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Abstract: In the area of manufacturing technology, machine tools represent a significant part of
machine equipment in a company. Besides productivity, the demands on the accuracy of compo-
nents as well as on the energy efficiency of production processes rise. During the production proc-
ess a part of the electrical energy is converted into thermal energy and thermo-elastic deformations
occur. These deformations are influencing the position of the machine’s tool centre point and lead
to a reduced accuracy. Therefore, the fluidic systems are an essential element to control the
thermo-elastic characteristics of machine tools.

In the paper the behavior of the overall fluidic systems in a modern cutting machine tool is investi-
gated, since these are absolutely necessary to provide an optimal thermal behavior and achieve
highest accuracy. With new concepts of system structures fluidic system also offer a high potential
to increase the energy efficiency of the machine.

The main targets of this paper are firstly, to identify and examine the existing fluidic systems of a
machine tool. A performance measurement of the machine with defined load processes was car-
ried out, to get information about the energy demand and distribution. Here is the focus on describ-
ing the cooling system because it is used to cool the motor spindle and its thermos-elastic defor-
mations are directly influencing the TCP. Secondly, to develop a thermal model as a network
model (lumped parameters) of the cooling system. Lastly, to derive basic information on the tem-
perature characteristics of the cooling system and its sub-units in order to develop optimized struc-
tural concepts and control strategies for fluidic systems.
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Nomenclature

A m2 Area of pipe

Cp J/(kg-K) Specific heat capacity at constant pressure
m Hydraulic diameter

d; m Inner diameter

E J Energy

F N Force

i A Phase current

L m Length of tubes

m kg/s Mass flow

Nu - Nusselt number

Re - Reynolds humber

p bar Pressure
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P, W Electrical power

Py, w Hydraulic power

Py, Q w Heat flow

Prech w Mechanical power

Pr - Prandtl number

t S Time

Uiy Vv Phase voltage

Tg1/ Txy °C Inlet/ outlet temperature electrical cabinet

Tri/ Try °C Inlet/ outlet temperature rotary table

Tysi/ Tysz  °C Inlet/ outlet temperature main drive (spindle)

Qg /O7/ Qus J Thermal energy of electrical cabinet, rotary table and main
drive

1% ma/s Volume flow

v m/s Feed rate

a W/(mz2-K) Heat transfer coefficient

AT °C Temperature difference

AFluid W/(m-K) Thermal conductivity (water/Antifrogen® N mixture)
v m2/s Kinematic viscosity

p kg/m3 Density

1. Introduction

Over the last few years, energy saving has become a more and more important topic and the pub-
lic awareness of environmental issues increased significantly. Using environmental friendly and
energy efficient products, much energy and many raw materials could be saved. In recent times,
the development in the industrial sector is strongly focused on producing in a more energy-efficient
way. Depending on the company, machine tools require up to 68 % of the companies’ total energy
demand [1].

With machine tools, various production processes such as drilling, cutting, milling, etc. can be rea-
lized. During these production processes, a large amount of electrical or mechanical energy is
converted into thermal energy. The generated heat from the production process and from the
drives dissipates and the warmed-up parts or components need to be cooled accordingly. Other-
wise thermo-elastic deformations occur that at the end are influencing the position of the tool cen-
ter point (TCP) of the machine tool. This has to be avoided in order to guarantee a precise produc-
tion.

The main targets of this paper are firstly, to identify and examine the existing fluidic systems of a
machine tool. Secondly, to develop a thermo-hydraulic network model (lumped parameters) of the
cooling system. This cooling system is used to cool the main drive (motor spindle), which was iden-
tified as the main heat source inside the machine tool. Lastly, to provide basic statements on the
temperature characteristics of the cooling system and its sub-units.

Figure 1 illustrates the methodology of the investigations. It is divided into four mutually dependent
steps: In the first step, a demonstration machine with its main fluidic system is defined. Secondly,
the measurement of the machine is carried out with a defined test cycle. With the help of the ma-
chine data as well as the circuit diagrams a system structure of the fluidic systems is derived. In
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the last step, the initial parameters of the measurement are included in the model and it is vali-
dated against the measured data. With this model one is able to examine and evaluate new con-
cepts for the cooling system.

