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Control System for a Tensile-Testing Device Using
Low-Cost Hardware and Open-Source Software

Matej Kranjec* — Jernej Korinsek — Miha Ambroz — Robert Kunc

University of Ljubljana, Faculty of Mechanical Engineering, Slovenia

The aim of this study is to verify whether a Raspberry Pi 3 B+ can be utilized as a low-cost device for controlling a tensile-testing device used
for material research purposes. A list of requirements based on already-available hardware was drawn up, which the new control system had
to fulfil. To connect all the necessary equipment, a connection board was constructed, and some additional hardware was acquired for the
system to be able to perform all the necessary tasks. The whole controlling system was also put in a small enclosure to make it portable. The
control-system software was written in C++ using the Pigpio library. The developed system was then tested, and the results were compared
to a commercially available Instron 8802 device. A comparison of the results shows that the upgraded equipment can produce comparable
results to commercially available devices and is sufficiently accurate to be applied for research purposes for the characterization of soft

tissues and other materials.

Keywords: Raspberry Pi, low-cost, tensile testing, measuring equipment

Highlights

*  Existing test device’s control system has proven unreliable and has been upgraded.
* A Raspberry Pi was chosen as the core of the new control and data-acquisition system.
e The system was tested and compares favorably to a certified machine.

e The developed system is affordable to most researchers.

0 INTRODUCTION

The everyday challenge of many researchers is to
conduct experiments with a limited budget. We strive
to spend as little as possible, but still have equipment
that is reliable enough to provide accurate and fast
measurements as the protocol requires. Because of
the age and malfunctioning of our control and data-
acquisition hardware, we wanted to upgrade that part
of a specifically designed uniaxial tensile-testing
machine used for the acquisition of soft-tissue material
properties in physiological conditions. The proposed
system had to control the motion of a stepper motor
and acquire data from a magnetic linear encoder and a
tensile load cell.

Many researchers have already searched for a
low-cost system to replace or substitute expensive
devices for their research purposes and some of them
chose an open-source single-board computer (SBC)
such as the Raspberry Pi [1] to [4]. The main reason
for using the Raspberry Pi is its low cost, small size,
versatility and a huge online community that can help
solve problems while proposing improvements for
new generations of the device. We decided to use the
latest currently available version of the Raspberry
Pi as the main processing unit for our tensile-testing
device. Because of the limitations of the Raspberry Pi,
a circuit board had to be constructed to connect the
encoder and the motor controller. Also, an analog-to-

digital converter (ADC) had to be added to acquire
the data from the load cell. The goal was for the
new control system to perform at least as well as
the previous system, or even better. The new control
solution was expected to be at least 80 % cheaper than
a commercially available solution on the market.

In the world of industry and research, there are
many commercially available tensile-testing devices
from firms such as Instron, Hegewald&Peschke,
TestResources, Mecmesin, and Labthink, where the
user can buy the whole device with a control system
included. Because we already had a tensile-testing
device that had been developed in our laboratory and
control equipment that was independent of the testing
part of the machine, we were able to replace only the
control part of the device.

Using the newly constructed control and data-
acquisition system we want to show that low-cost
equipment and simple open-source software can be
used to obtain the tensile properties of materials.

1 MATERIALS AND METHODS
1.1 Tensile-Testing Machine Hardware
The main purpose of the research is to upgrade the

control and data-acquisition part of our custom-built
mechanical tensile-testing device (Fig. 1).
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Fig. 1. Custom-made tensile-testing machine for obtaining
soft-tissue tensile properties in physiological conditions

The device is constructed using a standard
aluminum framing system (Bosch Rexroth) [5], on
which a linear ball screw drive compact module (CKK
20-145, Bosch Rexroth) [6] is mounted, driven by
a stepper motor (VRDM 3913/50LWCEB, Berger
Lahr) [7] through a 3:1 gear-reduction gearbox
(GBX080003K, Schneider electric) [8]. The motor is
controlled by a motion-control stepper-motor drive
(SD 326RU68S2, Berger Lahr) [9]. For measuring
tensile loads, an S-type load cell (CTS63200KC25,
AEP transducers) [10] connected to an analogue
transmitter (ETA4/21XO11D24, AEP transducers)
[11] is used. The displacement of the carriage, fixed
on the linear module, is measured using a magnetic
linear incremental encoder system (EMIX 23, ELGO
electronic) [12]. The tensile-testing device in this
configuration can produce vertical carriage speeds
of up to 80 mm/s and generate forces up to 2100 N,
while measuring the movement with an accuracy of
0.001 mm at any time.

1.2 Controlling Hardware before the Upgrade

In the previous configuration [13], National
Instruments (NI) equipment was used for the stepper-
motor motion control (NI PCI-7324) [14] and a NI
USB module for the data acquisition (NI USB-6221)

[15]. NI-Max software was used for the configuration
of the PCI and USB cards. The experimental protocol
was developed using LabVIEW GUI software. The
whole process of control and data acquisition was
carried out on a personal computer (PC) running
Windows XP. The sensor’s sampling rate for the soft-
tissue tensile testing was set to 1 kHz.

The described system is suitable for experimental
work, but only if it is properly set up in both the NI
Max and LabVIEW environments. The software for
motion control and data acquisition must be properly
coded by a trained person, otherwise damage can
occur to the cards or controllers.

1.3 Upgrade Requirements

Like the old NI system, the upgraded control and

acquisition system has to:

e ensure the correct speed and distance of the
motor’s movement in both directions,

e reliably monitor the encoder movement at all
times while performing any protocol that needs
the measurement of distance at any motor speed
and direction,

e monitor the analogue transmitter voltage and
convert it to a digital signal with at least 1000
divisions of the full load-cell measuring range,

e read measurement data from both the encoder and
the load cell with a minimum frequency of 1 kHz,

e collect all the recorded data into one file or
separate files that can be later combined into one,

e ensure the repeatability of the measurements,

e Dbe simple to use (an error during component
connection has to be impossible) and execute
desired protocols (ease of use).

