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Abstract: Planar flow casting (PFC) is an advanced technology to produce amorphous and nanocrystalline ribbons in electrical
application. One of the major challenges of this technology is not only to have a rapid cooling rate to suppress the crystallization but
also to achieve a high surface quality of ribbons. A new way to predict the fluid flow fields and heat transfer coefficient distribution of
two types of single-roll cooling structures which are widely used in industrial production was proposed, i. e. 3-D time-independent
steady simulation models. The flow velocity distribution of the two types of structures was calculated by software FLUENT,
combined with energy and momentum equations. Additionally, the convective heat transfer coefficient distribution of the two
structures was predicated. The results show that the velocity distribution of the roller with a water channel structure (WCS) is neither
uniform nor periodic, and that of the roller with a water gap structure (WGS) is not uniform but periodic. The convective heat transfer
coefficient distribution of the two kinds of rollers is not centrally symmetric, and the cooling feature of WGS roller is more regular.
Three appropriate zones with symmetric distribution were predicated for a WGS roller, which was verified by the succeeding times of
continuous production of ribbons. According to the thermal equilibrium principle, the heat transfer process of PFC technology was
also described. These data suggest that uniform distribution of convective heat transfer coefficient can be one of the criterions to

design the structure of cooling roller.
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Amorphous and nanocrystalline (AM/NC) alloys have
attracted increasing attention as a new generation of soft
magnetic materials due to their superior high saturation
magnetization and low coercivity, as well as core loss at both
high frequency and no-load state compared to classical silicon
or ferrite steel. AM/NC alloys are used in a wide range of
industry fields, such as in transformers, pulse power devices,

=) Superior torque

sensors and telecommunication devices
motors with an amorphous core in new electric vehicles for
large capacity applications have been thoroughly investigated
in recent years™. NC ribbons have been considered the best
materials in wireless power transfer field because of their high
charging efficiency®™.

The planar flow casting (PFC) method invented by Nara-
simhan™ is a breakthrough method for fabricating amorphous
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ribbons. Fig.1 illustrates the schematic of the PFC process. In
the process, molten metal is ejected from a crucible through a
rectangle nozzle slot onto a cooling roller. A puddle
constrained by the surface tension is then formed between the
nozzle and the cooling roller, which adheres to substrate
wheel, and is rapidly solidified into ribbon. Then the ribbon is
detached from the roller by air blower near 1/4 of a rotation
circle!.

Many studies have been conducted to analyze the PFC
process since 1979. Until now, most of the studies use
experimental or computational simulation methods to focus on
the melt puddle or the interface between the cooling wheel
and puddle™™. Little work has been done on the effect of
internal geometric structure of cooling roller on the fluid flow
fields during PFC process. This is important, as the design of
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Fig.1 Schematic of the PFC process

the cooling system plays a critical role in the PFC process to
achieve amorphous alloys and high quality of ribbon. The
fluid flow field directly determines the temperature fields and
the cooling rates at different positions, which then affects the
formation of amorphous structure and internal stress.
Therefore, this work aims to formulate the distribution of
the fluid flow field of two typical cooling structures using 3-D
steady time-independent simulation models. Meanwhile, the
convective heat transfer coefficient is also calculated as a
variable quantity at the interface of the water and the cooling
roller. The width of the ribbon and the proper position of
producing ribbon upon the cooling roller were predicted,
which was in agreement with the ribbon width in industrial
production. Finally, the design criterion for cooling structure
based on the thermal equilibrium principle was established.

1 Models and Calculation Methods

1.1 Calculation models

The models are formulated based on the following
assumptions.

(1) The mathematic model of the cooling structure is three-
dimensional and in a steady-state simulation.

(2) Since the heat expansion of the cooling roller is much
smaller than the diameter, the dimensional change of the
cooling roller is negligible. The cooling roller is assumed to
be a round ring.

(3) When liquid flows in cooling structure, it comes into a
no-penetration and no-slip boundary condition.

(4) Liquid inlet rate (Q) and temperature (7) are constant.

(5) The cooling water is incompressible and Newtonian
liquid.

(6) The water flow is turbulent because the Reynolds
number of cooling water in the cooling structure is much
bigger than 2300.

(7) The viscosity of the cooling water is constant
considering that the temperature difference is negligible from
the inlet pipe to the outlet pipe.

(8) Radiative heat transfer is ignored in this simulation.

