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Abstract: Temperature of cooling roller is a key issue affecting the quality of the amorphous ribbon. To this end, heat flux distribution
acting on cooling roller outer wall was calculated by fluid dynamics software Fluent. Cooling roller steady temperature field was
analyzed with a finite element method with heat flux boundary conditions. The cooling roller inner and outer wall temperature
distribution was obtained and the temperature of cooling roller as a function of cooling roller thickness and water passage height was
discussed. Results show that cooling roller outer wall temperature decreases with roller thickness and the cooling water passage height

decrease; cooling roller inner wall temperature decreases with roller thickness increases and the cooling water passage height decreases.

Meantime, the appropriate roller thickness and passage height were selected to keep both inner and outer wall temperature of cooling
roller within the certain range. The study result provides theoretical support for cooling roller design and optimization.
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Amorphous alloy has more excellent physical, chemical
and mechanical properties than conventional crystalline
alloy. Therefore, amorphous ribbon has very broad
application prospects in electricity, aviation, aerospace and
other fields. Planar flow casting (PFC) process is a major
method for industrial preparation of amorphous ribbon
owing to its capability of producing thin, wide and
continuous amorphous ribbon™. Narasimhan® invented
PFC process to produce amorphous ribbon, which can
produce continuous amorphous ribbon at 20~30 m/s, and
adjust the ribbon width with demands, especially in a Fe
based magnetic ribbon preparation process®.

In PFC process, a large amount of high temperature melt
conduct heat transfer to the cooling roller resulting in
cooling roller outer wall temperature rising sharply, which
can affect roller cooling capacity and amorphous ribbon
quality. Thus, in order to produce high quality amorphous
materials, it is necessary to analyze influencing factors of
cooling roller temperature and select the suitable parameter
to keep cooling roller temperature within a specified
range*®. One of the key boundary conditions acting on
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cooling roller outer wall is heat flux. Pang™® proposed an

equivalent average heat flux method to simulate cooling
roller temperature field distribution and conducted
experiments to verify its correctness. Guo™ simulated
cooling roller steady-state temperature field in PFC process,
got the cooling roller temperature field, and discussed the
effect of roller diameter, thickness and speed on roller
wall temperature. However, there is little information about
the effect of heat flux distribution along cooling roller outer
wall, cooling water passage height and roller thickness on
cooling roller wall temperature.

The purpose of the present study is to discuss the heat
flux distribution acting on cooling roller outer wall by a
numerical simulation method. Steady thermal analysis was
carried out to investigate the effect of parameter variables
on cooling roller temperature distribution, and result will
provide theoretical foundation for cooling roller design in
PFC process.

1 Numerical Simulation
1.1 Physical model
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Presently, the PFC process is a major method for
industrial preparation of amorphous ribbon. Schematic
illustration of PFC process is shown in Fig.1. Melt in
crucible flowing through the nozzle slit was sprayed onto
cooling roller by argon pressure and its own weight, and
then cooled rapidly at 10° K/s to form amorphous ribbon.
These processes released lots of heat in a very short time,
and raised cooling roller inner and outer wall
temperature by heat conduction; then amorphous ribbon
was detached from the cooling roller by peeling
equipment at 1/4 circle of roller.

In the analysis above, there are two phases in amorphous
preparation.

(1) From the position of melt injection to the position
of ribbon detached from cooling roller (about 1/4 cir of
roller), cooling roller outer wall mainly was subjected to
heat flux from the melt and ribbon. So in this phase,
cooling roller temperature analysis can use the
equivalent heat flux q;

(2) From the position of the ribbon detached from
cooling roller to next melt inject position (remaining 3/4 cir
of roller), cooling roller was mainly subjected to heat
exchange with ambient air. Air heat transfer coefficient is
much smaller than that of the cooling water, so in this study,
cooling roller heat transfer with ambient air can be ignored.
1.2 Basic assumptions

So as to facilitate and simplify the analysis process, the
following assumptions are proposed:

(1) Ignoring the flow disturbance, the melt flow is
laminar.