1.4 The Hardware Setup of the Proposed Upgrade

For a cost-effective upgrade, the Raspberry Pi 3 B+
(RPi) was chosen. The RPi is a miniature, low-cost
SBC with a performance similar to a low-end desktop
computer, but it has the advantage of being portable,
upgradable and easily replaceable if any damage
occurs. It is also possible to integrate the RPi into
another system, as we did. The RPi can be powered
via a micro USB connector usinga 5 V /2.5 A power
supply or via its 40-pin general purpose input-output
GPIO header using a 5 V input connector or even
via Power over Ethernet (POE) with a POE HAT
[16]. It uses a 1.4 GHz Broadcom’s BCM2837B0,
Cortex-A53 64-bit System on Chip (SoC) processor
and 1 GB of LPDDR2 SDRAM. The connection to
the RPi can be established using 2.4 GHz and 5 GHz

156 Kranjec, M. - Korinsek, J. - Ambroz, M. - Kunc, R.
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IEEE 802.11.b/g/n/ac  wireless LAN, Bluetooth
4.2/BLE or Gigabit Ethernet over USB 2.0 (max.
300 Mbps) and four USB 2.0 ports. The access to
other devices is provided by an extended 40-pin GPIO
header. The whole operating system is stored on a
micro SD card, which is also used for measurement-
data storage [17]. A significant advantage of using the
RPi instead of another similar SBC is its widespread
community, which results in timely firmware and
operating-system updates.

To collect tensile force data from the load cell
through an analogue transmitter (load-cell amplifier),
an analogue-to-digital converter (ADC) had to be
added to our system. For this purpose, a commercially
available ADC board (Baart board, Efftek UK)
[18] was used. The board converts the analogue
signal to digital values using an 8-channel 12-bit
ADC chip (MCP 3208-BI/P, Microchip Technology
Inc.) [19] with a maximum sampling frequency of
100,000 samples/s. The communication with MCP
3208 is via a Serial Peripheral Interface (SPI). The
maximum SPI bus speed is 1 MHz, which is limited
by its 3.3 V power supply (the chip itself can do
2 MHz at 5.0 V). The ADC process takes 1.5 cycles
to sample and 12 cycles to convert, which amounts to
13.5 ps (at 1 MHz SPI bus) per channel, which can
only be read one after another in sequence. The SPI
line (0 or 1) of the ADC chip on the Baart board can
be selected with a jumper, enabling the simultaneous
connection of another Baart board to the system for
possible future needs.

To connect all the components of the control
system to the RPi’s (GPIO) (Fig. 2), a connection
board was developed (Fig. 3). The RPi GPIO limits
the safe current draw to 16 mA per pin and 50 mA
distributed across all the pins. The input-gate threshold
is approximately 1.8 V, but can range anywhere
between the maximum input low (0.8 V) and the
minimum input high (2.0 V). The output drives to
high (3.3 V) or low (0 V) [20] and [21].

The issues of unmatched voltage of the input
signals from the magnetic encoder (5 V) and
insufficient current output for the motor controller
(16 mA) had to be solved. For the magnetic-encoder
issue, a voltage divider was constructed using 4 kQ
and 6 kQ resistors to convert the encoder’s 5 V signals
to 3 V signals that are safe to use on the RPi input
GPIO pins. To amplify the signals sent to the motor
controller from the RPi, an operational amplifier
(MCP6002-E/P, Microchip Technology Inc.) [22] in
a voltage-follower configuration was mounted to the
circuit board.

The maximum output current was raised from
16 mA to 23 mA. The used operational amplifier has
a 1 MHz gain bandwidth, which is fast enough for the
motion controller that can receive and transmit signals
with a maximum frequency of 200 kHz.

The connection board is also used to provide
power to the RPi from a common 5 V power supply
through a 40-pin flat ribbon cable. After initial testing,
it appeared that the resistance of the flat ribbon cable
wires was too high to deliver enough current at the

BOWACh ———m e e e e — — B i 1
| Motor |
c====5 —_———24V- — — — —| Emergency ||
IRM-60-24 IRM-30-5 | | Brake |l
(24V DC) (5V DC) ' E—
| _L__L_'___|. Jp——
| ~ -
L 5y — GPIO 16, 27
I_ Operational |*
Raspberry Pi 3 B+ | Connection Board amplifier (—p{ Stepper
; (MCP 6002) Driver
SPI
I H-
AT | A
' : \ 4
|
—GPIO 23, 24, 25 Baart Board | Stepper
I > (MCP 3008 ADC) ¢ | Motor
2 5 |7
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Fig. 2. Block diagram of the whole tensile-testing system; proposed upgrade is shown inside the enclosure
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maximum operating processor load, incurring a
voltage drop. For that purpose, the two 5 V power pins
and at least two ground (GND) pins on the connection
board had to be connected to improve the current
delivery.

Fig. 3. Top view of the connection board

Some extra wire-to-board screw terminal blocks
were also added to the connection board for 5 V and
24V DC power delivery for the motor brake, inverted
motor signals (as required by the installation manual
of the stepper drive [9]), operational amplifier and
other future devices that need a power source, which
is provided using two power supplies: one for 24 V
DC (IRM 60 24, Mean Well) [23] and the other for
5 V DC (IRM 30-5, Mean Well) [24]. The provided
power of 60 W on the 24 V rail and 30 W on the 5 V
rail is more than enough to fulfill the system’s power

requirements. The detailed and complete connection
scheme is available at our GitHub repository [25].

The controlling hardware enclosure was made
using a short part of a wall-mounting cable raceway
(Fig. 4) on which the holes were drilled for cable
connectors. On one end the enclosure is covered
with the front plate incorporating the power and error
LEDs and the manual switch to override the limit
switches. On the other end it is covered with the rear
plate on which the RPi, the power switch, the power
connector and a 24 V cooling fan are mounted. The
plates are our own design and were manufactured in-
house using a FDM 3D printer.

Table 1. The cost of the controlling system upgrade

Component Quantity Cost [€]
Raspberry Pi 3 B+ 1 39.03
HDMI cable 1.5m 4.99
micro SD card 32GB 1 16.90
multi-pin screw-in connectors 5 7.03
Custom connection PCB 1 10.60
MCP 6002 ADC IC 1 0.32
Baart board 1 20.95
IRM-30-5 PSU 1 13.62
IRM-60-24 PSU 1 15.61
Fan 24V 1 5.25
other small components approx. 25.00

Total: 159.30

The cost of the control-system upgrade was
approximately 160 € (Table 1). In comparison to other

Fig. 4. Custom-made enclosure for the control hardware

158 Kranjec, M. - Korinsek, J. - Ambroz, M. - Kunc, R.
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commercially available equipment (i.c., NI modules)
which can cost €1000 or more each [26], we can easily
claim that our proposed upgrade is at least 80 % less
costly and affordable to most researchers in the field
of small-scale, non-commercial tensile testing.