The above assumptions are applied for the construction of
calculation models of two types of structures, which have a
steady-state, incompressible, turbulence flow problem with
the cooling wall. The velocity and pressure fields are coupled
accurately by solving the Navier-Stokes momentum equation,
and temperature field can be calculated with the energy
equation. Finally, the results are checked by the continuity
equation. The basic governing equations in the simulation are
presented as follows:

(1) Continuity equation:
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where p is independent with time based assumption (5), and
hence
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Combining Eq.(1) with Eq.(2):
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where p is the density of the cooling water, , is the velocity, P
is the pressure, T is the temperature, u is the viscosity, C, is
the specific heat, f; is the force per unit volume of fluid, 4 is
the thermal conductivity; subscripts i, j are the directions, i, j=
1, 2, 3, represents x, y, z directions, respectively; z is axial
direction.

The boundary condition in Eq.(4) is that the velocity of the
main inlet pipe in the simulation is 5.5 m/s. The velocity of
water/wheel interface deduced with no-slip boundary
condition is zero. The boundary condition is that the pressure
of the main outlet pipe reduces to P
difference is the driving force to make water flow, and thus
the calculation can be simplified.

According to Newton’s law of cooling, the theoretical inter-

=0, since pressure

facial heat transfer coefficient obtained by a coupling the
water/roller surface is as follows.
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where ¢ is the heat flux between cooling roller and water, and
T. and T, are the temperature of cooling roller inner wall and
water, respectively.
According to Fourier’s law of heat conduction,
oT
,j‘ -
ox;

- )
where A is the coefficient of thermal conductivity.
1.2 Numerical simulation

In this work, the profile schematic diagram of the spinning
device is illustrated in Fig.2a. The diameter of the cooling
roller (D) is 990 mm. The roller width (W) is 250 mm, and the
cooling width in contract with water is 200 mm. The roller
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Fig.2 Profile schematic diagram of the spinning device (a) and schematics of WCS (b) and WGS (c)

thickness (d) is 25 mm. The rollers have the same geometric
and thermal boundary conditions. The fluid flow direction is
from left to right in both of the two structures. It flows from
the main tube on the left to the inlet pipe in the spinning
device, and then flows into the cooling area which is close to
the cooling roller. The cooling area is the heat transfer section,
which absorbs the heat from the cooling roller. After the
cooling water absorbs the heat, it flows to the outlet pipe and
into the main tube. In current engineering applications, the
internal cooling structures of the roller are usually designed in
two modes: water channel structure (WCS) and water gap
structure  (WGS) modes. The cooling area of the two
structures among the inner cooling roller is different. The
WCS roller is designed with more than a hundred of channels
through axial direction of inner cooling roller, while the WGS
roller is designed without channels. Fig.2b and 2c illustrate
the schematic of WCS and WGS roller, respectively.

The 3D mathematic model of the two cooling structures
from inlet to main outlet pipe are established by the software
ICEM. In this model, the outer wall is not a solid pipe, but a
water/solid interface. The model is divided into several zones
to improve calculation efficiency and accuracy, and each zone
is discretized into all hexahedral finite element meshes. Part
of the cooling structures discretized with meshes and grid
refining magnifications for WCS and WGS structures are
shown in Fig.3a~3d, respectively. The meshes are uniform and
well-distributed, the mesh size is chosen as 0.5~2.5 mm and
the total numbers of grids are 19 194 909 and 12 047 960 in
the WCS and WGS structures, respectively. Most of the
quality metrics criterion of the meshes is more than 0.4. The
proper mesh size for obtaining a convergent solution and
economizing the calculation iteration requires 700 steps.

2 Results and Discussion

Based on the above mathematic models for two kinds of
internal structures, the numerical simulation was performed as
described. First, the fluid flow fields and heat transfer
coefficients in the cooling roller under static state are
calculated, and then the calculation converges under the
rotating state of the cooling roller during the process of

fabricating the ribbon. The simulation at static state is
converged where the residual is less than 0.001. The time for
achieving heat balance of the cooling roller is about 120 s
after casting, which is a short time compared to hours needed
in large-scale production”. Since the duration of the roller
rotation is a key parameter for preparing ribbons, we only
present the calculated result of the rotating state of the cooling
roller.

2.1 Velocity distribution in the two model structures

The fluid velocity distributions in the axial direction of the
two kinds of rollers during the PFC process are shown in
Fig.4. The fluid velocities in the longitudinal section of seven
water channels in WCS roller are demonstrated in Fig. 4a.
Since the water channels and inlet and outlet pipes are
periodically arranged according to a rule of recurring for
every six channels, seven channels are analyzed instead of all
the channels for high efficiency. It is found that the velocity is
not uniform, changing from -3.602 m/s to 2.680 m/s in the
water channels. It is also found that a negative value occurs at
some positions, meaning that the velocity direction is
opposite: a vortex is formed at the position where the velocity
is negative. Under this condition, the heat that originates from
the cooling roller corresponding to the vortex cannot be taken
away at the first time, thus increasing the vortex temperature.
The cooling rate of this position will be lowered due to the
reduced difference in temperature between cooling roller and
water. Additionally, not only the velocity of each channel is
not the same, but also the first channel and the seventh are not
the same. Thus, the wvelocity is not periodic in the
circumferential direction.

