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Abstract
In steel-making processes, large quantities (frequently exceeding 300 t) of liquid metal are transferred between vessels. In 
Basic Oxygen Steel (BOS) making process, metal is poured from Hot Metal (HM) ladles, utilising overhead gantry cranes, 
into furnaces for further processing. Due to the large quantities of liquid metal poured, this operation poses significant safety 
concerns associated with metal spillage and releases of heat emissions. This can further lead to damage being caused to 
surrounding infrastructure. Pouring automation can reduce the likelihood of metal spillage, optimising ladle movement for 
reduction in heat emission releases. Given the hazardous nature of this operation, robust testing and evaluation of automated 
crane pouring movements is required prior to their application. A digital twin (DT) model of an overhead gantry crane/HM 
ladle system is presented here, intended to provide a safe testing environment for controlled pouring movement and serve as 
a testbed for control system design studies. Accurate crane movement is achieved using multi-body dynamics, solving for 
non-linearities present due to rigid joint frictional components. The flow rate of HM is estimated through the application 
of a dynamic model, allowing the modelling of system dynamics due to differences in HM pouring weights. The devised 
DT model is evaluated by simulating real crane movement and making a comparison on the resultant changing HM weight 
inside the ladle. The devised DT removes the need for construction of a physical model or performing tests directly on the 
HM pouring system.

Keywords  Basic oxygen steelmaking · Hot metal pouring · Digital twin · Friction estimation · Flow estimation · Multi-
body dynamics · Dynamic system

1  Introduction

The pouring of Hot Metal (HM) in large quantities is carried 
out in heavy industrial processes. For example, in manu-
facturing of steel using Basic Oxygen Steel (BOS) process, 
where oxygen is blown at supersonic speeds into a liquid 
iron and metallic scrap melt to create steel. Here, these steel-
making furnaces are “charged” with liquid iron, by pour-
ing it from specially designed HM ladles, with amounts of 
HM exceeding 300 tonnes. Other examples where similar 
amounts of liquid metals are poured include charging of 
Electric Arc Furnaces (EAF) and the transfer of liquid steel 
from ladles to tundishes of Continuous Casting Machines. 

With transfer and pouring of such large quantities of liquid 
metal, the risks associated with metallic spills are amplified.

Molten iron and steel, charged inside BOS furnaces and, 
in some instances, EAF’s, will reach temperatures in the 
excess of 1300 oC when poured. This process will release 
significant amount of thermal energy in the form of metallic 
fumes and flame. The diagram of HM charging, displaying 
the release of a flame front, is shown in Fig. 1. Typically, 
scrap is initially charged inside the furnace vessels. This will 
exacerbate these releases, due to impurities being burned 
off from the scrap surface. The presence of moisture in the 
scrap will further accelerate this, where water will rapidly 
expand to form superheated steam. Prolonged exposure to 
these thermal releases can damage surrounding plant infra-
structure [1–3], leading to production delays to undertake 
necessary repairs. Although the causes for these heat emis-
sions are widely known, little prior research has been carried 
out in trying to quantify these with different process factors. 
It is presumed that the release of these emissions is related 
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to the manor of how the liquid metal is charged, typically 
leading to the creation of site-specific guidelines that govern 
allowable pouring rates and pouring distances.

In these operations, HM is transferred and charged via the 
use of overhead gantry cranes or more often called, charging 
cranes. These lift the ladles via suspended hooks, whereby 
the elevation of which performs the tilting and, hence, pour-
ing action. Since the introduction and industrial develop-
ment of these steel manufacturing processes in the middle of 
twentieth century, the charging of liquid metal inside steel-
making furnaces has largely remained a manually operated 
process. Although automation attempts exist, predominantly, 
this is carried out by relying on the skills and precision of 
crane operators. With any manual tasks, human error fac-
tor will always be present. This, in turn, introduces process 
safety concerns, leading to possibilities of miss-pouring and 
metallic spills.

The manner in the way HM is poured can influence the 
release of hot metallic fume and dust emissions [4–6], intro-
ducing a further shortcoming with manual pouring opera-
tions. Here, it can be challenging for the crane operators 
to maintain sufficiently low pouring rates and distances to 
the mouth of the furnace, to minimise the release of these 
emissions. This can lead to process variations, depending on 
pouring behaviours of individual crane operators, leading to 
different pouring times. This can pose further planning chal-
lenges in these heavily organised industrial operations. One 
way to overcome these challenges is through the automation 
of this charging process; enabling close pouring positional 
and flow rate controls, ensuring predictable pouring times 
with each consecutive HM charge. These areas of research 
have been widely explored in metal foundry and casting 
industries. Here, precise flow rate and liquid stream posi-
tion control are required to reduce the likelihood of cast-
ing defects. Example applications of flow rate controls for 

casting pouring machines can be found in [7–14] and accu-
rate pouring position controls in [8, 13, 15–17].

Crane automation is not a novel concept, being widely 
researched for industrial applications (autonomous load 
pick-up, transportation and placement) [18–26]. However, 
automation of charging cranes to enable autonomous pour-
ing of liquid metal is yet to become common practice. A 
single example is found in the literature [27], where a refer-
ence feed-forward speed control signal is developed to con-
trol the elevation of an auxiliary lifting hook on a charging 
crane, used in HM pouring operations. This speed estimation 
model was created in MATLAB [28] and is based on the 
geometry of the HM ladle. However, the authors provide 
no validation results and prior testing before applying this 
automated pouring scheme on the charging crane.