1.5 Software Setup of Proposed Upgrade

The operating system is based on a Raspbian Stretch
Lite install (Version: April 2019, Release date:
2019-04-08) [27], using the latest testing branch
repository and a Real Time kernel (4.14.y-RT) [28].
Every system service not needed for the operation
has either been removed or disabled in the system
software. The controlling software is run on the
command line using different command arguments
for every protocol implemented (Fig. 5) and the
appropriate action commences.

The controlling software is written in C++ and
the source code is open and available at GitHub
[25]. For GPIO control the Pigpio library [29] is
used. The program consists of three main functions:
encoder reading, ADC reading and motor control,
each running in its own thread. The functions are then
interconnected. Another important part of the program
is the data saving and processing.

1.5.1 Encoder Reading

The resolution of the magnetic encoder ELGO 23
[12] is 1 pum when four-edge triggering is used. At the
maximum motor speed of 95 mm/s, 95,000 pulses/s
must be sampled and processed to measure the correct
distance. For this purpose, one processor thread is
dedicated to acquiring signals from the encoder at all
times. A call-back function with four-edge triggering
is implemented, so every time the state of a pin
changes, the function is triggered and the position
is either incremented or decremented. To keep the
software code simple, we did not monitor the Z signal
of the encoder, which is used as a 2 mm reference
index and is not crucial for distance measurements.

1.5.2 Load-Cell Reading

The load-cell primary sensor is a Wheatstone bridge
consisting of four resistive strain gauges [10], which
requires its signal to be amplified by a load-cell
amplifier [11]. The amplified signal range is between 0
and 10 V and is sampled by the ADC. An SPI reading
function is implemented, which sends the appropriate
bits for reading each channel and reads the result
[19]. After all the required channels are read, it enters

INPUT PROGRAM SCREEN OuTPUT
PROTOCOLS DISPLAY
Time [ps]
N/A . ADC voltage [V]
Optional: Name Big ADC display g Computed Force
[N]
Speed [mm/s] Time [us]
Distance £ [mm] [ Move —»!  Position [um] v
Optional: Name LoadCell Force [N] Name suffix:
.encoder.txt
.adc.txt
Frequency [Hz] Ti‘n?e [ks] .motor.txt
Amplitude [mm] 3| Preconditioning > Position [um] A
Optional: Name LoadCell Force [N]
Motor status
Speed [mm/s] Time [us]
Distance [mm] .
Maximal force [N] | Test I Position [um]
Optional: Name LoadCell Force [N]
Name. . Suffix:
Resampling | Equalize >
.eq.txt
frequency

Fig. 5. Schematics of the implemented protocols
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the sleep mode for a predetermined amount of time
(~101 ps) repeating the cycle. Two variants of the
function are implemented: one only for reading and
another that signals the motor to stop if the maximum
predetermined force is reached or exceeded. The
latter includes an additional check of whether the
force reaches or exceeds this value in any three non-
consecutive samples, to avoid premature signaling
due to signal noise.

1.5.3 Motor Control

A pulse/direction protocol is used to control the
motion of the motor. For this purpose, a square wave
must be sent to the motor controller for every step of
the motor. The speed of the motor is controlled by the
frequency of the pulses. The shortest pulse the stepper
driver can receive is 5 ps (2.5 ps up, 2.5 ps down)
defining the maximum pulse frequency of 200 kHz.

Toggling the RPi GPIO outputs at those
frequencies, while maintaining an equally spaced
square wave, has proven difficult to achieve
consistently. To solve this problem, the built-in
hardware pulse width modulation (PWM) was used
because it can achieve much higher signal frequencies
and is very accurate, as far as the frequency and duty
cycle are concerned. This is very important for correct
control of the motor speed.

Two operating modes for the motor control were
developed: PWM mode and Pulse mode. The PWM
mode for motor control is used when an accurate
frequency and duty cycle is required. The Pulse
mode for the motor control is intended for accurate
positioning.

In PWM mode, the PWM hardware on the RPi is
used and the duration is calculated. For the duration,
the sleep function is used, and the CPU is free to
perform other tasks. It also takes some time to switch
the PWM ON and OFF. Because of this, the system
can overshoot by a few pulses (<10 pulses equaling
<0.01 mm on full scale or <0.01 %). In Pulse mode,
we generate the square wave signal in software using
busy loops in between. However, the frequency and
duty-cycle stability of this mode are not very high as
it can occasionally miss the frequency by up to 10 %.

1.5.4 Data Saving and Processing

Because the data-acquisition system runs on the RPi’s
Operating System (OS), the sample times are not
equally spaced. In this configuration, the samples are
approximately 250 ps apart, but the tests show that the
actual interval can range from 200 ps to 300 ps. The

samples from the ADC, encoder and motor are also
not sampled at the exact same time. To remedy this
design limitation, a data-processing protocol called
“Equalize” was implemented.

The “Equalize” protocol takes the data from the
measurement files and produces a new file suffixed
by “.eq.txt” containing equally spaced time-series
data from all three files. This works by taking the
latest available sample before each time step while
discarding all the other samples in between [25]. A
time step of 1000 us proved to be a reliable choice,
producing stable results.

1.6 Validation of Upgraded System

To validate the proposed system upgrade, tensile-
testing measurements were conducted on our device
and on the reference device, the Instron 8802 system
[30]. The protocols (Table 2) consisted of 5 loading
and unloading cycles, triangularly shaped (Figs. 6,
7 and 8), using a metal tension spring after pre-
tensioning it to a load of 50 N.

Table 2. Validation protocol parameters

Speed [mm/s] Distance [mm] Frequency [Hz]
10 0.2500
5 50 0.0500
75 0.0333
10 0.5000
10 50 0.1000
75 0.0666
10 1.2500
25 50 0.2500
75 0.1666
10 2.5000
50 50 0.5000
75 0.3333

The results of all the tensile tests were then
compared and evaluated. Measurement of the
maximum speed and displacement of our device
were also conducted to determine the limits of its
capabilities. The load cell used on our device had a
range of 200 kg and the one on the Instron 8802 had a
range of 1 kN.