Fig. 4b and 4c show the velocity contour of the cooling
water and its distribution on the cross-section (z=0) of the
WGS structure during the PFC process, and the velocity is
periodically distributed. As shown in Fig. 4b, the velocity
gradually increases or decreases in the cooling area without
negative value, except for the high value in the circled area at
the inlet and outlet pipes. The velocity is not uniform
throughout the whole water gap in the central plane z=0. It is
also shown that the WGS mode can make the velocity more
homogenous than the WCS mode.
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Fig.3 Part of the cooling structure discretized with meshes of WCS (a, b) and WGS (c, d) structures
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Fig.4 Velocity distribution in WCS roller (a); velocity contour (b) and velocity distribution (c) on the cross-section of z=0 of WGS roller

2.2 Streamlines in two model structures

The streamlines in the two model structures are calculated
and drawn in Fig.5. The streamline is a curve composed of
different fluid particles at the same time, which gives the
direction tangent to the velocity vector of different fluid
particles at that time. In the WCS roller, the average velocity
in the channels is 1.77 m/s, which is lower than the velocity of
2.16 m/s in the WGS roller. Thus, it is seen that water prefers
to flow in the water gap instead of water channels when the
roller is spinning. Fig.5a and 5b demonstrate the streamlines
of the velocities flowing into the cooling roller in the WCS
and WGS rollers, respectively. It is shown that the streamlines
of cooling area are not different between the two diagrams,
both of which flow in the circumferential direction due to
centrifugal force by roller rotation. The water is a whirlpool
rotating in the main outlet pipe of the WCS roller, which has
more disorder than the WGS roller. How to make the fluid
flow along the axial direction needs to be resolved in the

future.
2.3 Convective heat transfer coefficient distribution

The convective heat transfer coefficient /4 is the heat trans-
fer capacity between two surfaces. Many researchers have
assumed the heat transfer coefficient as a constant value to

(7101719 ow-

simplify the numerical heat transfer simulation
ever, Hui et al® found that the value of the heat transfer
coefficient may vary in different puddle positions based on the
heat conducted and coupled Naaier-Stokes equation for prepar-
ing amorphous alloys with PFC technique. It provides some
references for the in-depth understanding of the convective
heat transfer coefficient distribution of roller/water interface.

The Dittus-Boelter equation is used to investigate turbulent
heat transfer in a tube.

N, = 0.023R}*P!'

04(T,>T;)

"3, <T) ®
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Fig.5 Streamlines in WCS (a) and WGS (b) roller

where N, Rgf, P are the Nusselt number, Reynolds number

and Prandtl number of cooling water in water channels,
respectively; 7, and 7, are the temperatures of the rotating
wheel inside wall and cooling water, respectively; m is chosen
as 0.4 because T, is bigger than T,.
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where p, v, u are the density, velocity and viscosity of the
cooling water, respectively; d is the hydraulic diameter of the
cooling channel.

C,u

P = 1
l't }v ( 0)
where C, is the specific heat, 4 is the thermal conductivity.
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Combining Eq.(8~11), the equation for heat transfer coeffi-

cient is expressed as
_ Ao opvd g Gl o,

h=10.023 XE'(T) -(7) (12)

It is shown that the cooling capacity of the WGS roller is
superior to that of the WCS roller. However, it should be
noticed that the above heat transfer coefficient is an average
value. In our discussion, it is not appliable to identify the
value of each point.

The convective heat transfer coefficient distribution curves
at the roller/water interface of two model structures during the
PFC process are shown in Fig.6. In Fig.6a, Line 1 to Line 7
correspond to the seven channels illustrated in Fig.4a of the
WCS roller. The axial direction of the diagram shows the
longitudinal direction of the channel, each line is in a promi-
nent fluctuated status from 1x10* W/m>K to 4x10* W/m*-K.

Although there is a locally symmetric area in each line, the
locations in the seven channels are different. We cannot find
any regularity from the diagram, so it is considered that the
convective heat transfer coefficient is randomly distributed.

Fig. 6b shows the convective heat transfer coefficient
contours and distributions of Line 1 to Line 7 in the WGS
roller at the same positions as the WCS roller for the purpose
of direct comparison. We found that the convective heat
transfer coefficient decreases slightly at the channel intake,
then rises rapidly to a maximum value at z=—80 mm with
symmetrical distribution to z=—67 mm. It drops slowly down
to z=50 mm and modestly fluctuates again near the outlet.
Each line has a similar trend, meaning that the distribution in
the entire inner wall of the wheel is the same due to the
periodic velocity distribution in the circumferential direction.

