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ABSTRACT

Simulation-Driven Product Development has become a key factor in achieving success in a highly
competitive marketplace. Employing new simulation technologies in the earliest stages of design has
become indispensable to reduce development cycles and to lower costs. However, the geometric
complexity and advanced physics involved present some of the most challenging CAE problems
facing engineers today. Market pressure to create innovative products in less time emphasizes the need
to carry out more advanced simulations, faster than ever before. For this, a customization of the
according simulation models and tools becomes more and more important. Of sure, the integrative
design and customization is nothing really new and partly already content of engineers’ daily work.
But our experience has shown that until now, a really extensive integration and customization for
product development only has been done for mathematical quite simple relationship. That is why one
objective of this paper is also pointing out the reasonability of an extensive integrative product design
with all its modeling and simulation possibilities and its customization for systems and products only
can be described with extensive and non-linear models, too.
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1 INTRODUCTION - THE DESIGN PROCESS IN GENERAL

Design in general is divided in a concept and embodiment definition step and a parameter
specification step. Concept plus embodiment define a class of solutions spanned by varying the design
parameters in their feasible range. New concepts or embodiments must be subject to a thorough
development process to avoid too high risk of failure. A specific design problem in the framework of a
given concept/embodiment then is an inverse problem. The requirements are given and a parameter
combination has to be found to fulfill these requirements and, eventually, to solve an optimization
problem. The design parameter functional requirement fulfillment relation should be a simple one.
According to Nam P. Suh [1] it is mainly this simplicity that characterizes a successful concept. In
case of the design of metal processing machines a huge number of parameters exist. Typically, in
detail the number of parameters to be defined exceeds the number of requirements. Thus, parameters
have to be grouped in so called lead parameters and dependent parameters. The set of lead parameters
spans the required space of functional requirements; the dependent parameters are computed from the
lead parameters by some design rules. These rules are partly heuristic ones, derived from experience.
Basically, they would give place for some optimization, for instance for an optimization of production
costs. But, optimizing with respect to a single criterion quite often worsens other properties, like
robustness, or appropriateness for assembly or maintenance. Due to the multidisciplinary nature of the
engineering work the activities of several departments couple to some extent. It has been discussed in
[2], [3] and [4] how modular concepts help to cope with such a situation by reducing the complexity of
the overall design process. In addition to these design related concepts, Simulation-Driven Product
Development has become a second key factor in achieving success in a highly competitive
marketplace. The geometric complexity and advanced physics involved present some of the most
challenging CAE problems facing engineers today. Market pressure to create innovative products in
less time emphasizes the need to carry out more advanced simulations, faster than ever before. This
helps finding the best parameter setting for the best fulfillment of the given functional product
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requirements and consequently the special design requirements. For this, a customization of the
according simulation models becomes more and more important. This brings more systematic and
traceability into the whole design process what helps raising the product quality too.

1.1 Development and Benefit of Supportive Technologies

A lion’s share of modern product development is concerned with product refinement. No really new
technologies are involved, but some sort of optimization takes place. The objectives of such
optimization are manifold: cost reduction, performance improvement, lead time reduction, increase of
robustness, extension of the application range, both in qualitative and quantitative terms, energy
consumption, less environmental harm, to mention only a few. Product optimization is never a strict
mathematical optimization due to its multi-criteria nature. It is perceived as a decisive improvement
leading to a product which is either superior to the competitors’ products or at least very competitive
within its intended product lifetime. Especially for products with make-to-order production cost saving
by series production only is valid for components with multiple occurrence, the essential cost saving
aspect of standardisation for this kind of production are lower design effort, lead time reduction, and
lower error rate. Because of the complexity of the modern products this only can be supported by
requirements oriented mathematical models, see also [5] and well designed simulation models.

2 CUSTOMIZED SIMULATION TOOL FOR A WIRE COILING MACHINE

In a first example, we had to investigate a special machine, invented for winding up large wire cables.
This current existing machine often causes production failures due to mechanical damages, which
come primary from undersizing. The producer did not consider the changing dynamic load on the
device, even if some influencing system parameters were changing. To improve the design concept
and to avoid these production failures, we had to investigate this very special and complex wire
coiling process. Therefore our primary focus has been given on the very short period from clamping to
tightening the wire, because in this phase, the wire cable and the coiling machine itself is loaded
maximal.