2 RESULTS

The results of the comparison between our device and
the Instron 8802 are shown in Figs. 6 to 9. The left
Y axis shows the tensile force from the load cell and
the right axis shows the displacement of the tensile

160 Kranjec, M. - Korinsek, J. - Ambroz, M. - Kunc, R.
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testing head measured by the linear encoder. For
representation purposes, all the charts (Figs. 6, 7 and
8) have the same scale on all three axes.
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Fig. 6. Comparison of Instron 8802 (IMT) and our device (RPi) at a
distance of 10 mm and a frequency of 0.25 Hz
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Fig. 7. Comparison of Instron 8802 (IMT) and our device (RPi) at a
distance of 50 mm and a frequency of 0.25 Hz
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Fig. 8. Comparison of Instron 8802 (IMT) and our device (RPi) at a
distance of 75 mm and a frequency of 0.333 Hz

The measured force from the Instron 8802 (IMT)
and our device (RPi) shows a small difference of
around 6 N, which is constant throughout the whole
protocol. The difference is a result of the inaccurate
pre-tensioning of the spring before the protocol on
each device.

After the data acquisition the measured force
from our device was filtered using a 10 Hz low-

pass filter to exclude the spikes that occurred due to
sampling the load cell with a greater measuring range
than the one on the Instron 8802 [30].

The force and displacement-response differences
in time is minimal, but occurs due to the “soft-start”
option on motor controller, which limits the starting
acceleration of the stepper motor to reduce the wear
on the motor and other hardware of the tensile device.
The “Soft-start” option could be turned off, resulting
in a much slower maximum speed of the tensile device
and higher wear on the stepper motor.

All the measurements also showed similar
characteristics of the metal spring (Fig. 9), which also
reflects in a very high Pearson correlation coefficient
(Table 3).
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Fig. 9. Characteristics of the metal spring at three different
protocols

Table 3. Pearson coefficient for measurements shown in previous
graphs

10 mm, 50 mm, 75 mm,
0.25 Hz 0.25 Hz 0.333 Hz
Pearson
correaton 099357 089581 009018
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Fig. 10. Metal spring response at 10 mm/s and 95 mm/s
loading speed for a distance of 250 mm

Using the same spring, a full-range tensile test
was also conducted (Fig. 10) at slow speed (10 mm/s)
and at the maximum device speed (95 mm/s). Both
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measurements show the same force-displacement
response of the spring (Fig. 11).
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Fig. 11. Metal spring “force-displacement” response
at two different loading speeds

3 DISCUSSION AND CONCLUSIONS

The principal purpose of the presented research and
development was to test whether the principles of
designing low-cost data-acquisition systems can
be applied to a somewhat more complex system for
tensile testing. The design of the system was adopted
from the existing tensile-testing machine, which has
proven problematic from the usability and durability
point of view. The reasoning behind the component
selection was to integrate a system that will provide
the same level of measurement accuracy for an
affordable price. This was the reason for selecting the
low-cost off-the-shelf hardware and the development
of own software using previously acquired experience.

The resulting system is a well-balanced
compromise between invested resources and the
quality of the resulting product. Using our product, we
managed to control the whole tensile testing system
with enough speed and accuracy to use it for the
experimental testing of soft tissues. We successfully
replaced the expensive and unreliable existing control
equipment with low-cost hardware running open-
source software developed in-house.

The results from the comparison of our custom-
built tensile-testing device with the wupgraded
controlling system and a commercially available
certified Instron 8802 tensile-testing device show
that our device can produce comparable results and is
sufficiently accurate to be used for research purposes.
The typical dynamic tests of a steel tensile spring,
conducted on both systems, yielded results with a
Pearson correlation over 99 %.

The upgraded system is currently being used
for acquiring the material properties of samples of
post-mortem human ligament tissues. Although the

application is currently limited to a single purpose,
the controlling and data-acquisition system can be
easily utilized for other types of measurements or be
transferred to another mechanical system.

Compared to the available turn-key solutions, our
system did take more time to design and develop, yet
it is more versatile, less costly and easily adaptable,
while maintaining a comparable level of accuracy. The
development of the presented system also enriched
our expertise in this field, which has encouraged us to
consider upgrading or developing future measurement
systems in a similar manner.
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Supplementary material consisting of measurement
results, protocol, data saving and processing
descriptions, source code and the connection scheme
of the whole system is available at our GitHub
repository: https://github.com/FSKMTM/trgalnik
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Dynamic Characteristics and Stability Prediction
of Steam Turbine Rotor Based on Mesh Deformation

Heyong Si* — Lihua Cao — Pan Li
Northeast Electric Power University, Department of Energy and Power Engineering, China

In order to study the steam flow excited vibration caused by the eccentricity of a rotor, three-dimensional rotor whirl motion is simulated
based on mesh deformation. The mechanism of steam flow excited vibration and its influence on the dynamic characteristics of the rotor
are investigated. The results show that the exciting forces change with the displacement of the rotor’s centre. Rotor dynamic coefficients are
nonlinear when the rotor whirls pass the mesh deformation. The rotor dynamic coefficients and effective damping increase with the increase
of whirl frequency. When the whirl frequency is 24.41 Hz, the rotor dynamic coefficients are strongly affected by rotational velocity. The
maximum fluctuations of average direct stiffness, cross-coupling stiffness, direct damping and cross-coupling damping are 8.1 %, 113.2 %,
45.8 %, and 121.0 %, respectively. Effective damping fluctuates greatly when both whirl and rotational frequency are 24.41 Hz. The direct
stiffness, direct damping, and effective damping increase with the increase of pressure ratio, which can improve rotor stability. The pressure
fluctuation on the rotor’s surface is a primary reason for steam flow excited vibration. The stability margin of the rotor can be estimated

precisely via effective damping.

Keywords: steam turbine; labyrinth seal; steam flow excited vibration; rotor dynamic characteristics; mesh deformation; stability

Highlights

*  The three-dimensional rotor whirl motion was simulated based on the mesh deformation.
e The mechanism of steam flow excited vibration and the influence of factors on the dynamic characteristics of the rotor were

investigated.