Given the scale of the operation and the amounts of liquid 
metal being poured, concern arises in applying automated 
pouring directly on to the charging cranes, without prior 
robust testing and evaluation of automated pouring move-
ment controls. Lack of such testing can lead to serious pro-
cess safety incidents. In examples [9, 11, 13, 16, 17], the 
developed automated pouring controls were validated using 
physical laboratory models and a safe pouring medium (i.e., 
water). However, creation of a physical pouring model for 
a HM charging system, utilising a gantry charging crane, 
can be expensive and impractical if a full-scale model is 
required. Due to safety concerns, testing of the resultant 
models with HM would not be permitted. Although testing 
with safer alternative pouring mediums is possible, these 
do not accurately translate the dynamic behaviour of liquid 
metal.

Software-based models, specifically those utilising Multi-
Body Dynamics (MBD), have been widely used for testing 
and evaluation of rigid mechanical systems. MBD modelling 
allows for creation of simulations, where resultant interac-
tion forces between different model body components can 
be evaluated. These can be studied through coupling of body 
components via the use of different connective joints (e.g., 
prismatic, revolute and spherical); defining movement and 
specifying constraints (e.g., friction, damping, contact forces 
and movement limits). In MBD simulations, equations of 
motion are solved for each body component and for coupled 
interactions between them, at each computational iteration. 
Modern MBD simulation packages will establish and solve 
system equations of motion, based on geometry and mass 
information of components. The use of these has been found 
in many fields, including heavy industries, construction, 
automotive and domestic [29]. The purpose behind carry-
ing out MBD simulations can also differ on a case-by-case 
basis. Specific to crane and lifting systems, these include 
but are not limited to creation of a digital environment for 
testing of new and existing products and installations [30, 
31], control system design and testing [32], online system 

Fig. 1   Illustration of HM charging into a BOS converter vessel with 
release of a flame front
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parameter identification [33], trajectory planning visual aid 
and operator training simulation software [34, 35].

The creation of a software-based digital twin (DT) of 
the HM charging system, capable of accurate replication of 
crane/ladle movement and prediction of resultant HM flow 
rate, would provide a safe and cost-effective means for test-
ing and evaluating pouring movements, prior to their appli-
cation on the actual process. Although application of HM 
pouring controls is not a novel concept, with examples seen 
applied to similar HM charging operations, the creation of 
DT’s for testing and evaluation of such systems has not been 
found in the literature, identifying a gap in research. In this 
paper, a novel approach for testing large-scale HM pouring 
systems through the application of a DT is presented. Here, 
by accurately modelling mechanical system movement, HM 
ladle pouring rates can be predicted and used for testing and 
evaluation purposes.

The following section establishes the design of the MBD 
model for the HM pouring system. Here, emphasis is made 
on non-linear frictional torque generation between revolute 
joints, providing movement damping during ladle tilting 
motion. Section 3 presents static and dynamic frictional 
torque estimates and their adaptation in a velocity-based 
real-time friction estimation model, integrated to provide 
feedback to revolute joint blocks within the MBD model. 
Section 4 constructs a dynamic system model for fluid flow 
estimation, based on Bernoulli principles and considering 
HM ladle geometry. Here, fluid flow is estimated based on 
ladle position and radial velocity, extracted at each simula-
tion step from the MBD model. Methodology for evaluating 
the performance of the combined DT model, comprising 
of the MBD, velocity-based friction estimation and fluid 
flow prediction models is established based on simulation 
of real crane/ladle movement and comparison of changing 
load weight during HM pouring, between real and simulated 
results. This evaluation is performed in Sect. 5. Finally, con-
clusions are made on the performance of the devised DT 
model and its practical applications.

2 � Methodology

2.1 � Description of hot metal charging system

The pouring system, for charging of BOS converter vessel 
with HM comprises of a heavy-duty lifting gantry crane and 
a HM pouring ladle. These cranes typically have 3 degrees 
of movement: long-travel, short-travel and hooks hoisting 
operations. Long-travel allows the crane to move along the 
length of the plant, via a suspended rail mechanism. Cross-
travel allows for crane “trolleys”, which house mechanisms 
for hoisting main and auxiliary lifting hooks, to move per-
pendicular to long-travel movement. HM charging cranes 

use two of such trolleys: main trolley and auxiliary trol-
ley, housing main and auxiliary lifting hooks mechanisms, 
respectively. The final degree of movement involves vertical 
movement of the lifting hooks, performed via hoisting of 
the lifting cables via hoisting drums, through a system of 
effort-reducing pulleys. The full crane system is displayed 
in Fig. 2.

2.2 � MBD model

In this work, MATLAB Simulink [36], using Simscape 
[37] and Simscape Multibody [38] libraries of components 
were utilised. This package was chosen due to a wide vari-
ety of build-in tools and the ability to integrate MBD mod-
els. The model of the crane was simplified, utilising only 
those mechanical subsystems that are involved in the HM 
charging movement. This was done to reduce the number 
of model components, improving efficiency and computa-
tional times. To further simplify MBD model creation, sub-
assemblies were created using SolidWork [39], using CAD 
crane parts provided by the manufacturer. Here, rigid joint 
connections were specified and movement constraints were 
applied. Using a translation tool [40], resultant subsystems 
were then translated into MBD models within the Simulink 
environment.

