the steel slag with different tilting mechanisms
results in different casting hook loads on the ladle crane.

Keywords Ladle crane - Casting hook - Load analysis -
Tilting mechanism

Introduction

The ladle crane is one of the most important pieces of
equipment in the steelmaking process, and the ladle is the
main functional part of the ladle crane (Fig. 1). With
advancement of metallurgical technology, the ladle has the
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functions of holding, carrying, refining, pouring molten
steel, as well as dumping slag and landing. When ladle
crane is pouring, the influence of the ladle during different
tilting operations varies.

In 2001, Kazuhiko Terashima and Ken’ichiYano studied
control of ladle pouring, with a goal of controlling the
sloshing of the ladle during pouring processes by means of
a three-axis synchronous control [1]. In 2002, Ken’i-
chiYano studied advanced control of liquid containers
along an oblique transfer path, especially focusing on the
suppression of liquid sloshing, and proposed a method for
actively controlling rotational motion of the container [2].
In the same year, Yu Sugimoto and Ken’ichiYano used a
tilt-type automatic pouring robot to keep the molten steel
of the pouring cup at a constant level, and control the liquid
level with a two-degree-of-freedom control system to
complete automatic pouring [3]. In 2003, Kazuhiko Tera-
shima and Ken’ichi Yano proposed a method for predicting
the weight of molten metal when ladle is pouring, and a
method for inhibiting liquid sloshing caused by ladle swing
[4]. In 2008, Yoshiyuki Noda and Yusuke Matsuo exam-
ined an automatic pouring system which was used in the
foundry industry, using a new flow estimation method with
extended Kalman filter and sensor dynamic compensation,
to estimate the flow of liquid in inclined trapezoidal con-
tainers [5]. In 2009, Yoshiyuki Noda and Kazuhiko
Terashima introduced an advanced automatic pouring
control system robot, and proposed to accurately control
the weight of the pouring liquid on target weight. During
the pouring process, precise pouring of molten metal is
required to quickly enter the mold, thereby increasing
productivity and saving energy [6]. In 2009, Ken’ichiYano
and Kazuhiko Terashima introduced the monitoring of an
all-metal gating system, which calculated the ladle tilt
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control by using an adaptive feedforward control method to
improve the productivity of the factory and the quality of
the product [7]. In 2010, Yoshiyuki Noda and Ryusuke
Fukushima studied an automatic pouring robot used in the
metal pouring industry with an advanced control system
that enables the monitor and control of the falling position
of liquid in ladle [8]. In 2012, Atsushi Ito and Yoshiyuki
Noda proposed a new method of controlling the outflow of
liquids, which allows the position of the sprue to be as low
as possible, thus avoiding splashing of liquid between ladle
and mold [9]. In 2017, pouring mode switching was pro-
posed to shift to the lowest pouring mode depending on
pouring conditions and ladle posture. An analytical algo-
rithm of the falling position control system was built [10].
In 2018, using a fully automatic ladle pouring machine, the
high demands on flexibility and quality could be met. The
rejection rate was lowered significantly, the yield was
considerably improved, and a high degree of automation
was achieved [11]. We have studied the vibration control
of nuclear power crane. For a ladle crane, we also need to
consider its security and stability [12].

Ladle Pouring System for Ladle Crane
System Configuration

A ladle crane lifting a ladle and pouring molten steel is
shown in Fig. 1. The two laminated plate hooks of the main
lifting mechanism of the ladle crane are, respectively, hung
on the trunnions of the ladle, and the casting hook is
matched with the main hook to pour the metal. Through
mutual cooperation between main and casting hooks, the
ladle rotates around the fixed shaft to pour the molten steel.
When the ladle rotates around the center of the trunnion,
the casting hook moves on a circular orbit. The rotation

Fig. 1 Ladle pouring

angle of the ladle is precisely rotated by the control system,
in order to realize rapid and efficient pouring of the molten
steel according to the actual requirements of the steel mill.