Figure 1: Coiling process of a wire cable

At the very beginning, the wire head moves to the coiling roll supported by a supply device, as shown
in Figure 1. From the moment the wire head is automatically plugged to the coiling roll, the wire sags
between the coiling roll and the supply device. The coiling roll now accelerates powerful, to prevent
the system from building a big wire loop. Simultaneously, the wire moves with a constant velocity.
According Figure 1 the wire has to be tightened strongly within the first turnaround of the roll.

2.1 Description of the Process

The intention of this work was to develop a calculation model, which describes the kinematical
behaviour of this focused period with sufficient accuracy. The investigated process basically acts like
a rotatory oscillator, but unfortunately it is not possible to describe it adequate by a simple linear
analytical model. Complex physical effects (see Figure 2) have to be taken into account, calculated by
both, analytical models and FE-analysis. Figure 2 shows these dominant physical effects which are as
follows:

1. The free sagging wire. It can be described by an analytical model according to Feyrer K. [6].
Herewith, it is possible to gain a characteristic curve for the wire force depending on the wire sag.

2. The completely tightened wire. Its stiffness can be described like the stiffness of a tension bar.

3. The yieldingness of the steel construction. This can be determined from a FE-calculation.

4. The influence of the wire bending at the clamping point. A simple approach by using a plastic hinge
[7] has been taken, to consider the complete plasticize of the wire cross section at the clamping point.
5. The size of the arisen wire loop determines the whole length of the wire, which has to be tightened.
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6. The size of the friction area between the free sagging wire and the wire loop reduces the force on
the wire loop itself (see Figure 2).

plasic hinge

wire loop

friction

St

== édgging wire
wire speed

Figure 2: Physical effects

For modelling, simulating and analyzing this complex dynamic system, standard software packages
have been used.

2.2 The Simulation model

As mentioned above, it was necessary to develop a complex numerical simulation model. Because of
the above shown manifold non-linear physical effects, it is not possible to show the development of
this simulation model in detail. The author has shown the mathematical modelling and the
development of the simulation tool in [8]. But for a better understanding, a simple abstract model,
illustrated in Figure 3, can be used.
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The dynamic of the roll can be described under consideration of the drive torque and the gearbox by
[red (OZMI_FW r

where the wire force Fy is determined from a characteristic curve (see Figure 4) consisting of the non-
linear effects 1, 2 and 3 as listed above. Furthermore, the difference in roll and wire movement AL can
be calculated by

t
AL=I (@-r—vy)dr+AL,
fo
because the wire is moved at its constant velocity v, but the coiling roll has to accelerate to an

circumferential speed higher the wire speed. These two equations have been integrated into the
simulation structure below. Furthermore, a third substructure is shown in Figure 5, which calculates
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the mechanical equilibrium of the wire force in each time step, under consideration of the residual
effects (4, 5 and 6), as listed above.
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Figure 5: Simulation structure

For verification, we have compared the results to measuring data of an exemplary coiling process and
we have found a very good accordance. In Figure 6 the circumferential speed of the roll and the
constant wire speed are shown. In Figure 7 the simulation result is compared to the measuring data
(represented by the dots). The maximal difference between the simulation result and the measuring
data is about 10%. The buckling points in the curve shown in Figure 7 come from the rapid change of
system stiffness, caused by the non-linear beaviour of the wire cable itself.

255 } Circumferential velocity [mis]
245 { Roll speed 26 T T T T
235
225
—2715
E‘ 205
185
T
2475
185
188
145 I
135 ‘
12 \
125 1.3

Wire speed

| 1 1 L
T 0 [il'3 [iX] 015 02 025 03 0.3 04 045 05
time [s] Time [s]

Figure 6: Measuring data Figure 7: Simulation result

With this simulation model it is possible to calculate the occurring forces and to study different
variants resp. configurations of geometry (e. g. different wire or roll dimensions, gear ratio, ...),
different materials or operating conditions like various wire speed, drive speed, and so on, and to
compare all these different configurations among each other. A change of wire cable dimensions for
example, causes a change of the dimensions of the coiling roll and perhaps the motor size and the gear
ratio too.