These subsystems are as follows: (1) main lifting Trolley 
and main hooks hoisting mechanism, (2) auxiliary lifting 
trolley and auxiliary hoisting mechanism, (3) main hooks 
lifting boom and pulley mechanism and (4) auxiliary lifting 
hook and pulley mechanism. Subsystems 1 and 2 are dis-
played in Fig. 3a and b, respectively. The combined model 
is displayed in Fig. 4a and b, incorporating a model of a HM 
ladle. Here, subsystems 3 and 4 can be visible. It should 
be noted that only an overview of the MBD model setup is 

Fig. 2   Heavy-duty HM charging crane CAD model
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provided here, since, using modern industry standard model-
ling software, this can be seen as a trivial task.

2.3 � MBD model frictional torque estimation

Friction is a phenomenon that occurs in all mechanical 
sliding or rotating components, due to tangential reaction 
between two surfaces. This introduces resistive forces that 
oppose the direction of motion. It is vital that these resis-
tive forces are considered in the design of MBD models, to 
provide an accurate system representation. This is especially 

important when design of a control system is considered, 
where friction will introduce opposing force moments that 
work against applied actuation forces. In the creation MBD 
model of the HM charging system, only the friction at the 
“load end” revolute joint components were considered. 
These provide a rigid connection between the following 
components: (1) main hook — crane boom, (2) ladle trun-
nion pins — main hooks, (3) ladle auxiliary lifting pin — 
auxiliary lifting hook and (4) auxiliary lifting hook – auxil-
iary pulley housing load block. These joints are illustrated 
in Fig. 4b, showing the corresponding joint identification 

Fig. 3   Simplified MBD models 
of: a main lifting trolley, b 
auxiliary lifting trolley

Fig. 4   Simplified MBD HM 
charging model. a Isometric 
profile, b side profile
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number. Due to utilisation of Variable Frequency Drives 
(VFD), the inclusion of friction components for other rigid 
and prismatic joints (for example, hoisting cable system 
pulleys and horizontal trolley cross-travel movement) was 
not considered. The VFD’s control speed of movement by 
compensating for torque generation. This includes “back” 
torque generated due to joint friction.

Several friction models have been created and adapted 
for use in control system design and simulation modelling 
[41–43]. One of the earliest adopted models, used to describe 
rotational frictional torque, was presented by Coulomb [44] 
and is aptly named after its creator. This model, in its sim-
plest form, relates frictional force to sliding velocity of the 
two bodies, coefficient of friction and normal force acting on 
the bodies. One drawback with utilising Coulomb’s model is 
that it does not consider the effects of static friction (or stic-
tion), when the two surfaces are at rest. In addition, velocity 
is not factored in calculation of frictional forces, which could 
lead to computational drawbacks [45]. To address drawbacks 
with the Coulomb model, concerning static friction, several 
models have been proposed in the literature. Examples can 
be found in [46–48]. These account for the Stribeck effect, 
where static friction is higher than the maximum dynamic 
friction and sees an exponential decrease from static to 
dynamic friction with increasing velocity. A recently pro-
posed model by Brown and McPhee [45] has been developed 
to be used in a number of applications, including real-time 
simulations and multibody modelling. The advantage of this 
model is that it relies on physically meaningful elements 
only for the estimation of friction torque. This model can be 
illustrated using the following equation:

 where FT is the resultant frictional torque, v is the veloc-
ity of the joint, vd is the velocity tolerance (at which maxi-
mum frictional force is applied), and FC and FS are the Cou-
lomb and Stribeck friction terms, respectively.

From comparative analysis in [42], this model was shown 
to be suitable when used in friction estimation tasks; due to 
its ability to accurately capture static and dynamic friction 
characteristics, its reliance on few parameters for estimation 
and overall good computational efficiency results. For these 
reasons, and its non-reliance on physically meaningful ele-
ments, this model was chosen in this work for modelling of 
frictional torque in revolute joint components.

2.4 � Coulomb and Stribeck terms estimation

Authors in [49] provide detailed calculations and analysis 
in estimating Coulomb (and Stribeck) friction for revolute 
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joints, based on elasticity and radial stress of the joint com-
ponents. An estimation equation is formed, based on equi-
librium equations for stress distributions between cylindrical 
contact surfaces of revolute joint component. The following 
Eq. (2) is the simplified form of this resultant:

 where

In Eq. (2), F is the normal force applied on the joint, 
R is the radius of the inner revolute joint component, � is 
the coefficient of friction between the materials of the joint 
component surfaces and � is half of the maximum angular 
contact. It should be noted that for estimation of Coulomb or 
Stribeck friction is performed by substituting corresponding 
dynamic or static coefficients of friction �.