Definition fluidic
system in a machine tool
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Fig. 1. Methodology of investigation of a demonstration machine
2. Demonstration machine and its fluidic tempering systems

In the first step, a machine was chosen for the experimental investigation as a demonstration ma-
chine (Figure 2). The selected and analyzed machine, type “Scharmann DBF630”, has five axes
(X, Y, Z, U and B) and a driving power of 35 kW. The speed of the main drive ranges from 1 to
3500 min™, the working area of X-, Y-, and Z-axes amounts to (850 x 700 x 800) mm.

- g BN
https://www.starrag.com/de-de/machine-364?machineld=53

Fig. 2. Demonstration machine DBF 630

The fluidic systems are an essential element to control the thermo-elastic characteristics of ma-
chine tools. They undertake a number of tasks such as tempering, lubrication, flushing and clamp-
ing. The fluidic systems represent an essential part of the total electric energy consumption and
are also an important heat source.
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The demonstration machine DBF630 consists of four main fluidic systems: Cooling system, cooling
lubricant system, lubrication system and hydraulic system, see Figure 3. As previously mentioned,
the focus is to examine the fluidic systems and describe the cooling system and its sub-units. The
cooling medium of the cooling system consists of a mixture of water and Antifrogen® N (60% H,0).
The main function of the cooling lubricant, the lubrication and the cooling system is the heat dissi-
pation from the production process, the mechanical parts (friction losses) and the drives (motor
losses).

()
)

| _l,_2f4\_ .

Cooling circuit Lubrication circuit Hydraulic system
1 Column 9 Xaxisdrive (spindle) 17 Nozzesforflushing 23 Accumulator
2 Headstock 10 Z axis drive (table) 18 MNozzle forextemal 24 Fixed displacement pump
3 Bed 11 Cenirifugal pump coolant supply 25 Pressure reliefvalves
4 Rotarytable 12  Submersible pump 19 Intemal coolantsupply 26 MNozzes(cooling headstock,
3 Workpiece 13 Shutoffvalve (through the tool) lubrication (e.g. main drive)
6 Elecirical cabinet 14 Indinefilter 20 Tank 27 Directicnal control valves
7 Main drive 15 Beltfilter 21 Air-cooling cabinet 28 Tool (clamping/release)
8 Y axis drive (zpindle) 168 Checkvalve 22 Coolantdevice 29 Break (at standstill)

Fig. 3. Main fluidic systems of DBF 630 [2]
Cooling system

The cooling system consists of three sub-units, electrical cabinet (6), rotary table (4) and main
drive (7). A fixed displacement pump (24) supplies the cooling medium and the coolant device (22)
cools down the heated fluid to a set temperature. The heat generated by conversion of electrical
energy into mechanical and hydraulic energy can be transmitted by means of the fluid to the heat
sink cooling unit (22).

Cooling lubricant system

The main functions of the cooling lubricant system are on the one hand, the cooling of the tool and
the workpiece during a manufacturing process and on the other, the removal of the originating
metal chips during production. Here, two submersible pumps (12) are responsible for the coolant
supply to the processing zone. One high pressure pump is used for the internal coolant supply
through the tool (19), another low pressure pump ensures the flushing of the processing zone (17)
and the external coolant supply (18). The centrifugal pump (11) transports the contaminated fluid
from a dirt coolant tank through a belt filter (15) back to the cooling lubricant tank.

Lubrication system

The primary function of the lubrication system is the lubrication of the mechanical parts within the
main drive (7) to reduce friction and friction losses. Here, the pump (24) delivers the lubricant
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through the filter and cooling unit (22) to the nozzles (26). The lubricant is distributed between the
moving parts and the emitted fluid is retained and led back to the tank.

Hydraulic system

The hydraulic system is used for clamping the tool (28) or the rotary table (4). Two pressure relief
valves are integrated behind the fixed displacement pump (24) and limit the pump pressure in a
range of 120 bar and 160 bar.

