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simplified so that thermal conductance depends on temperature,
contact pressure and carbon content of a fully ferritic steel strip.
Nomenclature
A
B
C%
CT
D
Eeff
Gr
hcond
hconv
ka
kα
Nu
P
Pr
Ra
T
Tp
Ta
σ
σrms
ms
μ
α
β
βa
cp
g
η

constant in kα
constant in kα
percentage by weight of carbon, mass%
coiling temperature, °C
coil diameter, m
effective elastic modulus, MPa
Grashof number
heat transfer coefficient for convection, W/m2K
thermal contact conductance, W/m2K
thermal conductivity of air W/mK
thermal contact conductivity W/mk
Nusselt number
contact pressure, MPa
Prandtl number
Rayleigh number, Pr * Gr
temperature, °C
steel surface temperature, °C
ambient temperature, °C
surface roughness, m
root mean square roughness, m
asperity slope
air dynamic viscosity, kg/ms
Rayleigh mass proportional damping parameter
Rayleigh stiffness proportional damping parameter
1/Ta, 1/K
specific heat of air, kJ/kgK
gravity, m/s2
air kinematic viscosity, m2/s
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2.1. FEM model details
Contact pressure analysis was performed with
Abaqus/Explicit solver using C3D8R elements and symmetry
in widthwise direction of the strip (Fig. 1.) Element length was
25 mm, one element was used in thickness (3 mm) direction of
the strip and 5 elements were used over the widthwise direction
of the symmetrical coil. Real coil geometry was used in the
model, but strip crown was ignored. In the initial state strip is
805 m long and between the adjacent strip layers is a 0.01 mm
gap which will close in the coil tensioning. Small gap makes
the strip tensioning easier. In addition, the small displacements
required to tighten the coil, assist in reaching equilibrium state
in the simulation quickly, because a fully elastic steel coil can
be treated as a spring. Material properties of the strip were fully
elastic and elastic modulus of 180 GPa in coiling temperature
595 °C was used. Temperature is not included in coiling
analysis and coiling is assumed to be a isothermal process.
Also, temperature distribution in the coil is uniform after
coiling. Fully elastic material model is an acceptable
assumption for the 3 mm strip although innermost revolutions
may deform plastically in real coiling due to high temperature.

2. Coil tensioning
A 3D FE (Finite Element) analysis to calculate contact
pressure within the steel coil after a coiling process was
developed. The analysis was divided into two steps: in the first
step a geometrically coiled strip was tensioned on the mandrel
of down coiler and in second step the mandrel was removed,
and coil conveyance started with the first conveyor. In the first
stage the real coil geometry with 3 mm strip thickness was
“coiled” with 27 MPa coiling tension. The coiling analysis was
performed with frictionless tangential contact condition. This
way mimicking contact pressure of real coiling was achieved
without modelling the actual coiling process and the normal
(radial) contact pressure between strip revolutions was
simulated. In the second stage the deformed orphan mesh and
stress state were imported into the new analysis to remove the
mandrel and contact the coil with conveyor. In the second step
Coulomb’s friction conditions were added in the tangential
contact conditions with friction coefficient 0.3 so that the coil
would not loosen when mandrel and coiling tension were
removed.

Fig. 1. Configuration of coiling model (symmetrical).

In the FE-model of coiling a state of equilibrium is
challenging to obtain with a fully elastic constitutive model of
steel. Explicit solver has always a small default damping, but it
is not enough for such a model to achieve equilibrium in
reasonable simulation time. Therefore, additional mass
proportional α damping is used in elastic material model.
Rayleigh damping contains two damping parameters, α and β.
According to [6] the α parameter is efficient with low
frequencies and β is suitable for higher frequencies.
Furthermore, β affects significantly on stable time increment
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and thus it should be on the same order of magnitude as the
initial stable time increment without damping [6].
Correspondingly the effect of α on the stable time increment is
of no importance. In our natural frequency analysis for the coil
it was found that 20 lowest natural frequencies were all smaller
than 1.0*10-2 1/s so the α damping was suitable for our model.
In Fig. 2. are compared the strip tail vertical displacement under
27 MPa coiling tension with α = 3.15 and α = 49.18. With
higher α value the equilibrium was obtained without any
oscillations and in much less time.

