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Аннотация. Предложена новая технология процесса заполнения кристаллизатора установки непрерывной разливки стали (УНРС) жидким 

металлом и его перемешивания. Приведена оригинальная запатентованная конструкция устройства, состоящая из глуходонного стака-
на и вращающейся рубашки. Экспериментальные исследования течения жидкого металла в кристаллизаторе продолжительны, сложны 
и трудоемки, поэтому в работе применяется математическое моделирование численным методом. Представлены основные результаты 
исследований течения расплава в объеме кристаллизатора. Объектами исследований являются гидродинамические и тепловые потоки 
жидкого металла нового процесса разливки стали в кристаллизатор прямоугольного сечения УНРС, а результатом – пространственная 
математическая модель, описывающая потоки и температуры жидкого металла в кристаллизаторе. Для моделирования процессов, проте-
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Abstract. The article proposes a new technology of filling the CCM mold with liquid metal and mixing it. The original patented device consists of a closed 

bottom nozzle and a rotating jacket. Experimental studies of liquid metal flow in a mold are long, complex and time-consuming, therefore, in the work 
was used mathematical modeling by numerical method. The objects of research are the hydrodynamic and thermal flows of liquid metal during 
the new process of steel casting into a CCM mold of rectangular cross-section, and the result is a spatial mathematical model that describes the flows 
and temperatures of liquid metal in the mold. To simulate the processes occurring during the metal flow in the mold, the authors used a specially crea
ted software package. The theoretical calculations are based on the fundamental equations of hydrodynamics, the equations of mathematical physics 
(equation of thermal conductivity taking into account mass transfer) and a proven numerical method. The area under study is divided into elements 
of finite dimensions, for each element a formulated system of equations is written in a difference form. The result is the velocity and temperature fields 
of the metal flow in the mold volume. According to the developed numerical schemes and algorithms, a calculation program was compiled. The paper 
considers an example of calculating the steel casting into a mold of rectangular cross-section and flow diagrams of liquid metal over various mold sec-
tions. Vector flows of liquid metal in various mold sections are clearly presented for different rotary speed of the rotating jacket. The authors identified 
the areas of intense turbulence and presented the results of the problem numerical solution in graphical form by diagrams of the velocity fields of liquid 
metal flows and their temperature over various mold sections. 
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 Introduction

There is an increasing interest in refining the  tech-
niques for managing the flow and blending of liquid metal 
in Continuous Casting Molds (CCM), including the tools 
needed for these processes.

Experimental analysis of  liquid metal movement 
within molds is notably complex and demands significant 
time, prompting a shift towards mathematical modeling, 
particularly through numerical methods, for these studies.

The strategies for enhancing the distribution and inte-
gration of  liquid metal in CCM are well-documented in 
numerous national and international studies, highlighting 
the impact on ingot quality. 

The traditional method [1 – 5] for ensuring that liquid 
metal washes the  mold walls more evenly to  achieve 
a uniform structure around the ingot’s perimeter involves 
the  following approach: the  metal from the  tundish is 
introduced into  the mold through the holes of a closed-
bottom submerged nozzle. These holes are positioned 
at angles of 180° relative to each other.

Innovative techniques for directing liquid metal from 
the  nozzle into  the  mold have been developed. These 
methods vary the angle and positioning of nozzle open-
ings [6], employ eccentrically located holes [7], use mul-
tiple nozzles [8], apply electromagnetic stirring within 
the mold [9], and introduce metal through deflectors [10].

Additional studies  [11 – 13] introduce novel 
approaches and practical findings on optimizing 
the  introduction and amalgamation of  liquid metal 
into the CCM [11 – 13].

Researchers are actively developing models for 
the mathematical analysis of liquid metal flow and steel 
solidification in molds, using techniques such as digital 
modeling [14], examining the  role of secondary flow in 
rotary electromagnetic stirring during continuous cast-
ing [15], studying metal flow inside the  CCM  [16; 17], 
investigating turbulent flow and particle transport [18], 
and creating models for metal solidification [19 – 21] and 
heat transfer during solidification [22 – 24].