*  The stability of the rotor can be predicted precisely through effective damping.

0 INTRODUCTION

With the continuous growth of power demand and
the adjustment of industrial energy structures, steam
turbines with large capacities are widely used in power
generation. Steam flow plays an essential role in rotor
stability. The uneven circumferential clearance in a
seal caused by the eccentricity of the rotor will lead to
the uneven distribution of steam, which easily induces
steam flow excited vibration. This is the main reason
for the variation of rotor dynamic characteristics
and rotor instability. Therefore, the analysis of rotor
dynamic characteristics and the stability of the rotor
system including steam flow excited vibration are
necessary.

In Alford’s analysis of steam flow exciting
forces, the uneven force on rotor produced by steam
can easily cause the eccentricity of the rotor, which
results in circumferential uneven leakage flow and
continuously aggravates the whirl motion of rotor
[1]. To analyse the mechanism of steam exciting
force, many different computational models of
seal have been used by scholars [2] to [6]. With the
deepening of research, the computational models
of seal for steam flow exciting forces are constantly
improved [7] and [8]. In recent years, computational
fluid dynamics (CFD) has been widely used for

simulations of fluid flow, combustion, and chemical
reactions due to its fast and effective computational
model. The static eccentricity of a rotor model is
calculated with a steady-state solver, in which the
rotor only has rotational motion. The results show that
the radial and tangential steam flow exciting forces
on rotor increase with the increase of eccentricity
[9] and [10]. The rotor dynamic coefficients have a
nonlinear relationship with the eccentricity. With the
increase of positive prewhirl at seal inlet, the cross-
coupling stiffness increases gradually from negative
to positive, and the rotor system is unstable [11].
However, a proper reverse prewhirl can enhance the
rotor stability [12] and [13]. Based on the influences of
preswirl and circumferential movement of steam flow
on rotor stability, the damping seal proposed by von
Pragenau is applied to practice. The seal can reduce
circumferential non-uniform distribution of pressure
and cross-coupling stiffness, which can enhance the
rotor stability [14].

Based on the static eccentricity of the rotor model,
the rotor whirl motion relative to rotating coordinate
system is put forward. In this model, the stator and
rotor have opposite rotational motion at the same
time. Ishii et al. simulated the complex turbulent flow
field of the seal to verify the validity of the model, and
indicated that the accurate flow field near the teeth
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is necessary for evaluating the rotor dynamic forces
[15]. Other scholars conducted a comparative analysis
of different solvers via this model and indicated that
CFX-TASC flow can accurately calculate the rotor
dynamic coefficients [16]. Sivakumar Subramanian
et al. studied the influence of centrifugal force on the
radial exciting force and tangential exciting force. The
centrifugal effect at low rotational velocity decreases
the radial exciting force, which is more obvious when
the pressure ratio increases; the tangential exciting
force is almost constant. However, at the condition of
high rotational velocity and high-pressure ratio, the
radial and tangential exciting forces change sharply
with the centrifugal effect [17]. Scholars established
the rotor whirl model for gas turbines and calculated
the dynamic coefficients in the frequency domain
[18]. In addition, the instability in compressors can
be linked to the high structural stress, which are
associated with flow-induced blade vibrations. The
research on the long-blade turbine stage showed
that the frequency of separation vortex had a certain
influence on the steam flow excited vibration [19].
In the research on rotor nonlinear motion [20], Ma et
al. studied the bifurcation of rotor system and found
that the bigger seal diameter, the higher bifurcation
velocity of rotor system [21].

At present, simplified models are adopted in most
of the research in order to reduce the computational
time, such as the static eccentricity of the rotor and
the rotor whirl motion based on the relative rotating
coordinate. However, these models can only show the
forces and flow characteristics at a certain position
of rotor. The flow field analysis under the condition
of rotor whirl is ignored. Furthermore, the result
from the simplified dynamic coefficients equation by

Establishing the model of seal flow field
| ANSYS ICEM (Section 1.1) |

:-Cnmpiling the whirl Motion (UDF) and integrating it into CFD |
I FLUENT/VISUAL STUDIO (Section 1.1) I

[~ 7 Setting boundary parameters and deformation mesh |
| calculation for different variable parameters |
| FLUENT (Section 1.2) I

|r Solving dynamic coefficient I

| MATLAB (Section 1.3) '
___________ R e e
_____ b, S —— P, /e

[ Analysis and discussion of | I Analysis and discussion of |
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| FLUENT (Section2) | | FLUENT (Section2) |

Fig. 1. The framework of research and methods

duality is not accurate enough. Therefore, based on
the structure of the diaphragm seal, the computational
fluid dynamics software is applied to establish a three-
dimensional rotor whirl model. The mesh deformation
is used to simulate the real rotor whirl. The influences
of whirl frequency, rotational velocity, whirl radius
and pressure ratio on the steam flow excited vibration
are considered to solve the rotor dynamic coefficients.
At the same time, the rotor stability of steam turbine
is analysed. The structure of the paper and the relative
contents of sections are shown as Fig. 1.

1 NUMERICAL MODEL AND METHODS
1.1 Computational Model

Taking a second stage diaphragm seal in a high-
pressure cylinder of 300 MW steam turbine as an
example, the three-dimensional full-cycle rotor
whirl model is established. The unstructured grid is
generated by ANSYS ICEM, and the unsteady flow
field in seal is calculated with a FLUENT pressure
solver. The seal model is shown in Fig. 2. The cavity
depth, teeth thickness, convex plate height, and
seal tip clearance are represented by h, t, | and C,,
respectively. The specific structural parameters are
shown in Table 1.

Fig. 2. Schematic diagram of labyrinth seal structure

A single-frequency rotor whirl model is
constructed at one whirl velocity, as shown in Fig. 3.
Orbit 1 is an example of single-frequency rotor whirl
motion. The expression of motion in the forward
direction is as follows:
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X(t)z—erxCOS(GO +Q><t), @)
y(t)=exQxsin(6, + Qxt), )

where e is the whirl radius of the rotor; X(t) is the
velocity of the X direction; y(t) is the velocity of the
y direction; Q is the whirl velocity; 6, is the initial
angle; t is the time.