3

Equivalent Von Mises stress distribution on coiler mandrel
and after mandrel removing are shown in Fig. 4a and b to
illustrate stress relief in the coil eye when mandrel is removed.
Red data path in Fig. 4b is used to define radial contact pressure
within the coil in Fig. 5. Radial contact pressure is distributed
over the coil radius as calculated in Ref. [7]. Removing the
mandrel after the coiling process decreases the contact pressure
near the coil eye significantly but due to frictional forces and
the mass of the coil the contact pressure remains almost
unchanged near the outward strip revolutions. Noteworthy is
how the contact pressure is almost zero at inward and outward
revolutions of the coil. In this case contact pressure-dependent
thermal contact conductance does not transfer heat efficiently
Heat radiation at the contact interfaces must be considered in
the simulation to ensure heat transfer on these sections.

Fig. 2. Y-displacements of tensioned strip tail using different Rayleigh α
damping values.

2.2. Contact pressure simulation results
Contact pressure distribution of coiled strip and after
mandrel removing are depicted in Fig. 3. Results are shown as
an unwound coil and as a function of strip length to make it
more pictorial. When coil is removed from the downcoiler the
mandrel shrinks and the external pressure from the coil eye
vanishes. At this moment the coil eye is loosened, and the
innermost adjacent strip surfaces may slide slightly in relation
to each other. Otherwise, the coiling tension is unloaded from
the strip tail at the end of coiling process and only the coil’s
own mass keeps it together on a conveyor. Elastic elongations
on outermost revolutions recover partially at this point too.
Frictional forces within the coil are very intensive and thus
there remains a relatively high contact pressure in the coil
during the coil conveyance. contact pressure distribution at first
conveyor is shown in Fig. 3 too.
Fig. 4. Equivalent Von Mises stress distribution of (a) coiled strip and (b)
after mandrel removing. Red radial data path is used to plot contact pressure
in Fig. 5.

Fig. 3. Contact pressure distributions at coiled strip on mandrel and after
mandrel removing.
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3.1. Heat radiation and convection

Fig. 5. Radial contact pressure distributions on down coiler mandrel and
after mandrel remove (in coil eye x = 0).

Contact pressure distribution varies continuously within the
coil during coil cooling due to temperature changes and volume
changes of possible phases transformed during cooling [8].
These also influence thermal contact conductance. These
phenomena are not considered in this study and will be taken
into account in further researches.
3. Thermal model – coil cooling
Coil cooling simulation was also performed using an FE
analysis (Fig. 6.) Coil cooling analysis was continued from the
state after coil tensioning. Any variables were not imported
directly between these two analyses, but the equation in Fig. 5
was utilized inside the GAPCON-subroutine as CPRESS
(contact pressure). The fitted equation presented CPRESS as a
function of coil radius and this radius could be calculated from
a global coordinate system cartesian coordinates x and y in any
point of the coil with � � �� � � � � . CPRESS in z-direction
was assumed as constant.
The analysis was a pure heat transfer analysis including
thermal contacts, but no mechanical contacts were
acknowledged. Reflection symmetry of cavity radiation in the
coil eye was considered due to symmetry used in the model.
Only half width of the coil geometry was used to obtain finer
discretization on the symmetrical half of the coil and to reduce
computing time. Element used in the heat transfer analysis was
an 8-node linear heat transfer brick DC3D8.