They have also developed mathematical models for 
various liquid metal supply methods into the mold, allow-
ing for the evaluation of specific devices’ efficiency [7; 8].

Yet, there’s a notable gap in the mathematical mode
ling of  these processes, especially using numerical 
methods, limiting the innovation of new technologies for 
liquid metal supply and mixing in CCMs.

Despite past achievements, the  design and modeling 
of melt supply and mixing processes and devices are not 
thoroughly explored, highlighting the importance of such 
research.

Therefore, it’s crucial to develop new melt supply and 
mixing processes and their mathematical models. This 
will enable the  prediction of  new devices’ performance 
and efficiency early in the design stage.

This paper introduces innovative technologies for 
casting liquid metal into  the  mold, utilizing rotational 
effects for improved mixing.

The  goal is to  establish a mathematical model that 
captures the hydrodynamic processes in the CCM mold 
with this new steel supply method. It aims to demonstrate 
the  advantages of  controlled rotation for liquid metal 
supply and mixing over the  conventional free rotation 
of the submerged nozzle during steel casting.

We describe and analyze a novel process for liquid 
metal supply and mixing in the CCM mold [25], which, 
unlike previous methods  [26; 27], offers extensive con-
trol over mixing speed. This control is crucial for achiev-
ing higher quality continuous ingots.

Fig. 1 illustrates the design of a specific device. Metal 
is transferred from the tundish (1) into  the mold (5) via 
a closed-bottom submerged nozzle (2), which is equipped 
with off-center holes (4). A refractory jacket (3) featur-
ing ribs (6) is fitted around the submerged nozzle’s outer 
surface, just above its discharge holes, with a small gap 
in between. This jacket is linked to a rotating mechanism, 
comprised of an axial bearing (7), a gearbox (8), and an 
electric motor (9).

The process in question is dynamic, yet it’s modeled 
as if it were steady under certain simplifying assump-

кающих при течении металла в кристаллизаторе, авторы используют специально созданный программный комплекс. В основе теорети
ческих расчетов лежат основополагающие уравнения гидродинамики, уравнения математической физики (уравнение теплопроводности 
с учетом массопереноса) и апробированный численный метод. Исследуемая область разбивается на элементы конечных размеров, для 
каждого элемента в разностном виде формулируется система уравнений. Результат решения – поля скоростей и температур потока ме-
талла в объеме кристаллизатора. По разработанным численным схемам и алгоритмам составлена программа расчета. Приведен пример 
расчета разливки стали в кристаллизатор прямоугольного сечения, схемы потоков жидкого металла по различным сечениям кристалли-
затора. Наглядно представлены векторные потоки жидкого металла в различных сечениях кристаллизатора при разных числах оборотов 
вращающейся рубашки. Выявлены области интенсивной турбулентности. Результаты численного решения задачи представлены в графи-
ческой форме схемами полей скоростей потоков жидкого металла и их температуры по различным сечениям кристаллизатора. 
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tions. The submerged nozzle and the  rotating refractory 
jacket share the same square shape at their outlets. Thus, 
as the jacket rotates, its edges stir the liquid metal within 
the mold. 

The  rotation direction causes one side of  the  refrac-
tory jacket’s square edge to push the metal outward, while 
the opposite side draws it in. In this model, the submerged 
nozzle is considered to  be fixed, with metal movement 
in and out of  the  jacket’s edges depending on the  rota-
tion speed and the square dimensions of the jacket. This 
idealized scenario is thoroughly explained in [1], allow-
ing the  process to  be viewed as steady for the  purpose 
of this analysis. It’s important to note that the formation 
of a solid metal crust on the mold edges is not accounted 
for in this model.