To estimate FC and FS , resultant contact angle between 
revolute joint components is required. Methodology for esti-
mation of this contact angle is also provided by authors in 
[49]. Here, this angle can be estimated knowing the elastic-
ity, coefficient of friction, applied force and outer and inner 
geometry of the joint components. This estimation is carried 
out using the following equation:

 where E is the modulus of elasticity of the two joint com-
ponent materials and b is the length of the joint. In instances 
where two different materials are used in the joint, Eq. (4), 
can be applied to estimate the combined modulus of elastic-
ity E [49, 50]:

 where E1 , E2 , �1 and �2 are the modulus of elasticity and 
Poisson’s ratios for the two joint components, respectively.

2.5 � Velocity‑based friction model — MATLAB 
simulink implementation

The guide provided in MATLAB [51] specifies friction 
modelling of revolute joints. However, this “best practice” 
method does not account for application of variable forces 
required here, due to significant changes in load mass, 
with HM being poured out of the ladles. This applied force 
changes as a function of ladle rotation angle � . Therefore, 
a custom method was applied in MATLAB Simulink envi-
ronment for the estimation of frictional torque. A revolute 
joint friction estimation model was developed based on 
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mathematical Eqs. (1)–(4). The following steps are utilised 
in estimating frictional torque for revolute joints: (1) Esti-
mate force acting on the joint due to changing ladle mass 
(as a function of rotation angle � ), (2) Calculate dynamic 
(Coulomb) and static (Stribeck) friction and (3) Perform 
velocity-based frictional torque estimation, using (1).

2.6 � Joint force estimation

Force acting on the joints is taken as that of the force due to 
weight of the HM contained inside the ladles and the weight 
of the load structure (i.e., the HM ladle and lifting hooks). 
With ladle engaged by both Main and Auxiliary lifting hooks, 
the weight of the load and, hence the resultant force applied 
at each revolute joint, will be distributed accordingly. Here, 
a type 2 lever mechanism is formed. During ladle tilting, the 
centre of mass of the ladle and HM will lie between the lifting 
point (Auxiliary lifting hook) and the fulcrum (Main lifting 
hook). The weight will therefore be shared between these lift-
ing hooks. This can be illustrated using Fig. 5.

With ladle rotation, and hence subsequent pouring of the 
HM, the force acting on these hooks will change. Estimation 
of the force required to tilt the ladle, using the auxiliary lifting 
hook, can be established based on the force moments acting 
on the auxiliary hook during ladle rotation. This estimation is 
carried out in two stages: (1) calculation of the moment due to 
changing weight of the liquid inside the ladle and (2) calcula-
tion of the moment due to the mass of the empty ladle [52]. 
The required lifting force is then estimated using the combined 
force moment and geometric information about the ladle, using 
Eqs. (5)–(8) [52]:

 where FC is the combined force moment acting on the 
Auxiliary hook, FL is the force moment due to weight of the 
liquid metal, FHM is the force moment due to the weight of 
the ladle, � is the density of liquid metal, g is the gravitational 
potential energy, V is the volume of liquid in the ladle, htrun is 
the height of trunnion pin from the bottom of the ladle, yl and 
xl are the vertical and horizontal positions of the centre of mass 
of the liquid metal, � is the angle of rotation of the ladle, Mk 
is the force moment due to the weight of the ladle, mk is the 
empty ladle weight, yk is the vertical centre of mass coordinate 
of empty ladle, FAux is the force acting on the lifting hook, L is 
the distance between trunnion pin and aux. hook connection 
with the ladle and � is the vertical angle between trunnion pin 
and aux. hook connection point.

The force acting on the main hook, during ladle rotation can 
be estimated using the following:

 where FMhook is the force acting on the main hooks, MLad is 
the mass of the empty ladle and MHM is the mass of the HM.

For revolute joints 2 and 3, forces FM and FAux are used, 
respectively. For joints 1 and 4, the weight of the main and 
auxiliary lifting hooks, respectively, are included in the estima-
tion of resultant forces. For joint 1, (9) is modified to include 
the weight of the main hook, resulting in:

 where FMBoom is the resultant force applied at joint 1 and 
MM is the weight of main lifting hook.

To find resultant force on joint 4, force due to the weight of 
the auxiliary hook is simply added to FAux in Eq. (8).

3 � Friction results and estimation model 
implementation

3.1 � Coulomb and Stribeck friction

For the estimation of Coloumb and Stribeck friction, as 
a function of ladle rotation � , Eqs. (2)–(4) were used and 
Eqs. (8) and (9) for estimation of forces acting on the 
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Fig. 5   Resultant type 2 lever, consisting of HM ladle and auxiliary 
lifting mechanism
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joints. The 4 joints differed in terms of their geometries 
and construction: joints 1 and 4 are fully enclosed joints 
and 2 and 3 are semi-enclosed. Different materials were 
also used in their constructions: Joints 1 and 4 resulted 
in a steel-steel contact and joints 2 and 3 in a phosphor-
bronze on steel contact (here a phosphor-bronze wear pads 
are used in the construction of the lifting hooks). Table 1 
displays information used in estimation static and dynamic 
friction components. The values for static and dynamic 
� are found in [53, 54], for construction materials used. 