Table 1. Structural parameters of labyrinth seal

Name Value unit
Cavity depth, h 3.2 mm
Teeth thickness, t 0.4 mm
Convex plate height, | 2.4 mm
Seal tip clearance, Cr 1 mm
Rotor diameter 496.6 mm

forward
direction

Orbit 2

Fig. 3. Schematic diagram of whirl motion

The multi-frequency rotor whirl model is obtained
from the improvement of single-frequency rotor whirl
model, as shown in Fig. 3. Orbit 2 is an example of
multi-frequency rotor whirl motion. The expression of
the forward direction is as follows:

X(t)=—ex > O xcos(6 +Q; xt), 3)
y(t)=ex D O xsin(g, +Q; xt), “4)

where i is the whirl velocity which has five values
(750, 1500, 2250, 3000, 3750) r/min.

1.2 Mesh Deformation Method

As the boundary profile of the model will be changed
by the whirl of rotor, the defined function is compiled
with a user-defined function (UDF) to command
the motion of boundary, and mesh deformation is
used to the computational domain. Thus, the three-
dimensional whirl motion of the rotor is achieved. The
main structure of UDF is shown in Fig. 4, in which

the control function of the rotor is DEFINE CG
MOTION.

#include "udf.h"
#pragma comment(lib, "kernel32.1ib")//Invoking
function
#define PI 3.1415926
DEFINE_CG_MOTION(rotor,dt,vel,omega,time,dtime)
{
real ***;//Parameters
NV_S(vel,=,0.0);
NV_S(omega,=.0.0);/Initialization
real ***;//Assignment
Formula calculation
Output

Fig. 4. Main structure of UDF program

The boundary parameters are derived from the
rated operating conditions of the unit. The pressure
boundary is applied to the inlet and outlet, the inlet
pressure is 10.7 MPa and the inlet temperature is
744.25 K, the outlet pressure is 10.263 MPa and the
outlet temperature is 734.25 K. The N-S equation
in labyrinth seal flow field is solved by the standard
k—¢ equation with the SIMPLE algorithm. Because
the mesh can be updated and reconstructed, the high
quality of the initial mesh and suitable mesh updating
are necessary. The initial mesh number under the
condition of static eccentricity is shown in Table 2.
There is no significant influence on the results when
the grid number reaches 5.4 million.

Table 2. Influence of mesh quantity on results

Mesh number(x 104) Fy Fy,
270 -11.1223 22.2852
300 -16.9572 17.9165
410 -13.7212 36.0879
540 -13.6620 36.2510
720 -13.6460 36.2544

Table 3. Specific parameters of “Remeshing” and dimension
function

ltems Value
Spring constant 1
Convergence tolerance 0.001
Number of iterations 20
Laplace node relaxation 1
Split factor 0.4
Collapse factor 0.2
Remeshing methods resolution 1
Remeshing Methods variation 0.1
Remeshing methods rate 0.7
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The remeshing method of grid updating and
dimension function are used; the specific parameters
are shown in Table 3. The grids at 0 s and 0.002 s are
shown in Fig. 5. Taking a grid element as an example,
when the rotor is whirling, rotor displacement appears
and the node K on rotor surface moves in the X
direction. It can be seen from Table 5 that the volume
difference of grids between 0 s and 0.002 s is small,
so the grids updated by mesh deformation still have
high quality.

Time=0.000 s

Time=0.002 s

Fig. 5. Schematic diagram of mesh deformation

Table 4. Comparison of mesh deformation

Grid statistics t=0s t=0.002 s
Minimum volume [m3] 3.3922¢-13 3.3882¢-13
Maximum volume [m3] 1.4430e-07 1.6809e-07
Total volume [m3] 9.3375¢e-04 9.3375¢e-04
Minimum face area [m?] 4.2743e-09 4.2743e-09
Maximum face area [m2] 8.0990e-05 8.0970e-05
900
—F,_ ---F ; (present results 50 Hz) L
- .. ——F, ——F'(Yanetal. [18] 50 Hz)
g 1 ! &
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g z
& z
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Fig. 6. Variation of forces with time

In order to verify the accuracy of the model, a
single-frequency whirl model is simulated at 50 Hz.
The steam flow exciting forces in X and y directions
is shown in Fig. 6. Compared with the forces of
the honeycomb seal in literature [18], they have a
very similar variation trend. Therefore, the model
established in this paper is reliable.

1.3 Calculation Method of Rotor Dynamic Coefficients

The mathematical relation between the steam flow
exciting forces and rotor dynamic coefficients in the
labyrinth seal can be represented by the following
equation:

|:Fx(t):|__|:kxx kxy:||:x(t):|_|:cxx ny:||:)'((t):| (5)
F@ | [k Ky [Ly®] [Cp Cy |Ly®]

where Fy(t) and F(t) are the component forces in X
and y direction, as shown in Fig. 3. k,, and k, are
the direct stiffness, Ky, and ki are the cross-coupling
stiffness, C,y and Cyy are the direct damping, c,, and cyy
are the cross-coupling damping, x(t) and y(t) are the
displacements in the x and y directions.

The rotor dynamic coefficients are solved
according to the solution in [22]. The matrix in Eq. (5)
is performed by Fast Fourier transform to obtain the
matrix in Eq. (6) in the frequency domain.

_Fx _ kxx + chxx I(xy + jQny dx (6)
—F, | |ky+iQc, ki, +jQc, |Id, |
In order to distinguish the forward and backward
motions, the forward whirl motion and backward
whirl motion are defined as a and b, respectively. For
each group of whirl motion, there is the following
matrix:
_Fax _Fbx _ kxx + jQCxx kxy + jQny dax dbx (7)
—Fy —Fy Ky +1QcC, Ky, + jQC,, || dyy dyy
Therefore, the dynamic coefficients can be
expressed in the following equations. The real parts

and the imaginary parts in Egs. (8) to (11) are the rotor
dynamic coefficients.