The  medium, which is liquid metal, is considered 
incompressible. Let’s consider the equations of hydrody-
namics. The  following equations are valid for the  flow 
of  a Newtonian, viscous, incompressible fluid when 
the process is stationary:

	      	 (1)

	       	 (2)

		      vi, i = 0; i = 1, 2, 3;	 (3)

	        	 (4)

here σij  are the  components of  the  stress tensor; ξij  are 
the  components of  the  strain rate tensor; δij  is Krone

cker’s delts; p is the pressure at a given point (p = –σ); 
σ  is the  hydrostatic stress; μ is the  viscosity coeffi-
cient,  (g·s)/cm2; vi  is the  velocity projections along 
the  coordinate axes xi (i  =  1,  2,  3); ρ is the  density 
of  the  liquid metal;   is the  projection of  the  specific 
volume force on the coordinate axis xi (i = 1, 2, 3); τ  is 
time; Δ is the  Laplace operator; θ is the  temperature; 
a  =  λ/(cγ)  is the  temperature-conductivity ratio; λ is 
the heat transfer coefficient; c is the  specific heat capa
city; γ is the density, all of which are considered constants 
in this context. 

For the stationary process:

The  thermal conductivity equation considers mass 
transfer and the condition of stationarity.

Fig. 2 illustrates the computational scheme for the pro-
cess being examined.

The boundary conditions of the problem are defined as 
follows (Fig. 2):

	    	 (5) 

The  boundary conditions were applied to  solve 
the thermal conductivity equation (4):

		  	 (6)

here vu is the speed at which the ingot is pulled (Fig. 2); 
  is the speed of  liquid metal exiting through the holes 

of  the  submerged nozzle; the  given functions of  metal 
temperature distribution on surfaces Гi are denoted as  

; while   refers to  the heat flows through surfaces Гi 
obtained from experimental data; the preset temperature 
of the metal exiting through the hole Г5  is specified as  .

Fig. 1. Scheme of a device for supply and mixing of steel  
in the mold with rotating jacket with vertical ribs 

Рис. 1. Схема устройства для подачи и перемешивания стали 
в кристаллизаторе с вращающейся рубашкой 

с вертикальными ребрами
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Fig. 2. Formalized design scheme of metal casting into the mold

Рис. 2. Формализованная расчетная схема процесса разливки металла в кристаллизатор
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The  numerical scheme and algorithm for solving 
the system of equations (1) ‒ (4) under the boundary con-
ditions (5), (6) are described in detail in [28], utilizing a 
numerical method that has been extensively tested.

 Below, we present the results of the numerical solu-
tion for the problem across different sections of the mold, 
along with an analysis of these results.

 Results of numerical calculation

We set the mold dimensions as follows: Н = 100 cm; 
В = 12.5 cm; l = 100 cm; h = 20 cm; b = 7.5 cm; 
δh = 8.5 cm; δB = 1.5 cm; δ1 = 1.5 cm; vu = 1 m/
min = 1.66 cm/s. For the stationary process, the value v* 
was determined from the equality of the second volumes:

The  temperature of  the  liquid steel flowing out  
 

of  the  hole (Г5 ) was set to  = 1600 °С. The  tempe- 
 

rature on the  surfaces of  the  submerged nozzle (Fig. 2) 
Гi (i = 3, 8, 8′, 11) was determined from experi- 
 

mental data to  be  = 1550 °С, i = 3, 8, 8′, 11. On  
 

the  surface Г2 (Fig. 2) there is a liquid slag “jacket”  
 

with a temperature of   = 1550 °С. 

Constants are defined as follows λ = 0.29 W/(cm·s); 
c = 444.47 J/(kg·s); γ = 7.8 g/cm3. The  viscosity factor 
μ = 2.1·10–4 (kg·s)/m2 used in equations (2) was adopted 
based on [29].

Fig. 3. Velocity field of metal flows in the mold cross-section A ‒ A at n = 30 (a) and 50 rpm (b)  

Рис. 3. Поле скоростей потоков течения металла в кристаллизаторе в сечении А ‒ А при n = 30 (а) и 50 об/мин (b)
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Fig. 3 illustrates the metal flows in the cross-section 
А ‒ А as the jacket rotates at speed (n) of 30 and 50 rpm. 
The  low patterns are comparable, yet the  intensity 
of the flows increases at n = 50 rpm (Fig. 3, b). In cross-
section А ‒ А, metal flow near the  submerged nozzle 
appears chaotic. Areas where the  metal temperature 
exceeds the crystallization point are indicated by asterisks 
in Fig. 3, b, highlighting regions of higher thermal vari-
ance. This suggests a more uneven distribution of  tem-
perature within the metal flows across this cross-section.