(2) Amorphous ribbon contacts well with cooling roller,
no slip occurs between cooling roller, melt and nozzle
wall.

(3) Because the air heat transfer coefficient is much
smaller than that of cooling water, we do not consider heat

convection with ambient airt*!.
1.3 Mathematic model

The mathematic model of ribbon formation established
according to corresponding physical model of PFC process
and relevant calculation parameters are shown in Table 112,
In order to improve the accuracy and computational
efficiency, local mesh refinement meshing was set in
contact area between puddle and cooling roller outer wall as
shown in Fig.2a.

Calculation accuracy is affected by model grid size. This
study takes contact temperature between cooling roller
outer wall and puddle as target verified grid independence
by puddle grid size s=0.2, 0.1, 0.05, 0.02, 0.01 mm, as
shown in Fig.3. The contact temperature variation decreases
with mesh size decreasing, When s=0.02 mm, the curve has
become approximately horizontal. Considering computational
efficiency, s=0.02 mm was chosen as a puddle model
meshing standard.

Crucible

A

Cooling ‘
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Fig.1 Schematic illustration of PFC

1.4 Boundary conditions

Boundary conditions are defined as shown in Fig.2b.

(1) Melt inlet: using pressure inlet boundary conditions,
inlet temperature, T;, = 1533 K; initial inlet pressure P;, =20
kPa.

(2) Crucible wall: here the heat exchange does not occur,
and the adiabatic boundary conditions are set.

(3) Cooling roller inner wall: heat convection between
cooling roller and cooling water, heat transfer coefficient is
h, which changes with the cooling water passage height.

(4) Air inlet and outlet: pressure inlet boundary, relative
pressure is 0.

(5) Cooling roller speed: v=30 m/s.

1.5 Solution method

Discrete control equations are solved by the finite
volume method. The SIMPLE algorithm are employed by
solving Navier stoke equation to obtain the velocity and
pressure distribution. An explicit time marching scheme is

used to solve the VOF equation™.
1.6 Heat flux distribution

After simulation reached to steady state, cooling roller
temperature and heat flux no longer changed as time.
Steady state heat flux distribution, acting on the outer wall
of the cooling roller, was extracted by the software Fluent,
and post-processing module is shown in Fig.4.

It can be seen from the analysis result that cooling roller
outer wall subjected to boundary condition can be divided
into the following phases: L1-L5.

(1) Heat flux acting on cooling roller outer wall
increased to maximum sharply at the front of alloy inlet
position, where alloy has not been solidified, and cooling
roller outer wall was subjected to the highest heat flux
.= 4108 W/m?.
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Table 1 Calculation parameter

Item Value

Diameter of cooling roller, D/mm 1600
Rotation speed, v/m s™ 30
Slit width of nozzle, W/mm 0.6
Nozzle-wheel gap distance, G/mm 0.3
Ejection pressure, Pin/kPa 20

Ejection temperature, Tin/K 1533

Air inlet

Molten inlet T;,, Piy  Out let

N
Crucible wall Roller wall h, v

Fig.2  Mathematic model mesh system (a) and boundary
conditions (b)

(2) The temperature of liquid alloy decreased rapidly by
heat conduction due to contact with cooling roller, so heat
flux acting on roller L2 is much smaller than L1,
0,=2.5x10° W/m?.

(3) Liquid alloy began to solidify when its temperature
reached to solid-liquid boundary; meanwhile the heat flux
decreased slowly with further decline of ribbon temperature,
heat flux gs=2>10® W/m?when the temperature reached to
freezing point.

(4) From position of forming ribbon to that of ribbon
detached from the cooling roller, heat flux decreased with
amorphous ribbon temperature decreasing owing to heat
conduction and convection effect, heat flux of the position
where amorphous ribbon was detached from the cooling
roller q,=4.5x10° W/m®.

