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Abstract
Due to it’s cost effectiveness and flexibility machining is widely regarded as the backbone of manufac-

turing. To ensure the aforementioned features of this method, the tooling and process must be configured
to suit the material. In literature many publications have analyzed and simulated a two-dimensional (or-
thogonal) cutting process to this end. This simplification has been proven to be effective and enables
predictions for a continuous cut. For the interrupted cut at the heart of our research this approach is
not valid and three-dimensional cutting simulations are necessary. Due to the computational complexity
involved few publications exist in this area. In this study an Arbitrary-Lagrangian-Eulerian (ALE) scheme
is employed using the commercial solver LS-DYNA. To validate the results and determine our model
parameters, an inverse method is proposed which uses the digitized surface of manufactured samples. The
predicted structure from the simulation was found to be in excellent agreement with the measurements
and the model can be used to reduce the need for empirical tests.

1 Introduction
Heat transfer is an essential facet of most industrial processes. Improving this aspect in devices used in,
for example, the chemical or electricity industry can play an important role in reducing resource usage and
increasing economic efficiency. To this end pipes with micro-structured surfaces were developed to increase
the heat transfer. Specifically at first a helical structure is rolled onto the inside of the pipe which is then cut
and erected toward the longitudinal axis of the pipe. One such structure is displayed in Figure 1.

Figure 1: Partially-formed inner surface of a microstructured tube [1]
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It can be seen that for these structures the manufacturing process and the product performance are
dependent on one another and may not be improved separately. Due to the complex interplay at hand an
empirical optimization has been the state of the art for these structures until this point. This paper proposes
a simulation model to enable virtual product development by assessing the forces during manufacturing and
predicting the complex structure. Furthermore the method also provides the ground work which is necessary
for analysis of product performance using computational fluid dynamics (CFD).

2 Theory and methods
The boundary conditions for the simulation are given by the manufacturing process where a rotating ribbed
pipe is being translated over a stationary cutting tool. To simplify the geometry only a patch of the pipe is
modeled and just one rib is cut. Figure 2 shows an overview of the process.

Figure 2: Sketch of boundary conditions for the simulation with simplified geometry [1]

To handle the large deformations without having the issue of a collapsing timestep due to the Courant-
Friedrichs-Lewy Condition, the rib to be cut is modeled with the Multi-Material Arbitrary Lagrangian-Eulerian
(MMALE) method. This approach uses the Volume of Fluid (VOF) advection scheme, often used in CFD to
simulate free surface flows. The main difference from "traditional" FEM, where mesh and material move as
one, is that here the material can move independently from the mesh. Within the mesh this is realized by
solving material transport equations leading to a volume fraction scalar within the mesh element. Contrary to
the Eulerian approach often used in CFD, the MMALE mesh is not fixed in space which reduces the amount of
material that is advected through the mesh. A short overview contrasting MMALE with a Lagrangian method
is given in Figure 3. To reduce the error introduced by advection the Van Leer with Half Index Shift scheme
is used, which is second order accurate [4]. Additionally the strong leakage control flag was used to increase
the stability of the simulation and conserve the energy in the system.

Figure 3: Sketch to exemplify differences between the approaches modeling material movement [5]
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The material model which is used, was fitted for the used element size in Mathlouthi and Voß [3] and was
shown to model the plasticity excellently. To consider the strain-hardening the ribs underwent during forming,
the flow curve is shortened to correspond to the averaged true strain in the rib obtained from preliminary
rolling simulations. As in any FE Simulation the contact is difficult to characterize. In this case this issue
is further exacerbated by the small scale and time involved in the process, making it nigh impossible to
measure with the current state of the art. To validate our model we use an inverse approach of first adjusting
the penalty-factor to minimize contact penetration and later incrementally changing the friction model until
results are satisfactory. For the 2D cutting case found in literature this is usually performed by measuring
the thickness of the chip both in the simulation and a turning experiment. The friction parameters are then
optimized until both measurements agree [6]. In our case the reduction of both shapes to a scalar can not
capture the shape adequately and is sensitive to the engineer performing the measurement. To remedy this
issue we took 3d-measurements of a fully formed structure using a confocal microscope (Keyence VHX 6000)
at multiple angles. The resulting geometry was more detailed but similar to earlier measurements [9]. This
developed reconstruction technique will be published at a later date. The position and rotation were adjusted
to correspond with the coordinate system of the simulation and the final position of the rib at the end of the
process. Similarly to Cignoni [8] the Hausdorff distance [2] was computed between the two surfaces. To this
end Meshlab [7] was used to calculate the mean error between the predicted and measured structure. Instead
of the Monte-Carlo Sampling approach used by Cignoni, the vertices of the measured mesh were used. This
ensures comparable results for the different designs.

3 Results and discussion
Using the aforementioned simulation setup the friction coefficient µ was varied in a wide range between 0.1
and 0.22 using a full-factorial design plan with 16 designs. As to be expected the friction has a large influence
on the final shape. Low friction values result in an upright shape while higher friction leads to a curly shape.
The design with the lowest Hausdorff distance to the measured geometry is shown in the middle of Figure 4.
On the left and right side the shapes resulting from a lower and higher friction respectively are shown to
visualize the sensitivity to contact. The mean Hausdorff Distance for each shape is given as the error to be
minimized.

Figure 4: Shapes predicted by the simulation for different friction coefficients
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In Figure 5 the predicted shape is shown overlaid to the measured geometry. They can be seen to be in
excellent agreement as confirmed by the mean Hausdorff Distance of roughly 0.0242mm. The high friction
coefficient is plausible according to literature [10].

Figure 5: Excellent match between measured (blue) and predicted (grey) shape

The normalized curves of both energies and forces are displayed in Figure 6. For the energies the maximum
total energy is used for the normalization, whereas for the forces the maximum force is employed. It can be
seen that both the energies increase monotonically with the kinetic energy staying constant due to boundary
conditions. The deformation results in the internal energy rising and contact friction increases the energy
of the sliding interface. In total roughly 28% of the expended energy is lost to friction. Hourglass energies
stay infinitesimally small and show that the element quality stays high throughout the simulation. The forces
generated by the leakage control are negligible, showing a stable contact. Each simulation took an average of
17 hours utilizing 140 cores.

Figure 6: Normalized histories of energies(l.), normalized histories of contact forces(r.)

4 Conclusions
To summarize we have created an MMALE model in LS-DYNA for a three-dimensional cut which was shown
to be stable. Due to measurement data being unavailable, an inverse method was adopted to determine
the contact parameters. By utilizing reverse engineered surfaces of manufactured samples it was possible to
recreate the desired shape and determine friction parameters for the model. Now simulations can used in lieu
of experiments to determine process parameters that lead to structures which are good in regards to heat
transfer and pressure loss, thus improving product performance.
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