Effective E was estimated using values found in [55]. It 
should be noted that for contact materials in joints 2 and 
3, results in equal static and dynamic � . To estimate the 
effective force applied at the auxiliary lifting hook, infor-
mation displayed in Table 2 is used. The centre of mass 
coordinates of the empty ladle and HM contained within, 
can be estimated using methodology outlined in [52]. 
However, this information was acquired directly from the 
ladle manufacturer. Here, the centre of mass values did not 
account for potential ladle refractory degradation or slag 
adhesion that would result in marginal changes in cen-
tre of mass location. This would only cause small weight 
deviations in comparison to overall weight of the ladle and 
HM held within, therefore, these marginal changes were 
deemed not critical to the performance of the model.

The HM density value ρ in Table 2 is a generalised 
value, used based on the typical grades of steel produced 
at this plant. Depending on the HM chemistry, this value 
can fluctuate marginally with each HM charge.

The results in Fig. 6 display static and dynamic fric-
tional torque generation for joints 1–4, as a function of 
ladle rotation angle θ (measured between 0 and 90o). Here, 
it should be noted that due to equal static and dynamic 
friction coefficient values in joints 2 and 3 result in equal 
Coulomb and Stribeck friction components.

3.2 � Velocity‑based revolute joint friction estimation 
model

Frictional torque estimation, as a function of joint velocity, 
for the 4 outlined revolute joints was estimated using model 
displayed in (1). This model was implemented in MAT-
LAB Simulink environment, where live model frictional 
torque estimation was performed based on Ladle position 
and joint velocity data, fed from the MBD model. Frictional 
torque estimates, displayed in Fig. 6 for joint 1, were used 

Table 1   Joint information used in frictional components estimation

Model component Joint 1 Joint 2 Joint 3 Joint 4

Outer radiusR′(mm) 133.5 393 127 101.55
Inner radiusR(mm) 133.35 381 114.5 101.5
Joint lengthb(mm) 255 255 273 222
Static� 0.15 0.35 0.35 0.15
Dynamic� 0.08 0.35 0.35 0.08
EffectiveE(GPa) 210 140 140 210
Velocity coefficient vd 1e-3 1e-3 1e-3 1e-3
Contact angle�(� = 0), Static� 55.9 6.64 0.77 10.9
Contact angle�(� = 55), Static� 37.32 4.43 3.36 55.59
Contact angle�(� = 90), Static� 28.94 3.38 0.75 10.51
Contact angle�(� = 0), Dynamic� 56.3 6.64 0.77 10.94
Contact angle�(� = 55), Dynamic� 37.5 4.43 3.36 55.92
Contact angle�(� = 90), Dynamic� 28.9 3.38 0.75 10.55

Table 2   Information used in auxiliary lifting hook effective force 
estimation

ρ (kg/m3) g (m/s2) m
k
(kg) L(mm) �(deg)

6900 9.8 138,600 3673 52

Fig. 6   Frictional torque estima-
tion with ladle rotation
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as look-up tables. Figure 7 displays model constructed for 
estimation of frictional torque for joint 1. Due to limitation 
in using hyperbolic function within the MATLAB function 
block, to estimate dynamic friction term of the velocity-
based model in (1), a separate subsystem was constructed 
within the Simulink environment, splitting this model into 
Static and Dynamic friction components. Model set-up for 
joint 4 is identical to the one displayed in Fig. 7, except for 
utilization of static and dynamic friction for that joint from 
Fig. 6.

In estimation of velocity based frictional torque for joints 
2 and 3, Dynamic frictional component was used only. 
Example setup for joint 2 in MATLAB Simulink is displayed 
in Fig. 8.

Frictional torque estimates from these models are then 
subsequently fed back to the relevant revolute joint blocks 
as torque input signals in the MBD model.

4 � HM flow rate estimation dynamic system 
model

In this work, flow rate estimation was based on work 
presented in [9, 11, 14]. Here, flow rate estimation is 
based on application of Bernoulli hydro-dynamic prin-
ciples for fluid flow. Dynamic equations are set creating 

relationships between the hydro-dynamic principles, liq-
uid pouring rate, geometry of main ladle body and the 
shape of the pouring mouth. To summarise, pouring rate 
is estimated based on the evaluation of the rate of change 
in the height of liquid and surface area that is present 
above the pouring mouth, during rotation of the ladle. 
This is illustrated in Fig. 9, where A1 , A2 and A3 are the 
surface areas of liquid metal above the pouring mouth and 
h1 , h2 and h3 are the heights between liquid surface and 
the pouring mouth.

At each time iteration, height of liquid above the pour-
ing mouth, will depend on ladle rotational speed. With 
slow speeds, the rate of change in the height of liquid 
above the pouring mouth will be small. Hence, this will 
result in low pouring rates. With faster speeds, the rate of 
change in liquid height will increase proportionally. This, 
in turn, will result in faster transfer of liquid from the 
ladle. The total liquid volume change (Vr ) can be estimated 
by taking the volume bounded by the resultant liquid sur-
face area ( Asurf ) and height of liquid ( h).

The shape of ladles used in this process resemble that 
of a frustum of a cone. Height h and hence volume Vr can 
be deemed small in comparison to total ladle height and 
volume held within, with each time iteration. Therefore, 
additional volume in Vr , due to slanted ladle walls, can be 
seen as negligible. Here, the following identity will apply:

Fig. 7   Velocity-based frictional torque estimation model for revolute joint between main lifting hook and crane boom, constructed in MATLAB 
Simulink
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Volumetric change Vr can be estimated by relying on a 
relationship between liquid flow rate q and the change in 
total liquid volume Vlad , at each time iteration [9]:

 where Vr is then found by performing integration.
The flow rate of liquid leaving the ladle will depend on 

the liquid channel area projection, created by the shape of 
the pouring mouth. This is illustrated in Fig. 10.