Basic Parameters of the Ladle

In this paper, Table 1 is the terms involved in the article,
Fig. 2 shows the shape of a ladle, its basic dimensions are
shown in Table 2. In the ladle as shown, D is the upper
mouth diameter of ladle Inner cavity, D, is the upper inner
diameter of ladle shell (Contains refractory material), D, is

Table 1 Term

Name Unit Meaning

D mm  Upper mouth diameter of ladle Inner cavity

D, mm  Upper inner diameter of ladle shell (Contains
refractory material)

D, mm  Upper mouth diameter of ladle shell

Dy mm  Lower mouth diameter of ladle inner cavity

D, mm  Lower inner diameter of ladle shell (Contains
refractory material)

Ds mm  Lower mouth diameter of ladle shell

H mm  Inner cavity height of ladle

H, mm  Inner cavity height of ladle (Contains refractory
material)

H, mm  Shell height of ladle

Yo mm  Center of gravity of empty ladle

M N.m Total tilting moment of ladle

M, N.m Tilting moment caused by molten steel

My N.m Tilting moment caused by empty ladle and refractory
material

M,, N.m Friction torque between hook and the trunnion

p kg/m® Density of molten steel

g Local gravity acceleration

v m/s>  Volume of molten steel

o mm®  Tilting angle of ladle

h ° The distance from center of the trunnion to bottom of

the ladle
mm  The abscissa of center of gravity of molten steel
mm  The ordinate of center of gravity of molten steel
The ordinate of center of gravity of the empty ladle
mm  The total weight of ladle when tilting angle is o

Diameter of the trunnion

u mm  Friction coefficient

L, mm  The distance from fulcrum of casting hook to center of
trunnion

p ° Angle between L; and y-axis

C mm  The difference between upper mouth radius and inner
bottom radius of ladle

hy mm Initial liquid level of molten steel

Y ° Half of liquid level angle of bottom section of ladle
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the upper mouth diameter of ladle shell, and Dj is the lower
mouth diameter of ladle inner cavity, D, is the lower inner
diameter of ladle shell (Contains refractory material), D5 is
the lower mouth diameter of ladle shell, H is the inner
cavity height of ladle, H; is the inner cavity height of ladle
(Contains refractory material), H, is the shell height of
ladle, and yj, is the center of gravity of empty ladle.

Analysis of Pouring Process of Ladle

Calculation of Tilting Moment with Pouring Molten
Steel

The tilting moment of ladle M can be expressed as

M = M; + My + M, (Eq 1)

Tilting Moment M; Caused by Weight of Molten Steel
and Steel Slag

The molten steel moment is the tilting moment caused by
the weight of the molten steel and slag. The quality of steel
slag is much smaller than that of molten steel, so in actual
calculations, the overall density of the molten steel and the
steel slag is approximately 7000 kg/m>(The density of
molten steel at 1600°C)./As tilting angle increases, the
volume and center of gravity of molten steel also change.
To simplify calculations, it is conceivable to treat the entire
molten steel as a cylinder. According to this assumption,
when ladle is covered by molten steel during tilting pro-
cess, the volume of the entire molten steel is a truncated
oblique cylinder, when bottom of ladle is exposed, the
volume of the entire molten steel is a truncated oblique
cylinder with incomplete bottom. The calculation of M| is
discussed below.

From the beginning of the tilting through when the
bottom of ladle has not been exposed, there are three
typical locations at this stage. In Fig. 3a is a simplified
diagram when the crane casting hook just hooked the ladle,
(b) is a simplified diagram of molten steel just flowing out
of the ladle, (c) is a simplified diagram of ladle pouring
molten steel until the bottom of the ladle is just exposed.
From the bottom of ladle just to be exposed until the
molten steel had been completely poured, there are two
typical positions at this stage. In Fig. 3d is a simplified
diagram of molten steel just past the central axis of ladle,

Table 2 Basic size of 320t ladle (Unit: mm)

and (e) is a simplified diagram of when all the molten steel
in ladle has just been poured.

The tilting moment M, caused by weight of molten steel
and steel slag is

M, = pgv[(h—y) sin o—x cos d] (Eq 2)

According to actual situation of molten steel pouring,
there are four stages to solve the volume of molten steel(v),
the abscissa of the center of molten steel gravity(x), and the
ordinate of the center of molten steel gravity(y).

First stage (Angle range): From ladle beginning to dump
to molten steel is about to flow out, the volume of molten
steel(v), the abscissa of the center of molten steel grav-
ity(x), the ordinate of the center of molten steel gravity(y)
are as follows.

1 0.5CDtan o 1 2
=gh|{-D——— —— _D3 Eaq 3
ner (4 2h +0.5Dtanoc+4 ) (Eq 3)
D*tan o + DDs tan o 0.5tan%0.CD?
e - (Eq 4)
32h 16hh, + 4hD tan o
1 D?tan® o
M 5 + oh (Eq 5)

Second stage (Angle range): From when the molten steel
is about to flow out to the bottom of the ladle is just about
to be exposed, the volume of molten steel(v), the abscissa
of the center of molten steel gravity(x), the ordinate of the
center of molten steel gravity(y) are as follows.