. K
Ky + 12, = ( d )d ij de) ' (3)
bx™ay
k +jQC ( ax)dbx ( Fbx) (9)
W T —dydy
_ (—Fiy ) day —(~Fay )dy
Ky JQC, =222 (10)

ax

0y Oy — Gy, d
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_ (_Fby)dax _(_Fay)dbx .

k.. + jQc
R R N N

(11)

ay

2 RESULTS AND ANALYSIS

Based on the multi-frequency whirl model and solution
method of dynamic coefficients, the influences of
whirl radius, whirl frequency, rotational velocity and
pressure ratio on rotor dynamic characteristics have
been researched. The quantitative relationship among
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g

1 1 1
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a) Time [s]

them is also studied. Specific calculation parameters
are shown in Table 5.

Table 5. Calculation parameters

Name Value unit
Whirl frequency 12.5, 25, 37.5, 50, 62.5 Hz
Whirl radius 0.05, 0.075, 0.10 mm
Rotational velocity 750, 1500, 3000 r/min
Pressure ratio 1.04,1.06, 1.08 -

The displacements and steam flow exciting
forces of the rotor are calculated when the whirl
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Fig. 7. Displacements and exciting forces under multi-frequency whirl motion; a) variation of displacements and exciting forces with time,
and b) variation of displacements and exciting forces with frequency

radius is 0.05 mm, the rotational velocity is 3000 r/
min, and the pressure ratio is 1.04, as shown in Fig. 7.
Both the displacements and steam flow exciting forces
have nonlinear variations in the time domain. The
variations of displacement and steam-exciting force in
the x direction are in good agreement, and also in the
y direction. Compared with the static eccentric model,
the mesh deformation has more practical significance
because it can realize actual whirl motion. In the
frequency domain, the displacement amplitudes
corresponding to whirl frequencies are high and the
amplitudes of steam flow exciting forces increase with
the increase of whirl frequency.
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The rotor dynamic coefficients are calculated in
three different whirl radiuses. The three whirl orbits
are shown in Fig. 8, and the influence of whirl radius
on rotor dynamic coefficients is shown in Fig. 9.

It can be seen that the rotor dynamic coefficients
present evident nonlinear variation in the multi-
frequency whirl motion. With the increase of whirl
frequency, the dynamic coefficients present an
increasing trend with fluctuation. When the whirl
radius grows, the direct stiffness, cross-coupling
stiffness, and cross-coupling damping in the Xy
direction can hardly match themselves in the yx
direction. The direct damping increases with the
increase of whirl frequency. With the increase of whirl
radius, the direct stiffness, cross-coupling stiffness,
and cross-coupling damping change obviously
but without regularity. Furthermore, they have the
approximate trend of trigonometric function under the
large whirl radius. Comparing the direct stiffness 0.05
mm with 0.1 mm, it can be determined that the direct
stiffness increases with the increase of whirl radius,
while the direct damping is less affected by the whirl
radius. The duality of dynamic coefficients is used
in most studies to simplify the calculation equations,
namely, Ky =ky, Cox=cyy, Ky=—Ky, Cy=—Cy. In

this research, however, the duality is not applicable
to the dynamic coefficients except the direct
damping. Therefore, in the research of rotor dynamic
coefficients for a steam turbine, the results obtained
by the simplified equation based on the duality are not
accurate enough.

Fig. 10 shows the rotor dynamic coefficients
under different rotational velocity. The variation of
coefficients is similar to the above analysis, but the
rotational velocity also has a great influence on the
rotor dynamic coefficients. The dynamic coefficients
fluctuate considerably under different rotational
velocity when the whirl frequency is near 24.41 Hz.
It is shown in Fig. 10 that the rotational velocity has
a significant effect on the direct damping in the low-
frequency range and this effect decreases gradually
with the increase of frequency. The direct damping
decreases at exactly 24.41 Hz when the rotational
velocity is 1500 r/min. This is because the rotational
velocity and whirl velocity are both near the first
critical velocity, which makes the stability of rotor
decreased. The influence between the rotational
velocity and whirl velocity is significantly reduced
with the increase of whirl frequency, so the variation
of direct damping decreases gradually. The average
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direct stiffness, cross-coupling stiffness, direct
damping and cross-coupling damping are listed in
Table 6, as well as their equations. It can be seen
that the rotational velocity of 1500 r/min has the
greatest impact on the rotor dynamic coefficients.
The maximum fluctuations of average dynamic
coefficients are 8.1 %, 113.2 %, 45.8 %, and 121.0 %,
respectively.

Fig. 11 shows the variation of rotor dynamic
coefficients in different pressure ratios between inlet
and outlet. The direct stiffness increases gradually
towards the negative direction with the increase of
pressure ratio, while the direct damping increases
towards the positive direction. The direct stiffness
and damping vary with pressure ratio in a hierarchical
distribution. According to the rotor dynamics analysis,

the increase of direct damping is conducive to the
stability of the rotor system and the direct damping
increases obviously with the increase of pressure
ratio. Therefore, the stability of the rotor system
can be improved by increasing the pressure ratio.
The variation of cross-coupling stiffness and cross-
coupling damping with the increase of pressure
ratio is not regular. A comparison of the 1.04 with
1.08 pressure ratio shows that the variation range of
cross-coupling stiffness and cross-coupling damping
increase as the pressure ratio increases.

The above research shows that the whirl
frequency, whirl radius, rotational velocity and
pressure ratio have considerable influence on the
rotor dynamic coefficients. The effective damping
coefficient Cg can reflect the stability margin of the
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Table 6. Fluctuations of average dynamic coefficients at whirl frequency 24.41 Hz

Name Calculation Rotational velocity Maximum
equation 750 r/min 1500 r/min 3000 r/min fluctuation [%]
Average direct stiffness [N/m] (K T k)2 -250227 —238030 —248539 8.1
Average cross-coupling stiffness [N/m] (kxy + kyx)/z 3877 -29329 -3531 113.2
Average direct damping [N-s/m] (Cyx T )2 257580 176607 248374 45.8
Average cross-coupling damping [N-s/m] (va + Cvx)/2 -1464 -25224 5289 121.0
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rotor system. Hence, Cg is used as the evaluation
index for the stability of the rotor, as defined below:

Ce =I5 (Fz+F,y)dt/2ne’Q, (12)
e'n((ky =k, )= Q(c, ¢, )) ==} (Fz+F,y)dt, (13)

where Q is whirl velocity. When Cg>0, the higher
value is, the more stable rotor system is. When Cg <0,
the smaller Cg is, the more possible that the rotor
system is unstable.