2.3 Advantages and Disadvantages of such kind of Parametric Design respectively
Product Family Design (see also [4] and [5])

The advantage of such a simulation model primary is the possibility to adapt and optimize a given
mechanical configuration to special geometric or operating conditions and the customers'
requirements. Furthermore, fast and sufficient precise information about the loads on each component
is important for a safe mechanical dimensioning of the coiling machine. The disadvantages of that
approach reads as follows: The current simulation model is not really user friendly and the user must
be experienced in advanced mathematics and the usage of such mathematical software packages.
Furthermore, such specialized software packages mostly have very high license fees and many small
companies can not afford this R&D-staff and -costs. Therefore, the need for customized scientific
design tools occur, which are able to consider complex physical effects, usable without having deep
mathematical knowledge, encapsulated to avoid individual failures and best, free of extra charge too.
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2.4 Development of an User-oriented Design Tool

Primary, the simulation system should consider the major influencing physical effects. It should allow
to adapt the system to the given functional requirements best possible. Furthermore, additional design
guidelines could be integrated into the simulation system. For example, the overall momentum of
inertia has to be less than an assigned value, not to exceed the maximum allowed power consumption.
In our case, the realisation of the customized design tool was done by transforming the mathematical
simulation system to a stand-alone application and using standard software interfaces for data
exchange. This stand-alone application is encapsulated and can be used by anyone without having
deep and special mathematical experience and without extra software fee. The user can simply
communicate with the encapsulated design tool via a customized user interface e. g. a standard
spreadsheet program. He can now create different variants of a special design type within a given
framework of functional requirements. He can easily compare the variants among each other, to find
the best possible solution. In a further step, he can quickly gain manufacturing drawings from a
parametric 3D-model of the coiling machine. And contemporary he has automatically created the
complete technical documentation, which is absolutely necessary to fulfil legal engineering rules.

‘ Documentation ‘

Customized User Interface CAD Model

Functional Requirements ‘ |:>

Customized Simulation Tool ‘ Customized Design Tool

Figure 8: Principle of product development by means of supportive technologies

In our case, the investigation of the coiling process by means of this design tool, has shown a
dominant influence on the arising forces if changing the wire dimensions or the wire material. Also the
friction between the wire and the roll surface, which mainly depends on the wire material, as well as
the velocity of the oncoming wire head, has a remarkable influence on the overall machine design as
shown in Figure 9. In those cases the concerned mechanical parts must be completely new

dimensioned.
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Figure 9: Effect of changing important system parameters

Otherwise the engineer can nearly free change the combination of electrical drive and gear box, as
well as the operating conditions (rotation angles until clamping and tightening position), without
changing the occuring loads. The geometry of the coiling roll can also be adjusted to the wire
geometry (diameter and length) as long as the momentum of inertia remains constant. Hence, there are
a lot of possibilities to customize and optimize the supporting equipment of the coiling machine.
Additionally, because of the possibility of fast reply on parameter variations for setting up design
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variants, such design tools also help reducing the design costs, increasing the failsafe performance and
improving the product quality and life time. Of course, the amount of work to develop and set up this
customized design tools was high (it took about a year), but it now offers a lot of benefits as discussed
so far. After this investigation the new coiling machine is decisively better dimensioned as its
predecessor and at the same time the production costs are lower than before.

3 CUSTOMIZED SIMULATION TOOL FOR A HYDRAULIC PUMP

In this second example a design tool for self regulating variable displacement vane pumps has been
developed. Therefore, the already existing mechanical device has to be described by a mathematical
model, unlike in the first example, where the kinematical process has to be described. Self regulating
pumps can deliver a constant pressure at different flow rates and they are used for automatic
centralized lubrication in industry and automotive applications.

3.1 Principle of the self regulating variable displacement vane pump

The flow rate of the vane pump is adjusted by changing the eccentricity e as illustrated in Figure 10,
and a hardware controller is used to feed back the current fluid pressure. The flow rate of the vane
pump is directly proportional to the pump rotation speed and the eccentricity. If the pressure increases
(e. g. caused by an increasing hydraulic resistance), the slide ring moves back against the eccentricity
and the flow rate decreases. Otherwise, if the pressure decreases, the slide ring is being moved to
higher eccentricities by a spring force.