(5) From the position of amorphous ribbon detached
from the cooling roller to the alloy inlet position (remained
3/4 roller cir), heat flux gs=0 W/m?, since the amorphous
ribbon is detached from the cooling roller, cooling roller
outer wall is no longer affected by heat flux from ribbon.

Cooling roller heat flux have the maximum value in L2,
L3 phase, but the contact time is very short in these phases.
Heat flux is 0 in L5 phase, but contact time is very long, so
heat flux mainly concentrate in L4 phase, and heat flux
distribution in a cycle is shown in Fig.5. Two cycles of the
heat flux acting on cooling roller distribution were analyzed
as shown in Fig.6. Cooling roller outer wall subjected to
average heat flux g,=2.05x10° W/m?, which is consistent
well with the literature result™*?,
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Fig.3  Verification of independence of grids in computation
model

Fig.4 Heat flux distribution of roller outer wall

L1 L2 L3 L4 Ls
£ 4l
=
k=)
—
X 3r \
k=3
]
T 2r
5
(<5}
I
1F \\

0102 s s Os
Position

Fig.5 Heat flux distribution on roller out wall

2 Steady Thermal Analysis

2.1 Parameter calculation

Cooling roller water channel is the annular structure, and the
section of the annular cooling channel is selected as shown in
Fig.7. In the figure t is the thickness of cooling roller, and k is
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Fig.6 Heat flux distribution in two rotating cycles

‘ 142 mm
S e s
] z
k JEESEEsSeseEsTsgesssorasgus ontyy
]
‘ 350 mm Water

Fig.7 Cooling roller heat transfer model

the height of passage. Cooling roller suffers a periodic heat
flux with roller rotation, equivalent heat flux g, acting on
contact area between ribbon and cooling roller. The heat
transfer coefficient h is imposed on surface between cooling
water and roller inner wall.

(1) Equivalent diameter d

The cooling water passage is annular duct, and equivalent
diameter d is calculated as the following equation:

d=[D’~(D-2)’])/D (1)

where D is the outer diameter of the cooling channel, and k
is channel height.

(2) Convection heat transfer coefficient h

The inner wall of the cooling roller is cooled by cooling
water convection. Heat transfer coefficient between the
roller and cooling water is h, which can be calculated by

Dittus-Boelter equation (2)™*%:
h=0.023x i . (ﬂ)os . (%)0.8 @)
d = u 2
Re = ﬂ (3)
u

where 4, p, i, U, and C are the thermal conductivity, density,
viscosity, velocity, and specific heat capacity of the cooling
water, respectively.

Therefore, the relationship of heat transfer coefficient h
and the equivalent diameter d is obtained according to
Egs.(2) and (3) as shown in Eq (4). The heat transfer

coefficient h acting on cooling roller inner wall changes
with channel height k when R,=1.610°, as shown in Fig.8.

(4)
h=0023x 2. Roe. (S
d A

It becomes obvious that the heat transfer coefficient h
decreases as channel height k increases at constant

Reynold’s number.
2.2 Temperature field distribution

The steady temperature and heat flux distribution of
cooling roller are obtained by a finite element method as
shown in Fig.9. Point A, in the center position of cooling
roller outside wall, has the highest temperature. The
maximum temperature of the cooling roller inner wall at
point B. Points C and D, the outer wall of the cooling roller
have the maximum heat flux.

Heat flux acting on cooling roller is mainly along the
vertical direction of the cooling roller at the centerline, but
at contact boundary, heat flux is along the horizontal and
vertical directions, as shown in Fig.9b.

It can be seen that the temperature of cooling roller outer
wall increases significantly at contact area, but temperature
of inner wall increases more gently. Both inside and outside
roller wall have the highest temperature at the centerline,
and temperature of cooling roller two ends is similar to
surrounding air 28 €.