The resultant dynamic Eq. (13) [9, 11, 14], equates liq-
uid pouring rate to changing heights of liquid metal above 
the pouring mouth as a function of liquid flow channel 
projection area:

 where q is the flow rate, c is the flow resistance coefficient 
and AM is the flow channel projection area. The flow resist-
ance coefficient c is a value between 1 and 0 that translates 
resistance due to shape of the ladle, ladle material and the 
viscosity of fluid medium. This value is determined through 

(11)h(t) ≈
Vr(t)

ASurf (�(t))

(12)dVr(t) = −q(t) − dVlad(t)

(13)q = c ∫ h(t)

0

√

2gh dAM

experimentation [11], by comparing model results to actual 
pouring results from the real system.

4.1 � Pouring channel flow model considerations

The model uses a rectangular shape to estimate the liq-
uid stream projection area, illustrated in Fig. 10. Here, 
the curvature of the pouring mouth is significantly large, 
therefore, the rational is that a rectangular shape would be 

Fig. 8   Velocity-based frictional torque estimation model for revolute joint between main lifting hook and HM ladle, constructed in MATLAB 
Simulink

Fig. 9   Changes in liquid surface 
area and height of liquid above 
the pouring mouth, with rota-
tion of the ladle

Fig. 10   Liquid projection over pouring mouth
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sufficient for providing a close approximation of the result-
ant liquid stream area projection. In addition, ladles are 
lined with refractory material. This material will degrade 
with prolonged use, causing deformation of the pouring 
mouth curvature. Previous examples in the use of rectan-
gular pouring mouth estimation can be found in [11] and 
[13]. In [11], the area is simply estimated by varying the 
height of the resultant shape, while keeping the length of 
the flow channel a static value. A look-up table is used in 
[13], to estimate the length of the projected flow channel, 
as a function of height of liquid above the pouring mouth. 
A modification on this approach is employed in this work, 
where, instead of relying on the use of a look-up table, a 
numerical model is applied for channel length estimation.

When ladles are rotated, the shape of the pouring mouth 
resembles that of an elliptical segment. With HM flowing 
out of the ladles, the resultant area projection flow channel 
will also resemble an elliptical segment. Here, the chan-
nel length can be taken as the segment chord. The length 
of a chord can be estimated given the segment height and 
curvature radius [56]:

where LChord is the length of the chord and RLip is the 
radius of the pouring mouth curvature.

In (12), using the rectangular area projection model, 
AM is taken as LChord × h , where the resultant integration is 
then performed in respect to the height of the liquid h . By 
solving the resultant integration in (12) and then solving 
the subsequent simultaneous equation using (11) and (13), 
pouring rate q is found using:

4.2 � Flow rate estimation model

The model for estimating flow rate of liquid, as a function 
of ladle rotation � , was constructed in MATLAB Simulink. 

(14)LChord(t) = 2

√

h(t)
(

2RLip − h(t)
)

(15)q(t) =
2cLChord

√

2g

3Asurf (t)
3∕2

�

Vr(t)
3∕2

�

Here, Eqs. (12) and (15) are solved, using ladle rotation ref-
erence signal � from the MBD model. Look-up tables for 
volume of liquid inside the ladle VLad and surface area of 
liquid ASurf  , as functions of ladle rotation angle � , are used 
as further inputs to this model. These look-up tables were 
developed based on the geometry of the ladle and are dis-
played in Fig. 11. Here, 331.5 t HM amount was considered. 
Implementation of this model within the Simulink environ-
ment is shown in Fig. 12.

Ladle volume VLad and surface area of liquid ASurf  are tied 
to the geometry of the ladle. Refractory degradation and slag 
adhesion will alter the internal ladle dimensions. Varying 
these parameters to meet the conditions of the ladles would 
improve model accuracy. Often, only a periodic visual ladle 
inspection is carried out, making it difficult to estimate these 
non-linear dimensional changes. Due to this limitation, look-
up data in Fig. 11 was constructed based on ladles with no 
internal degradation.

It should be noted that in Fig. 12 additional blocks are 
used: Angle Actual estimates combined ladle angle due to 
rotation of the ladle and main lifting hook. Volume limit 
prevents increases in volume due to reverse ladle rotation, 
extracted from the look-up table.

Liquid sloshing movement can occur due to rapid changes 
in ladle movement and vibrations that can impact the amount 
of HM being poured. This effect is most prevalent at the 
beginning of the pour, where ladle is moved into position 
and stopped over the converter vessel mouth, leading to 
inertial movement of the crane/ladle. Typically, some time 
is allowed prior to initiating pouring to allow for slosh-
ing effect to reduce. During pouring, ladle rotation move-
ment can be considered sufficiently slow and without rapid 
changes that could introduce significant inertial movement. 
Ladle back-tilting is also typically not expected. Therefore, 
modelling of liquid sloshing effects was not considered in 
this DT.