Constant /# is an important factor to produce uniform
thickness and wide ribbon due to the semi-empirical industrial
process”. The maximum amount of heat from the melted
metal is convected to the wheel at the coupled wall between
the air and solid domain"*. How to pin-point the position with
the maximum heat flux in the internal wall of the cooling
roller is a principal question. In addition, the symmetric region
is in a suitable location to produce ribbon. Two locally
symmetric areas are found in Fig.6b from z=-93 mm to z=—67
mm and from z=75 mm to z=90 mm. Three appropriate areas
to produce ribbons are predicted with ribbon width of 26, 35
and 15 mm from left to right.
2.4 Convective heat transfer coefficient distribution

The ribbons with different widths were produced in the
three areas to verify the simulation results. Seven groups of
ribbons with the width of 10, 20, 30, 35, 40, 45 and 50 mm
were produced. Each group was tested ten times at the three
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Fig.6 Convective heat transfer coefficient distribution of WCS (a)
and WGS (b) roller
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regions under the same conditions. If continuous production
of ribbons is more than 50 kgs, we considered that the
production is successful. Fig.7 shows the succeeding times of
each width at the three regions. At the right area, the
succeeding time decreases rapidly when the width increases to
more than 20 mm. The turning points for the left and central
areas are 30 and 40 mm, respectively. The scopes of ribbon
widths for successful production are 30, 45 and 20 mm for the
three areas from left to right, respectively. When the width
reaches up to 40, 45 and 50 mm from left area to right, the
succeeding time drops to zero. Both the experiment and
simulation show that the central area produces the widest
ribbon among the three areas. The experimentally detected
width is larger than the simulation result, which may arise
from some other parameters existed in the industrial

1" found that a lower

production. Liu” and Sowjanya et a
constant surface temperature of the cooling roller is an
important condition to produce a continuous ribbon with
uniform thickness. Therefore, regular convective heat transfer
coefficient distribution should be considered as an important
reference for producing wider ribbon.

2.5 Design criterion for cooling structure by thermal

equilibrium principle

During the conversion of molten metal to the final ribbon
product, the metal transfers heat from molten metal to water in
two sequential transfer processes. The primary process
consists of wheel absorbing heat and conducting inside the
cooling roller. The secondary process consists of sensible heat
in the wheel transferring to the water until the entire heat flow
is taken away by the water.

Since the convective heat transfer coefficient is out of order
in the WCS roller, thermal equilibrium can be achieved only
in the primary process. Therefore, the cooling roller is the
main tool to yield thermal equilibrium. Temperature
difference decreases with rising mass according to equation Q
=mCAT. Increasing the wheel diameter may be a feasible
solution to produce wider ribbons because it can reduce the
temperature difference of the outer wheel surface. This is
consistent with the experimental observation that the external
roller diameter

wall temperature decreases when the

increases!'”. For this reason, some manufacturers even
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Fig.7 Succeeding times as a function of ribbon widths at three areas

assembled the roller with a diameter up to 2000 mm to
produce amorphous ribbons.

Thermal convection should be the primary mode in the
WGS roller based on the convective heat transfer distribution.
A locally symmetric or uniform heat transfer coefficient can
provide locally symmetric or uniform temperature field at the
interface between the cooling roller and water. This can
decrease the temperature difference of the cooling roller
surface in the axial direction when the size of the cooling
roller does not change. Symmetric or uniform distribution for
all the convective heat transfer coefficients is the most
preferred condition for the cooling structure and should be
considered one of the criterions in designing the structure of a
cooling roller.

3 Conclusions

1) The flow velocity of water in the cooling zone of the
water channel structure (WCS) roller changes dramatically in
the longitudinal direction and presents a non-periodic trend.
The velocity of water in the water gap structure (WGS) roller
is not uniform in the longitudinal direction, but periodic in the
circumferential direction.

2) The distribution of convective heat transfer coefficients
is chaotic without a certain pattern in the WCS roller. For the
WGS roller, however, regular distribution and three
appropriate zones with symmetric distributions are predicated.
This predication has been verified by the successful
production times of continuous ribbons. This finding may help
to pinpoint the location where the molten is jet on the wheel.

3) The heat storage is directly proportional to the mass of
the cooling roller, which provides priority to the thermal
equilibrium in the WCS roller. Thermal transfer to the cooling
water is considered the first factor in the WGS roller
according to the thermal equilibrium principle. Uniform
distribution of convective heat transfer coefficient should be a
criterion in designing the structure of a cooling roller.
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