In order to verify the accuracy of the numerical
simulation, the outer wall temperature of cooling roller was
measured at different positions by experiments, and the
comparison results of experiments and simulation are
shown in Fig.10. The simulation results are consistent well
with the experiment, and the difference is less than 5%. The
simulation is larger than the experimental since the
simulation does not consider the influence of ambient air
flow heat transfer with roller. The comparing analysis
indicates that the numerical simulation model and method

with heat flux as boundary conditions is correct.
2.3 Roller wall temperature
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Fig.8 Heat transfer coefficient h variations with channel height k
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Fig.9 Cooling roller temperature (a) and heat flux (b)
distribution in steady state

In order to analyze the effect of cooling roller water
channel height k and roller thickness t on cooling roller wall
temperature, we took cooling roller thickness t = 20, 30, 40,
50 mm and channel height k = 5, 6, 8, 12 mm.

(1) Cooling roller outer wall temperature T,

The maximum temperature of the cooling roller outer
wall T,increases with channel height k and roller thickness t
increasing, as shown in Fig.11. It is obvious that smaller
cooling roller thickness and cooling water passage height
can reduce the roller outer wall temperature when other
parameters unchange.

(2) Cooling roller inner wall temperature T,

The maximum temperature of the cooling roller inner
wall T, increases with channel height k increasing and roller
thickness t decreasing, as shown in Fig.12. In order to
reduce the inner wall temperature of the cooling roller, we
should increase roller thickness t and decrease cooling

water passage height k.
2.4 Parameter optimization

The quality of the amorphous ribbon is affected by
cooling roller surface temperature, so it is necessary to
maintain the average temperature of cooling roller outer
wall below 200 € and the average temperature of cooling
roller inner wall below 100 <€ ©. Above all, the maximum
temperature of the cooling roller outer wall should be lower
than 300 €€ and inner wall lower than 150 <. The plan
meets the requirements obtained by multivariate analysis
methods as shown in Table 2.

In amorphous ribbon preparing process, cooling roller
outer wall formed pitting owing to eclipse injury from high
temperatures alloy, which affects roller mechanical
properties and quality of amorphous ribbon. Therefore, the
roller requires grinding at constant time to keep the high
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Fig.10 Temperature distribution of cooling roller wall
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Fig.11 Roller outer wall maximum temperature varying with
roller thickness t and channel height k
Fig.12 Roller inner wall maximum temperature varying with

roller thickness t and channel height k
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Table 2 Program parameters

3) The temperature of cooling roller outer wall decreases
with the thickness of the roller and the cooling water
passage height decreasing, while the inner wall temperature
of roller decreases with the thickness of the roller
increasing and the cooling water passage height decreasing.
By comparison analysis, the appropriate roller thickness
and passage height are selected to keep cooling roller both
inner and outer wall temperatures within a certain range.

Plan k/imm t/mm Ta To
1 8 20 249 150
2 6 20 222 123
3 5 20 205 107
4 8 30 283 143
5 6 30 258 118
6 5 30 243 102
7 5 40 278 111

quality of ribbon. Meanwhile, in order to strengthen the
mechanical strength of the cooling roller, roller thickness t
should be larger within appropriate ranges. The channel
height k should be smaller within appropriate ranges owing
to decrease of the total flow of cooling water. In summary,
the plan 7 is reasonable according to the plans in Table 2,
where channel height k=5 mm, the thickness of the cooling
roller t=40 mm.

3 Conclusions

1) The temperature of cooling roller outer wall increases
sharply where it contacts with the alloy, and then decreases
quickly. The temperature of inner wall has the similar
trends, but the temperature changes more gently. The
temperature difference of cooling roller inner and outer
wall is 8 K at two ends position, but difference reaches to
180 K at the center position.

2) Heat flux acting on cooling roller at central region can
be approximated as one-dimensional heat conduction, and
the thermal conduct direction from outside to inside, but the
two-dimensional heat conduction at contact boundary is
along the cooling roller axial and radial directions. Above
all, when the width of amorphous ribbon is large, most of
the heat transfers along the radial of the cooling roller, and
heat conduction can be simplified using one-dimensional
heat conduction.
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