3. Experimental investigation

After the definition of the main fluidic systems in the machine tool was successfully completed,
experimental investigation follows. For this second step within the methodology of investigation
(see Figure 1), measurements were performed on each system of the demonstration machine
(Figure 4a). Also, a performance measurement of the overall machine tool was carried out. To
warm up the machine in idle operation mode a load regime was applied. Therefore, two different
test cycles are used for the investigations: Test cycle 1 (short 275 s), to examine the energy de-
mand of the overall machine (see figure 4b) and test cycle 2 (long 1400 s) to investigate the tem-
perature behavior of the sub-units. In general, the performance measurement of the machine tool
is divided into different sub-processes, such as: switching machine on and off, warm-up phase,
set-up operation, emergency stop, idle operation and production process [3]. Here in this paper,
four phases are chosen:

- Warm-up with starting up the machine until thermal equilibrium is achieved within the fluidic
systems

- Set-up operation with exchange between workpiece and tool

- No-load phase, individual movements of axes and spindle (Figure 4b)

- Manufacturing process

All results shown in this paper refer to the test cycle 1 (depicted in Figure 4b) and test cycle 2.
Firstly, the spindle accelerates several times to its maximum speed at 3500 min™ and decelerates
again. This is followed by the movement of the linear axes X, Y, and Z. The energy consumption
for the test cycle 1 (275 s) is illustrated in Figure 4c. The energy amounts are calculated from the
measured electrical power values of the whole machine and of each subsystem. The following eg-
uations are used to determine the distribution of the total energy consumption:

P, =Ps(0) 1)

Py(t) = ugy iy + ugy iy + uzy i 2
Py, = Q = m C,AT 3)

Py =pV (4)

Prech = Fv (5)
E=[7Pat (6)

The largest share of consumed energy of about 45 % is used to drive the axes. Furthermore, the
fluidic systems require 44 % of the total energy consumption. The remaining 11 % are needed by
the auxiliary equipment, such as lighting, CNC control and pneumatic systems. Concerning the
fluidic systems the cooling lubricant system has the highest energy consumption with approximate-
ly 16 % of the total energy consumption of the machine tool. The cooling system and lubrication
system each use about 12 % of the total energy, and the smallest portion of energy consumption of
4 % is caused by the hydraulic system.
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Fig. 4. Distribution of energy consumption of DBF630 in no-load test cycle 1 [4]

As mentioned, the motor spindle was identified as the main heat source in the machine, so the
energy distribution in the cooling system has been examined in further detail. Therefore, additional
temperature sensors (thermocouples type T class 1) and flow sensors were installed. Figure 5
shows the position of the measuring points as well as the temperature characteristics for the test
cycle 2 [5].
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Fig. 5. Temperature characteristics at different positions within the cooling system
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Due to the two-point control of the cooling unit all temperature profiles can be divided into three
phases: in phase 1 and 3 the cooling unit is off, while in phase 2 it is activated. The temperature
development in the electrical cabinet and the rotary table clearly differs from that in the motor spin-
dle. At the electrical cabinet and the rotary table, the temperature difference between the outlet
(Tg» ITr,) and the inlet (Tg, /Trq) is about -0.75 °C, so the cooling medium is cooled while the com-
ponents are warmed up. This phenomenon contradicts the real function of a cooling medium in a
cooling system. Only the main drive is cooled actively during all phases. Here, the outlet tempera-
ture of the cooling medium Ty, is higher (AT = 1,5°C) than the inlet temperature Ty .

The functional principle of the cooling unit is similar to refrigerator and will not be explained further.
The used coolant in the cooling unit is R134a. With the aid of the measured temperatures and vo-
lume flow rates the heat flow and the thermal energy of the electrical cabinet, the rotary table and
the main drive (spindle) are calculated from equation (3 & 6) . Figure 6a and 6b show the heat flow
and the thermal energy for the electrical cabinet, the rotary table and the main drive (spindle) of the
cooling system.
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Fig. 6. Heat flow & thermal energy in the cooling system calculated from the measured temperature values

In phase 1 and 3 the generated heat of the spindle is dissipated by the cooling medium, the
amount of the thermal energy is in phase 1 (230 kJ) and in phase 3 (651 kJ). However, the elec-
trical cabinet and the rotary table are heated by the cooling medium, here is the amount of the
thermal energy in phase 1 and 3 AQg (-99 kJ, -101 kJ) and AQ (-280 kJ, -183 kJ), see Figure 6¢. A
clear difference is recognized when the cooling unit is switched on in phase 2 between ¢t,,, = 600 s
and t,rr =900 s. When the cooling liquid is actively cooled, the heat flow increases and all three
components transfer thermal energy to the cooling system and are cooled.