De

D1
D

T

He Hi

D3

D4
Ds

Fig. 2 Profile of the ladle

Name D D] D2 D3

D, Ds H H, H, Yo

4500 4580 3356

Numerical value 3948

3908 3987 3948 4343 4390 2.132
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(a) (b) (© (d) ()
Fig. 3 Five typical locations when molten steel pouring
1 /1 CDtano 1 _ , ‘Y
=—n|-D+——+-D3)(2H — Dt
& 2”(4 T TP a"“) | 1-1
(Eq 6) e
- (D + Lz 4 1p)(Dtan o)
X, = (Eq 7) / A
8H —4Dtano 1 | 1
(Dtan o)’ 2H—D tan o I [
= Eq 8 3
V2= 32H-16D tan o 4 (Eq 8) Ol | X
Third stage (Angle range): From when the bottom of the ) o
ladle is just about to be exposed to the molten steel just Y14 Calculation diagram
passed the bottom center axis of ladle, the volume of
. ,70.5
molten steel(v), the abscissa of the center of molten steel ) 1, H
gravity(x), the ordinate of the center of molten steel SV = ZD 3= (D +C— tan a (Eq 14)
gravity(y) are as follows. Figure 4 is a calculation diagram.
2C 2H
1 1 = =~
vy = ng tanoc(sin y—gsin3 y—7y cos y) (Eq 9) cosy =2+ D; Djtana (Eq 15)
D tan a(%y—ésin 2+ ﬁsin 4y) (Eq 10) Tilting Moment My Caused by the Weight of Empty Ladle
X3 = q
16V Tilting moment M), caused by the weight of the empty ladle
by Ditan? o3y + 7 cos y— 4 sin2y— 35 sin4y) T H that contains refractory material is
3 =
1 16V M, = myg(h—y)sina (Eq 16)
— Ctana—=Dstan«
2 Frictional Torque My, Caused by Friction Between Hook
(Eq 11) and Trunnion
L _ 2 (HD; H? o 2cH\"? Eriction e
siny = D; \tana - ano riction torque M, is
1
(Eq 12) M, =3 uGo, (Eq 17)
2H —2Ctano ) ) )
cosy =—7————1 (Eq 13) Casting Hook Load with Pouring Molten Steel

Dstano

Fourth stage (Angle range): From when the molten steel
has just passed the bottom center axis of ladle to the time
the molten steel had been completely poured, the volume
of molten steel(v), the abscissa of the center of molten steel
gravity(x), the ordinate of the center of molten steel
gravity(y) are same as the third stage, just the methods for
solving siny and cosy are different, formulas are as follows.

The calculation formula for the weight of casting hook load
when ladle crane pouring molten steel is

M

F= Ly sin(a+ f) (Eq 18)
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Tilting Moment and Casting Hook Load

Table 3 is relevant calculation data of 320t ladle, the
density p of molten steel is 7000 kg/m®, the quality of ladle
and lining material mj; is 57,790 kg., the angle between L,
and y-axis is 38°. Table 4 is the tilting moment and casting
hook load of crane when the ladle pours molten steel.
Figure 5 is the curve of tilting moment and casting hook
load when the ladle is under different tilting angles, which
is drawn by software OriginPro.

Table 3 Related data of 320t ladle (Unit: mm)

Name D C h h] Y @1 L[

Numerical value 3948 296 2500 3158 1973 376 3161

Table 4 Tilting moment and casting hook load when 320t ladle
dumping of molten steel

Tilting angle Tilting moment Casting hook load

of° M /KN.m F/KN
0 176.870 90.884
10 346.864 147.659
113 395.319 163.360
20 719.596 268.438
30 987.902 337.072
40 1129.318 365.248
47 1596.615 507.027
60 1400.375 447.370
70 866.908 288.365
80 333.861 119.621
86.7 331.565 128.346
1800, —— Mk
1600 4
14004
1200
5 1000
< 8004
600
400+
2001
0 T : T

20 40 60 80 100

a(®)

o

Analysis of Casting Hook Load

Since the ladle shown in Fig. 6b has no slag removal
mechanism, this type of ladle is only pouring molten steel,
it’s tilting angle can be up to 86.7°, it’s casting hook load
can be formulated according to Table 4.

For the ladle with slag removal mechanism as shown in
Fig. 3a, it is also necessary to calculate the casting hook
load when crane lifts ladle for deslagging. Table 5 shows
the tilting moment and the casting hook load of crane when
this type of ladle is dumping steel slag.