4.3 � Model verification methodology

Verification of the flow rate prediction model was performed 
by making a comparison between simulated HM weight, 

Fig. 11   Example data used in 
look-up tables, displaying liquid 
metal volume (black) and liquid 
surface area (red), as functions 
of ladle rotation angle �
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estimated using the devised flow prediction and MBD mod-
els for the HM charging system, against actual process HM 
weight charging data. In total, ladle movement from 5 HM 
charges was replicated using the DT model. For each HM 
charge, simulations were repeated for a range of flow resist-
ance coefficient values c . These range from 1 to 0.2, in 0.1 
decrements and are carried out as a means of model calibra-
tion, by outlining most suitable value.

On HM charging crane, ladle weight is measured via load 
cells, installed on main and auxiliary lifting mechanisms. 
Here, changing weight of ladle and HM contained within is 
measured. Although it is possible to evaluate HM flow rate 
using this data, due to inertial movement of the crane dur-
ing HM charging, these measurements can be susceptible 

to noise. Therefore, the changing HM weights are instead 
compared.

To record ladle movement, video recordings of the pro-
cess were used. Here, a camera was placed adjacent to the 
HM charging process. Video frames were then segmented at 
2 s periods and ladle angle was measured. Example frames 
from a single video are displayed in Fig. 13.

Due to an initial “free-hanging” ladle angle, a discrep-
ancy exists. This means that when auxiliary hook is engaged 
with the ladle, to initiate ladle tilt, the ladle will not always 
measure 0o on the vertical plane. This angle is present due 
to changes in the centre of mass, caused by: variations in 
HM pouring amounts, degradation of internal refractory 
materials and metal slag buildup inside and outside the 

Fig. 12   Flow rate estimation model in MATLAB Simulink

Fig. 13   Example HM charging angle measurement at time t and t + n
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ladles. Therefore, it is difficult to accurately determine ladle 
position using main and auxiliary hook hoisting encoders, 
instead relying on estimation of ladle position through video 
recordings.

Based on this ladle angle rotation � , an auxiliary hook 
hoisting velocity signal and hence auxiliary hoisting drum 
signal, in Revolutions per Minute (RPM), was constructed 
for each of the recorded HM charges. Reference movement 
signals for main and auxiliary cross-travel trolleys were 
constructed based on positional data extracted from crane 
movement encoders.

Using video recordings will only provide a close approx-
imation of ladle position. A discrepancy can be present 
between actual and measured positions. This is due to the 
mounting position of the camera and lens distortion. The 
effect of this can be minimised by accounting for measuring 
angle of the camera and through application of image filters. 
Absolute position can only be measured by using encoders in 
both the ladle trunnion pin and main lifting hook, to record 
actual rotation of the ladle and offset angle due to main hook 
position. However, the installation of these encoders was not 
possible in this specific process.

5 � HM charging model validation results 
and discussion

In Fig. 14a–e, a comparison is made between recorded HM 
charging weight of ladles and simulated results. Measured 
HM weight is displayed using a solid line, with simulated 
results displayed using a dotted line, for a range of different 
flow resistance coefficients c (1, 0.8, 0.6, 0.5, 0.4, 0.3 and 
0.2). Here, changing weight is estimated by integrating the 
simulated flow rate results. It should be noted that the weight 
of empty ladles was deducted, displaying changing weight 
of HM only.

An error percentage between the measured weight value 
and the simulated results are calculated for the 5 performed 
tests. Table 3 displays this error between actual HM weight 
and simulated results. Here, flow constant values are dis-
played, which resulted in the smallest percentage deviation. 
Here, the weights of the empty ladles were included in this 
percentage error estimation.

From these results, the average error percentage between 
the actual process and simulated results for the 5 tests ranged 
between 3.19 and 4.79%, with an overall average of 4.1%. 
For this process, this error deviation can be seen as accept-
able and deemed a good overall approximation of the HM 
charging process. Here, the requirement is to pour HM at 
sufficiently low rates [5], that would reduce the likelihoods 
of significant heat emissions. This simulation error does not 
pose a risk of significantly increasing the poured HM weight 

and hence causing rapid changes in HM pouring rates, that 
could influence the release of these emissions.

The flow resistance coefficients, which resulted in the 
smallest percentage error, for tests 1–5 were 0.4, 0.3, 0.2, 
0.4 and 0.3, respectively, with an average of 0.32. These 
values, indicate presence of resistance to flow and are in line 
with values (< 0.6) recorded in literature in [11, 13]. Model 
accuracy is dependent on the use of appropriate flow resist-
ance coefficient c values, that accurately convey resistance 
to flow encountered due to ladle geometry, material proper-
ties, ladle and pouring mouth condition and HM viscosity. 
These process parameters are difficult to monitor in a live 
production environment and for each HM charge. Difficulty 
in estimating ladle refractory conditions, which will impact 
flow resistance, has been discussed previously. HM viscosity 
will depend on several factors, that include HM tempera-
ture, chemistry and metallic slag inclusions. It is currently 
not possible to use these parameters alone for prediction 
of flow resistance coefficients, which are estimated through 
experimentation only.