As emissivity of an oxidized hot steel strip surface, 0.7-0.8
is generally used. Manoj Dash and Sukanta Kumar Dash
introduced natural convection heat transfer for a steel cylinder
on the ground [9]. Their study focused on the laminar regime of
air flow due to convection i.e. Rayleigh number (Ra) varying
between 104 and 108. In their study the equation for Nusselt
number (Nu) was derived utilizing Ra. The coil in this case is
relatively large and calculations of Prandtl number (Pr) and
Grashof number (Gr) which define the Ra exceeded the value
of 109 and flow around the coil turned out to be turbulent. Thus,
the calculations to derive Nu were performed individually.
Substituting above-mentioned numbers into the equation �� �
������ ���� results in; equation 1:
����� �

0���� ��

����

� � ���� ���� � �� �
�
� � ��
�

This equation was coded into the FILM-subroutine.

���

3.2. Thermal conductance
The selected steel grade for this simulation is fully ferritic
when coiled after accelerated water cooling on a run-out table.
Thus, Browne’s equation 2 for thermal conductivity of ferritic
steels is used [10]:
�� � � � ��,

�2�

where:

� � 50 �

70
23
�
���
cosh�7�5 ∙ �� � cosh�5 ∙ ���8 � ������ �

� � �0�03�37 � 0�00�2� ∙ �

�3�

���

In our case, there are two surfaces in different temperatures on
contact interface. Therefore, effective thermal conductivity
must be considered. Equation 5 for the effective thermal
conductivity is:
��,��� �

2��� ��� ���� ��� �
��� ��� � � ��� ��� �

�5�

To define thermal contact conductance Mikic’s model is
utilized. The theory has been formulated in 1974 by Mikic.
Expression for thermal contact conductance based on the
material properties is depicted as follows in equation 6 [11]:

Fig. 6. Coil field cooling assembly and element mesh. Neighbouring coil
was used as a boundary condition on the coil field.

�����

��,��� �� �√2
� ��55
�
�
����
���� ��

����

���

and ����� with respect to P, T1 and T2 for the GAPCON
subroutine (equations 7, 8 and 9):
������
������ ������
,
���
��
���
���

�7�, �8�, ���
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was included at the coil field with initial temperature 540 °C.
Ambient temperature at the coil field was assumed to be 17 °C.

�
2�� � � 1�

���� � ��� � � �� �

5

�10�

�� � 0�12������� � ∙ 10� �

�11�

�����

�12�

Thermal conductivity calculated with Browne’s equation 2
using C% = 0.16 is plotted in Fig. 7. In another simulation we
use constant contact pressure 0.8 MPa to calculate thermal
contact conductance at the strip revolution interfaces with
Mikic’s model. Temperature-dependent Browne’s equation is
substituted in the equation 6 and plotted in Fig. 7.

Fig. 7. Browne’s thermal conductivity of ferritic steel and Mikic’s thermal
contact conductance in constant contact pressure as a function of
temperature.

4. Results
Simulations to determine radial contact pressure distribution
in the coil showed how notable differences in contact pressure
there are within the coil. According to those simulations and
the temperature-dependent thermal contact conductance the
assumption of constant contact pressure in the coil is not
acceptable. Both situations were simulated, and temperature
distribution of unwound coils are compared in Figs. 8-12 at
different cooling times. Left edge on the Figs. 8-12 is strip head
(cooled in coil eye) and right edge is strip tail (cooled at
outward revolutions). Unwound strip length is 805 m.
In Fig. 8, directly after coil conveyance the effect of contact
pressure differences on the temperature distribution is already
noticeable. Coil with radial contact pressure is not cooled as
considerably as the coil with constant contact pressure. This
can be explained simply with contact pressure -dependency
which decreases the thermal contact conductance near zero due
to calculated contact pressure at inward and outward strip
revolutions. This prevents the heat conduct efficiently towards
inward and outward strip layers and heat is mainly transferred
by heat radiation at these regimes. Correspondingly, constant
contact pressure conducts heat similarly through the whole
radial direction and temperature-dependent Browne’s thermal
conductivity increases the efficiency of conductance when
temperature decreases.