Slide ring

Suction side * , Pressure side

S S
Pump vanes v,

Figure 10: Vane pump scheme

Ivantysyn J. u. M. [9] and Murrenhoff H. [10] described such mechanical pressure control pumps, by
the following basic equations. The flow rate O delivered by the pump is proportional to the pump
rotation speed w, the eccentricity and the size factor k,,. It is given by

w
2.7

2
O=ky,-e- fE'(pfpu)
Usually a piping is installed between the pump and the valve to carry the lubricant or hydraulic oil.
This piping acts like a hydraulic capacity and therefore, it must be considered in the simulation model.
The difference between the flow rate delivered by the pump and the flow rate discharged through the
valve determines the pressure build-up in the piping, which can be described by

. E -
p= Vi 0 _I’Ri)
pip h

where E represents the fluid bulk modulus and R; respectively R, represent the hydraulic resistances.

3.2 The Simulation model

A dynamic simulation tool for the pump was built in a numerical simulation software package to
customize and optimize the geometry of the pump to the given functional requirements according [1].
The simulation structure (see Figure 11) shows the basic equations, which have been mentioned
above. The input parameters to the simulation are the pump geometry, the fluid parameters (e. g.
hydraulic oil or water), the operating conditions (pump rotation speed) and the pump load. The most
interesting output parameters are the pump pressure p, the control pressure py, the flow rate Q and the
eccentricity e of the slide ring. The dynamic simulation model was first validated by a test bench with
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several vane pumps. Within the range of -50% to +50% of the original frame size, the simulation
delivered accurate results. With this simulation model it is now easy to customize a wide range of vane
pumps to very special customer requirements like pressure, flow rate or rotation speed. It is also
possible to simulate the vane pump under constant pump rotation speed and variable pump load. This
leads to the characteristic diagram of the pump according to Figure 12, which shows the results for a
stepwise constant pump rotation speed from 500 to 3000rpm and an increasing pump load in each
step. The obtained characteristic diagram shows the overall operating range of the designed vane
pump.
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Figure 11: Simulation structure Figure 12: Characteristic diagram

3.3 Development of an User-oriented Design Tool

Like in the first given example, the simulation tool is described by a large amount of system
parameters and the engineer must have a lot of special knowledge about using the simulation software,
the theory which describes the vane pump and the physical coherences. Consequently, high effort in
teaching the users is necessary. Furthermore, special software tools (including licence fees) and
hardware equipment are necessary. Therefore, the dynamic simulation model was again transferred
into an independent stand-alone application like done for the first example. It was again encapsulated
and it communicates also via a standard user interface. Additionally, it directly communicates with a
CAD system for the direct exchange of the required geometrical data. The used spreadsheet program
provides an easy-to-use handling of all system parameters and a contemporary documentation of the
calculations. So an engineer is able to use the tool after a short teaching time. He immediately can see
the results of the simulation and he also gets additional information like the required installation space
for the pump housing, the overall weight and some more important information. By the way, the
technical documentation does not need additional work time. Finally, the engineer can now much
faster create the adapted manufacturing drawings of the wanted pump variant, what directly reduces
the development costs for the whole family of vane pumps within the given area of validity. The
following figure illustrates the design steps of the development process described above.
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Figure 13: Optimized product development by customized design tools
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In former times, it was unavoidable to build a prototype and to test it on a test bench after each design-
loop. With the developed customized design tool, it is possible to design a new vane pump much faster
and because of a better (deeper) product and process understanding often with increased product
quality. Like also for the wire coiling example, the development of the simulation tool and the stand-
alone application is expensive, but producing several prototypes and testing them for each customer
specification is much more expensive and above all very time-consuming too.

4 CONCLUSION AND OUTLOOK

Summing up, it has been shown, that customized simulation tools combined with modern design
methods contain a high cost savings and lead time reduction potential and improves product quality
and also the consistency of project execution. Additionally, the tools contribute to a good
documentation for both, the final product design and the overall design process with all its decisions
and parameter settings especially for parametric design, where the lead parameters have to be suited
best to adjust the concept to specific requirements and rules for deriving the dependent parameters
substantial must be worked out. The results achieved so far will be extended to other systems and
components which promise to be parameterised in an economic way. Currently, efforts are made for
an advanced linking of the data flow between the used simulation tools and the different design and
development processes done at different departments in a systematic and transparent manner without
installing any hierarchy. This data flow concerns a huge set of parameters, which are coupled to some
extent. The correct sequencing of work and decisions under ever shorter project execution time
requires a real time forwarding of data and a documentation of all the decision processes.
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