4. Model design for the simulation

4.1. Model structure and validation of the simulation result

Based on the first and second steps of the methodology (presented in Figure 1), a thermo-
hydraulic model is developed with the help of the machine documentation and hydraulic plans of
the demonstration machine. Figure 7 shows the model structure of the cooling system, which was
implemented in the simulation. The cooling system consists mainly of a pump, flow control valves,
hydraulic pipes and a cooling unit. In the simulation each hydraulic pipe is modelled by a hydraulic
volume and a hydraulic resistance. The geometrical parameters (length, inner and outer diameter)
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of the pipes are directly taken from the machine documentation. Moreover, the heat transfer be-
tween the pipes and the environment is taken into account. The following equation is used to de-
fine the heat transfer coefficient:

_ Nu- Aria (7)

L
With the aid of the flow rate, the kinematic viscosity and the inner diameter of the hydraulic pipes
the Reynolds and the Prandtl number are calculated. Depending on the pipes’ size in the demon-

stration machine the Reynolds number is about 4000 [6] and therefore, all further calculations can
be done for a turbulent flow.

a

V-
Re = —— (8)
4
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Fig. 7. Model structure of the cooling system

From the developed model the following temperature profiles for the electrical cabinet, the rotary
table and the main drive were calculated. The red lines in Figure 8 show the temperature develop-
ment of the simulation and the blue ones of the measurement. Tg,, T1; as well as Tys; are the input
temperatures; Tg,, Tr2 and Tys, are the outlet temperatures of the electrical cabinet, the rotary ta-
ble and the main spindle, respectively. The temperature development of the simulation is nearly
identical to the temperature development of the measurement. The modeled system and the con-
sidered structure in the simulation model behaves in the same way as the real machine.
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4.2. Simulation-based optimization of cooling system

The work in this part focuses on further development of the complete structure of the fluidic tem-
pering systems. The distribution of energy consumption shows, that the energy demand of fluidic
systems is about 44 % of the total energy consumption in the machine tool. There is major poten-
tial to improve the function of the fluidic systems. Furthermore, the investigation of the DBF630
depicts that sufficient cooling capacity exists but, however, the cooling is insufficiently adjusted to
the process and to the individual demand of the machine components. In order to address this def-
icit, it is necessary to think about new concepts and new structures of fluidic systems.

At this point, two different strategies can be derived. On the one hand the system structure can be
decentralized (see Figure 9), which can be very helpful in the case of the cooling system. The de-
centralization allows an adequate supply and, thus, an appropriate temperature control of each
individual component. A similar approach (decentralization of system) is taken in the domain of
electrical engineering, for example by using more flexible and smaller electrical cabinets and power
supplies. So the components of the machine can be controlled individually [7].

On the other hand the system structure can be centralized. For example by centralization of supply
units by using one hydraulic pump for both, the parallel pressure build-up in the cooling lubricant
system and in the lubrication system. So this method has a large potential to minimize the energy
demand of the machine tool and, therefore, to reduce the heat introduced into the machine be-
cause of energy losses. These two different approaches are investigated in order to find the best
solution. It is expected, that a combination of both approaches delivers the best solution regarding
the lowest power demand and power losses in the fluidic systems.
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Fig. 9. New concepts of decentralization for adequate supplies of various consumers [8]
5. Summary

In conclusion, three major results were described in this paper. Firstly, with the help of the experi-
mental investigation, new knowledge about the thermal behavior as well as the distribution of
energy consumption of the demonstration machine and in particular of the cooling system was
gained.

Secondly, using the existing machine documentation and circuit diagrams, a system structure of
the cooling system was derived. The developed network model (lumped parameters) was imple-
mented and parameterized in the simulation. Afterwards the simulation model was successfully
validated against the measured temperature profiles.

Thirdly, the simulation model was used to develop optimized concepts for the fluidic systems. Fur-
ther considerations are on the one hand to test the existing network model at different operating
modes, e. g. a production process, and on the other hand the test of new concepts for adequate
supplies of various consumers with the aim of ensuring a uniform temperature distribution within
the machine tool at minimal energy consumption.
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