3.3. Simulation types
In the coil cooling simulations two thermal contact
conductance interactions were used within the coil. One
simulation with constant contact pressure (Table 1) in the
whole coil and the other with the previously solved varying
radial contact pressure. Strip was assumed to be fully ferritic
and Browne’s temperature-dependent thermal conductivity
was utilized together with Mikic’s contact pressure-dependent
thermal contact conductance theory. In both simulations
ambient circumstances were similar so only contact pressure
distribution within the coil diverged.
Table 1. Calculated thermal contact conductance with constant contact
pressure.
Conductance (mW/mm2°C)

Temperature (°C)

CPRESS (MPa)

0.815

20

0.8

0.758

127

0.8

0.631

367

0.8

0.441

727

0.8

Coil cooling simulation was commenced from coiling
process (CT = 595°C) and ended at the coil field being cooled
for 16 hours. Before the coil field cooling the coil went through
a coil conveyance chain with 29 different thermal contacts with
conveyors in 45 minutes [12]. Surrounding hot coils during the
conveyance were considered and one boundary condition coil

Fig. 8. Strip temperature distributions compared with (a) radial CPRESS
and (b) constant CPRESS after coil conveyance (45 min after coiling) (coil
eye on left edge).

The same behavior can be seen in Figs. 9-12. In radial
contact pressure simulations there are higher temperature
gradients between near the outermost and innermost strip
revolutions but on the body part of the strip temperature
distribution is quite equal compared to constant contact
pressure simulations. This certainly influences on
simulations of metallurgical phenomena. Cooling rates
inside the coil define e.g. the final microstructure of dual
phase steels. Thus, the heat transfer within the coil and with
external contacts must be reliable.
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Fig. 9. Strip temperature distributions compared with (a) radial CPRESS
and (b) constant CPRESS after 3600 s (1 h) of coil field cooling (coil eye
on left edge).
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Fig. 12. Strip temperature distributions compared with (a) radial CPRESS
and (b) constant CPRESS after 57600 s (16 h) of coil field cooling (coil eye
on left edge).

In Fig. 13 is shown the red data path which is used to
compare temperature gradients at the outermost side of the
coil between constant and radial contact pressure
simulations (Fig. 14.).

Fig. 10. Strip temperature distributions compared with (a) radial CPRESS
and (b) constant CPRESS after 10800 s (3 h) of coil field cooling (coil eye
on left edge).

Fig. 13. Data path used in Fig. 14. and temperature distribution of outward
coil edge.

Fig. 11. Strip temperature distributions compared with (a) radial CPRESS
and (b) constant CPRESS after 36000 s (10 h) of coil field cooling (coil eye
on left edge).

Fig. 14. Comparison of radial temperatures distribution on outermost coil
edge between constant CPRESS and radial CPRESS dependent thermal
contact conductance (coil field cooling starts at 0 s).
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5. Conclusion

Acknowledgements

FE-models to calculate radial contact pressure due to coil
tensioning as well as coil cooling during the coil conveyance
and coil field cooling have been developed. Temperaturedependent thermal conductivity for ferritic steels and contact
pressure-dependent thermal contact conductance were
considered in simulations. This was compared to simulation
with constant contact pressure used in thermal conductance.
Results diverged significantly from each other. The
simulation with pressure-dependent thermal conductance
produced very uniform cooling within the coil excluding the
outermost and innermost strip revolutions. This was caused by
calculated radial contact pressure distribution. Contact pressure
decreased near the zero at innermost and outermost strip layers
resulting in small thermal conductance conditions on these
regimes. Constant contact pressure simulation cooled
nonuniformly since radial contact pressure distribution was not
considered.
The contact pressure distribution will change even during
the coil conveyance due to volume changes caused by possible
phase transformations and temperature changes. These also
influence heat conduction. However, considering this would
require a coupled temperature-displacement model and a selfcoded UMAT constitutive model. So, it will be future work and
next steps in this research are experimental temperature
measurements of hot coils and validation of coil cooling model.
In further studies phase transformations will be implemented
into the model to simulate cooling of dual phase steels.

The authors would acknowledge the valuable technical
input and knowhow to the research by M.Sc. J. Pyykkönen and
J. Jokisaari from the SSAB Europe.
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