In Fig. 4 the  metal flows in the  vertical cross-sec-
tion В ‒ В, which captures the  area where metal exits 
the submerged nozzle, are depicted. This figure compares 
the flow dynamics at rotational speeds of 30 and 50 rpm, 
with all flow vectors predominantly pointing downwards. 
Consistent with expectations, flow intensity is higher 
at the increased rotational speed of 50 rpm.

Fig. 5, a, presents the  metal flows in cross-section 
D ‒ D (Fig. 2) when the  jacket rotates at 30 rpm and 
at  50 rpm. At n = 30 rpm (Fig. 5, a), small vortices are 

observed beneath the submerged nozzle, specifically at its 
center. However, at the higher speed of 50 rpm, these vor-
tices disappear. The metal flow rate near the side edges 
of the mold is significantly higher than that under the sub-
merged nozzle.

In Fig. 6, the metal flows are illustrated in the horizon-
tal cross-section Е ‒ Е, with the jacket rotating at speeds 
of 30 and 50 rpm.

The  flow vectors show little difference in terms 
of  motion patterns and velocities. At a rotational speed 
of 50 rpm, Fig. 7 illustrates the metal flows in the hori-
zontal section of  the  submerged nozzle as it moves 
through the  outlets (cross-section Ж ‒ Ж). The  pattern 
of metal flow is similar to that observed in cross-section 
Е ‒ Е (Fig. 6), albeit more intense.

When the  rotation speed reaches 50 rpm, the  metal 
can penetrate into the slag cushion along the narrow mold 
walls. Fig. 8 displays the motion field of the liquid metal 
(cross-section Г′ ‒ Г′). In this case, the liquid metal moves 
upward, covering half of the vertical plane of the mold’s 

Fig. 4. Velocity field of metal flows in the mold cross-section B ‒ B at n = 30 (a) and 50 rpm (b) 

Рис. 4. Поле скоростей потоков течения металла в кристаллизаторе в сечении В ‒ В при n = 30 (а) и 50 об/мин (b)
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Fig. 5. Velocity field of metal flows in the mold cross-section D ‒ D at n = 30 (a) and 50 rpm (b) 

Рис. 5. Поле скоростей потоков течения металла в кристаллизаторе в сечении D ‒ D при n = 30 (а) и 50 об/мин (b)

Fig. 6. Velocity field of metal flows in the mold cross-section Е ‒ Е at n = 30 (a) and 50 rpm (b) 

Рис. 6. Поле скоростей потоков течения металла в кристаллизаторе в сечении Е ‒ Е при n = 30 (а) и 50 об/мин (b)
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side wall, and accelerates at the  slag jacket, reaching a 
speed of 10 cm/s. In the cross-section D ‒ D, metal moves 
swiftly downward from the  slag jacket (Fig. 5, b). This 
rapid movement suggests the potential formation of vor-
tices beneath the slag jacket. Such vorticity in the metal 
flow is not necessarily benign. It raises the concern that 
slag could become entrapped within the continuous ingot, 
negatively impacting the quality of the ingot.

 Conclusions

The theoretical study produced numerical results:
‒ in cases of  forced mixing of  liquid metal within 

a  rectangular cross-section mold, the  mold walls are 
intensively washed, significantly aiding in the  transfer 
of heat from the liquid metal to the mold walls;

‒ within the mold, particularly in its upper section, there 
is observed accelerated movement of liquid metal flows;

‒ on narrow mold walls, liquid metal is propelled (even 
at 30 rpm) towards the slag jacket area, potentially allow-
ing some of the slag to mix into the continuously cast ingot. 
To prevent this issue, the submerged nozzle equipped with 
the rotating jacket can be positioned deeper into the mold. 
This adjustment requires an increase in mold height.
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