For pouring of molten steel in previous 86.7°, the ladle
dumping fulcrum does not change much compared with
Fig. 6a, so tilting moment and casting hook load of the
crane are the same as those in Table 4. Currently, it is only
necessary to calculate the tilting moment and the casting
hook load of the crane under different tilting angles when

L] LIl
(b)

Fig. 6 Ladle of different tilting mechanisms. a Ladle with slog
removal mechanism. b Ladle without slog removal mechanism

!
4

T T

20 40 60 8 100

a(®)

o4

Fig. 5 Tilting moment curve and casting hook load curve of ladle under different tilting angles

@ Springer



J Fail. Anal. and Preven. (2021) 21:338-344

343

the tilting angle is greater than 86.7°. Using the above data
to calculate the casting hook load of crane, since the ladle
of Fig. 3a has a slag removal mechanism, after the ladle
tilting angle reaches 90°, the ladle dumping fulcrum
changes from the rightmost end to the leftmost end. Its
casting hook load may be expressed by the following
formula.

M

F, :m (Eq 19)

Figure 7 is a graph shows the tilting moment and the
casting hook load when this type of ladle dumping of steel
slag by different tilting angles.

For another type of ladle with slag removal mechanism
shown in Fig. 6a, it is also necessary to calculate the lifting
capacity when the ladle is dumping slag. Table 6 shows the
tilting moment and the casting hook load of this type of
ladle in different tilting angles.

Figure 8 is a graph shows the tilting moment and the
casting hook load when this type of ladle dumping of steel

Table 5 Tilting mechanism is shown in Fig. 3a, the tilting moment
and

slag by different tilting angles. For pouring of molten steel
in previous 86.7°, the ladle dumping fulcrum does not
change much compared with Fig. 3a, so tilting moment and
casting hook load of crane are the same as those in Fig. 3a.
At this time, it is only necessary to calculate the tilting
moment and the casting hook load of crane under different
tilting angles when the tilting angle is greater than 86.7°.
Using the above data to calculate the casting hook load of
crane, since the ladle of Fig. 6a has a slag removal
mechanism, after ladle tilting angle reaches 90°, the ladle
dumping fulcrum of ladle changes from the rightmost end
to the midpoint of the bottom, it’s casting hook load
becomes the following formula.

M
2 " hsino

(Eq 20)

As can be seen from the above figures and tables, when the
ladle is pouring molten steel, it’s tilting moment and casting
hook load are firstly increased and then decreased. When
molten steel had been poured, using different tilting

Table 6 Tilting mechanism is shown in Fig. 6a, the tilting moment
and the casting hook load when 320t ladle dumping slag

Tilting angle Tilting moment Casting hook load

Tilting angle Tilting moment Casting hook load

of° M/KN.m F/KN of° M/KN.m F/KN
100 325.869 114.192 100 325.869 132.358
110 312.405 101.634 110 312.405 132.982
120 290.418 90.740 120 290.418 134.138
130 260.577 80.673 130 260.577 136.064
140 223.790 70.789 140 223.790 139.262
150 181.173 60.458 150 181.173 144.938
160 134.022 48.897 160 134.022 156.742
170 83.769 34.877 170 83.769 192.963
i
350
120+
300 1
100
g 250
7~
f Z 80+
E 2001 )
N’
<3
= 1504 60
1004 40+
50 L] T T L] L] T T L] L} 20 L] L] T L} L] T L] L] 1
90 100 110 120 130 140 150 160 170 180 90 100 110 120 130 140 150 160 170 180

()

()

Fig. 7 When tilting mechanism is shown in Fig. 3a, tilting moment curve and the casting hook load when 320t ladle dumping slag
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Fig. 8 When tilting mechanism is shown in Fig. 6a, tilting moment curve and casting hook load curve when ladle dumping slag

mechanisms for dumping of the steel slag, the ladle of two 2.

tilting mechanisms of Fig. 3a and Fig. 6a have the same

tilting moment under the same tilt angle, but their respective 3
casting hook loads are different. Use Fig. 3a tilting
mechanism, the casting hook load of the crane gradually
decreases as the tilting angle increases during the dumping of
the steel slag. Using Fig. 6(a) tilting mechanism, the casting

hook load of the crane gradually increases as the tilting angle 5.

increases during the dumping of the slag.

Conclusion

Using the outer dimensions of the ladle and a mechanical
analysis, one may obtain the method for formulating the 3
casting hook load when the ladle is pouring. At the same
time, the tilting moment and the casting hook load of the
ladle under different tilting mechanisms are compared, and
the following conclusions are drawn: When the ladle is
pouring molten steel, the tilting moment and the casting

hook load first increase and then decrease. When molten 10.

steel had been poured using different tilting mechanisms to
dump the steel slag, their respective casting hook loads

differ. 11.
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