It should be noted that toward the end of each recorded 
HM charge, the model’s ability to accurately simulate chang-
ing weight of HM and hence its flow rate decreases. Taking 
an average for the first 75% of the recorded HM charges, 
results in an average error of 2.12%. In Fig. 14a–e, from 
the point where HM weight begins to decrease, to a value 
of where approximately 25% of HM liquid remains in the 
ladle, simulated results provide a close approximation of 
the real process. After this point, a decline in accuracy can 
be seen, where a significant discrepancy between simulated 
and real weight values is present. This, in turn, increases the 
average error to 4.1%. One possible explanation for this is 
that at this point, due to low remaining volumes of liquid, 
flow resistance coefficient will decrease due to liquid metal 
adherence to the ladle walls. Here, semi-liquidous metallic 
slag can also be present, decreasing the overall viscosity of 
the mix. Refractory degradation is non-linear, meaning that 
pooling effect can be formed, trapping remaining HM inside 
refractory cavities. This will increase flow resistance in this 
pouring region and require for ladles to be rotated to higher 
angles, to ensure remaining HM is poured out.

Deviations in simulated results can reduce the effective-
ness of the model, specifically where close pouring control 
is required. For example, in metal casting industries, flow 
deviations in pouring metal into moulds can cause defects. 
Using this DT, some deviations in resultant HM flow rate are 
expected, between simulated and actual results, due to dis-
parities caused by unknown process conditions seen towards 
the end of HM pouring. However, quality of steel produced 
using the BOS method would not be impacted by changes 
in the HM flow rates. In addition, if this model was to be 
applied to test a feed-forward controlled HM pouring move-
ment, end of pouring deviations seen here would result in a 
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decrease of HM pouring rates, due to additional resistance 
to flow in the ladles. This should not impact the release of 
thermal emissions as this is influenced by increase in pour-
ing rates [5, 6].

Using rational that heat emissions are released due to 
mixing of scrap with HM where trapped moisture evaporates 
and impurities are burned off, at 75% mark, > 200 t of HM 
would have been already poured into the vessel, allowing for 
the mixing of HM with scrap to take place. Therefore, like-
lihoods of large thermal releases in this final region would 
also be reduced, since mixing of scrap with HM would have 
already taken place, removing the need for close HM transfer 
rate controls.

Fig. 14   Comparison of simula-
tion results and measured liquid 
HM weight. a Test 1, b Test 2, c 
Test 3, d Test 4 and e Test 5

Table 3   Simulation comparison with measured weight data: best 
match flow coefficient and resultant error value

Test No. Flow constant Error %

Test 1 0.3 4.79
Test 2 0.4 4.18
Test 3 0.2 3.19
Test 4 0.4 4.79
Test 5 0.3 3.54
Average 0.32 4.1
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5.1 � Flow model calibration

To reduce possible variations in simulation results due 
to unknown ladle and process conditions, flow resistance 
coefficient value in the model was calibrated using the aver-
age value of 0.32. Table 4 displays error match percentage 
value for the 5 tests, using c = 0.32 . Marginal increase in the 
error value is seen for tests 2, 3 and 5. Error value decreases 
for tests 1 and 4. The average error increases to a value of 
4.21%. With an average increase of 0.11%, this value is seen 
as acceptable to be used in the model.

6 � Conclusions

In this paper a DT model is outlined for a HM charging 
system, incorporating a model for an overhead gantry charg-
ing crane and a HM ladle. This model combines the use 
of MBD and dynamic system modelling to model the rigid 
body movement of mechanical components and to predict 
flow rate of liquid metal during ladle rotation motion. The 
main findings are as follows:

•	 A friction estimation model, based on joint geometry and 
material properties, was developed to account for friction 
losses in revolute joint components. Resultant frictional 
reaction torque was determined by applying a Velocity 
based estimation model, using the MBD model to simulate 
angular joint velocities. Forces, acting on these joints, were 
estimated as functions of changing load weight, present due 
to pouring of HM. Both mass and the applied forces were 
estimated based on the ladle tilting angle. This provides a 
unique modelling solution using dynamic force inputs to 
estimate friction losses. Finally, the frictional torque esti-
mation model was applied to the movement damping of the 
system.

•	 A dynamic system model was applied to estimate the flow 
of HM. This model was incorporated with the MBD and 
frictional torque estimation models. The resultant DT of 
the HM charging system was verified by simulating real 
crane and ladle movement and by making a comparison 
between simulated and recorded HM weights. The average 

error deviation showed to be 4.21%, accurately conveying 
crane and ladle movement for prediction of HM flow rate.

•	 A reduction in model accuracy is found due to a dis-
crepancy between simulated and measured HM weights 
towards the end of HM charges. This is theorised to be due 
to a reduction of flow resistance coefficient and build-up of 
metallic slag, where metal adheres to the walls of the ladle.

•	 Overall, the devised DT model can be used for flow rate esti-
mation using accurate crane movement. This can be applied 
in testing of different ladle movements and controlled pour-
ing schemes, providing a safe testing environment and 
removing the need for the creation of physical models.

•	 The presented pouring movement testing method is trans-
ferable to other pouring systems, where safety is a concern 
due to size or fluid medium involved. MBD model for the 
mechanical system would need to be created, to accurately 
depict system movement and the dynamic flow prediction 
model would need to be adapted for different ladle/vessel 
dimensions and liquid properties.
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