On the way to Industry 4.0
- Digitalization in industrial furnace manufacturing
The way to Industry 4.0 is an evolutionary process which offers great potential for improving and stabilizing
production processes and for increasing energy and resource efficiency by way of digitalization and networking.
As a supplier to foundries and semis producers, Otto Junker GmbH is determined to meet this challenge as
demonstrated herein on the example of its process models (Digital Twins).

While the automation level and hence, the degree of digitalization of modern industrial furnace equipment,
be it melting or heat treatment systems, has kept rising in recent years, these systems and the associated
peripherals have, in many cases, largely remained digital islands to this day. Although extensive digital
networking and the consistent acquisition and, above all, consolidation of all available data for the purposes
of comprehensive higher-level analysis within the meaning of Industry 4.0 is well underway in foundries and
semifinished product manufacturing plants, there are still many steps that remain to be taken. Otto Junker GmbH
is making every effort to support this global process in the best possible manner. This shall be detailed in the
following sections on the example of its process models (Digital Twins).

Process Models (Digtal Twins)
Thermoprocessing systems are used to selectively adjust the properties of a component by a defined heat
treatment. To this end, the temperature profile within the material must be controlled in such a way that the
desired metallurgical processes can take place. The most important control parameters are the holding
temperature and holding time, the cooling rate and the ageing temperature, if applicable. Although the ideal
temperature profile may be known from laboratory tests, it is usually not possible in an industrial process to
verify whether it is actually being observed.
With the aid of process modelling, the full temperature profile inside the material or component can be determined by means of a few selected temperature measurements. Thanks to this mathematical approach, the data
will be available in a struc-tured form that facilitates further processing in an Industry 4.0 environment:
Thus, for every product passing through the system it is possible to automatically generate a digital twin that
will facilitate networking with upstream or downstream process steps.
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Modular system for process models
To be able to supply process models as efficiently as possible for all equipment in its product range, Otto Junker
GmbH has developed a software library that enables processes to be mapped as an FVM simu-lation using a
modular system of building blocks. The fundamentals of this system have been explained, e. g. in [1].
Volume elements can be created and linked to diverse boundary conditions. Each volume owns geometrical
dimensions as well as information about its material properties. The links represent different heat transfer
mechanisms. It is thus possible to map effects such as heat conductance, convective heat transfer with or
without phase change, radiation or enthalpy flows. The system is then transferred to a solver capable of
providing both steady and non-steady solutions to systems of this kind. In doing so, it relies on various numeric
methods such as the Crank-Nicolson method, MUSCL schemes or Adams-Moulton methods in order to be able
to handle shocks and discontinuities in the temperature profile.
These methods can be found in the standard specialized literature, e. g. [2–4].

Application example of an ingot quench
In the production of aluminium strip, ingots with dimensions in the region of 4.5 x 1.2 x 0.5 m are initially heattreated in pusher furnaces. Here they are homogenized at approx. 540 °C. Thereafter, they must cool down
to a uniform temperature of 400 °C before they can be hot-rolled. For the ends of the ingot, a slightly higher
temperature is desired because this is advantageous in the rolling process. Simply letting the temperature drop
in air by free convection would take too long; moreover, the desired temperature profile would not be achievable
in this manner. For this reason, water quenching with a subsequent soak phase is employed.
The ingots are fed to the quench from the various furnaces on a roller conveyor. In the quench they are subjected
to a selective application of water before they are transferred to a soak chamber. There they are held at an
ambient temperature of 400 °C for 20 min. After that the ingots are moved to the hot rolling mill for further
processing.
It is thus a requirement on the water quench that it should remove no more energy from the ingot than needs to
be withdrawn to achieve a uniform temperature decrease from 540 °C. to 400 °C. After all, it is not intended to
introduce any further energy into the soak chamber. This way, both the energy demand and, ultimately, process
costs will be minimized.
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For the foregoing purposes, the surface temperature of each ingot is measured directly upstream of the
quench. Thereafter, its transfer from the furnace to the quench is simulated using a process model based on the
abovedescribed modular system. The ingot is assumed to possess a homogeneous temperature distribution
upon exiting the furnace, and to lose heat by free convection during the transfer. If the surface temperature thus
computed coincides with the measured one, the simulated temperature distribution will be used as a basis for
the further calculations.
An initial recipe is now selected for the quench, and the entire process is simulated all the way to the end of
the soak cycle. A test is then carried out to ascertain whether or not the requirements on the ingot temperature
are met. If necessary, the recipe will be adapted to the quench and a new simulation will be carried out. This
process will be repeated until a setting is found that will cause the ingot to leave the soak chamber with just
the desired temperature profile. This recipe is then loaded into the quench controller and executed. About 5 to
10 simulation runs are necessary, but these take only a few seconds to complete. In this manner, every ingot
geometry is treated with a tailor-made recipe so as to make opti-mum use of the residual heat.
The results of such a simulation are graphically presented in Fig. 1a through Fig. 1f. Fig. 1a shows the temperature distribution in the ingot at the time when its front end has just exited the quench. In Fig. 9b, the first half
of the ingot is outside the quench. It is evident that the surface of that portion has already become distinctly
hotter again than it was in the quench. Its tempera-ture has risen from around 50 °C to approx. 250 °C due
to heat conductance from the interior of the in-got. Ultimately, the ingot’s temperature profile upon leaving the
water quench is rendered in Fig. 1c.
Fig. 1d through 1f show the temperature evolution over the soak phase. It should be noted that the colour scale
in this diagram differs from that used in the previous images. In Fig. 1d we can still detect major temperature
differences. As is evident from Fig. 1e and 1f, these differences decrease over time. Ultimately, a temperature
of around 400 °C is reached inside the ingot while its ends are slightly hotter to provide improved rolling
properties.
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Fig. 1: Modeling the temperature distribution in an aluminium rolling ingot during (a-c) and after (d-f ) quenching in water

Conclusion and outlook
The process model presented above generates a digital twin of every ingot, documenting the temperature
profile during the quenching process. Should any problems arise during hot-rolling of certain ingots, these could
thus be correlated to earlier process steps through data mining methods. This is a precondition for an extensive
interlinking of processes and equipment (‘networking’) in the context of Industry 4.0.
In addition, an optimum recipe is generated for every ingot, thereby increasing process quality. The plant
operator can directly specify the desired temperature the ingot should have upon exiting the soak chamber.
Process parameters such as the water application density and ingot conveying speed are defined via an optimization routine that maps the process with the aid of a process model.
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