As shown in Fig. 12, the effective damping of
rotor increases with the increase of whirl frequency.
It increases slightly with the increase of whirl radius
and this trend is not obvious in low frequency
range until the whirl frequency exceeds 50 Hz. The
relationship between the rotational velocity and the
effective damping is shown in Fig. 12. It can be seen
that the effective damping of rotor decreases when
the rotational velocity is 1500 r/min, and the whirl
frequency is 24.41 Hz. When the whirl frequency
exceeds 35 Hz, the rotor stability at the 1500 r/min
rotational velocity is improved. This is because the
rotational velocity is equal to the whirl velocity, and
they are close to the first critical velocity, which leads

to the stability of the rotor being decreased. According
to the relationship between the pressure ratio and
effective damping, the effective damping increases
obviously with the increase of pressure ratio. It
indicates that the pressure ratio has a great influence
on the rotor stability, and a high pressure ratio is
beneficial to rotor stability.

In order to better understand the internal flow
characteristics, the flow field of the seal is analysed
under different factors. Fig. 13 shows the streamlines
and turbulent kinetic energy contours at the rotational
velocity of 750 r/min and 3000 r/min. The leakage
steam in seal presents an unsteady motion. The
distribution of turbulent kinetic energy in the seal has a
small variation with the increase of rotational velocity.
However, high turbulent kinetic energy appears at the
tip of the seal, which indicates that the kinetic energy
dissipation caused by throttling is the main mechanism
of the seal. At high rotational velocity, the leakage
steam has more severe vortex motion and generates
larger vortex at seal outlet. This is the result of leakage
steam carried by rotor surface. The circumferential
velocity of leakage steam increases with the_increase
of rotational velocity, which makes the vortex become
larger.
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Fig. 14 shows the three-dimensional distribution the eccentricity of the rotor, which is caused by the
of pressure on the rotor surface. It can be seen that unsteady flow of leakage steam. It is the main reason
the pressure of rotor surface fluctuates violently as for steam flow-excited vibration of the rotor. The
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maximum pressure fluctuation appears at model inlet
and outlet. Compared Fig. 14a and b, the fluctuation
range of outlet pressure under the high-pressure ratio
is wide, but the pressure distribution is relatively
uniform; meanwhile, the lower pressure causes the
smaller force on the rotor. At the same time, Fig. 12
shows that the effective damping of the rotor is larger
under the high-pressure ratio, so the rotor is relatively
stable.

3 CONCLUSIONS AND FUTURE OUTLOOK

The three-dimensional whirl motion is implemented
through mesh deformation. On this basis, the
influences of whirl radius, whirl frequency, rotational
velocity, and pressure ratio on the rotor dynamic
characteristics are obtained. The rotor stability
affected by steam flow excited vibration is analysed
and the mechanism of steam flow excited vibration is
clearly revealed through analysis of flow field. The
conclusions are as follows.

The rotor whirl motion using mesh deformation
is in good agreement with the actual situation. The
steam flow exciting forces and dynamic coefficients
in multi-frequency whirl motion show nonlinear
change and the steam flow exciting forces increase
with the increase of whirl frequency. The calculation
results obtained from the simplified equation based on
duality is not accurate enough.

The whirl radius, whirl frequency, rotational
velocity, and pressure ratio have great influence on
the rotor dynamic coefficients. The direct damping
increases with the increase of whirl frequency. The
range of direct stiffness, cross-coupling stiffness and
cross-coupling damping are increased at large whirl
radius. At the 24.41 Hz whirl frequency, the maximum
fluctuations of average direct stiffness, cross-coupling
stiffness, direct damping and cross-coupling damping
are 8.1 %, 113.2 %, 45.8 % and 121.0 % respectively.
The direct stiffness and direct damping increase with
the_increase of the pressure ratio.

The pressure fluctuation caused by eccentricity
is the main reason for steam flow excited vibration.
With the increase of rotational velocity, the turbulent
kinetic energy increases and the vortex motion is
more intense. The effective damping of the rotor
can adequately evaluate the rotor stability. The rotor
stability increases with the increase of whirl frequency
because the effective damping is improved. At a
high-pressure ratio, the fluctuation range of pressure
at seal outlet is wide, but the pressure distribution is
relatively symmetrical and uniform.

The dynamic characteristics and stability of a
300 MW steam turbine rotor influenced by steam
flow excited vibration are investigated. The nonlinear
dynamic characteristics of the seal are different for
steam parameters and seal structures, which is more
prominent for the ultra-supercritical units. However,
the existing whirl equation is unsuitable for large
diameter rotor (over 800 mm). An improved whirl
equation for ultra-supercritical units is necessary
to make large diameter rotor whirling. Meanwhile,
the nonlinear motion of rotor induced by steam flow
excited vibration is also worthy of further study.
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5 NOMENCLATURE

e  whirl radius of rotor, [m]

X(t) velocity in the x direction, [m/s]
y(t) velocity in the y direction, [m/s]

Q  Whirl velocity, [rad/s]

o Rotational velocity, [rad/s]

6y Initial angle, [rad]

t Time, [s]

F Steam exciting force, [N]

k  Stiffness, [N/s]

¢ Damping, [N-s/m]

Cr Effective damping, [N-s/m]

X(t) Displacement in the x direction, [m]
y(t) Displacement in the y direction, [m]
h  Cavity depth, [mm]

t, Teeth thickness, [mm]

T Temperature, [K]

! Convex plate height, [mm]

C, Seal tip clearance, [mm]

d  Displacement in frequency domain, [mm]

Subscripts:
x  x direction in cartesian coordinates
v ydirection in cartesian coordinates
i five whirl velocities;

(750, 1500, 2250, 3000, 3750) r/min
xx from x to x direction in cartesian coordinates
yy fromy to y direction in cartesian coordinates
xy from x to y direction in cartesian coordinates
yx from y to x direction in cartesian coordinates
a  forward whirl motion
b backward whirl motion
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Experimental Analysis of Process Parameter Effects
on Vibrations in the High-Speed Grinding of a Camshaft
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The capacity to minimize vibrations in grinding by the selection of appropriate process parameters is a significant benefit in the process
optimization of cam grinding. This paper presents survey methods to characterize and quantify the vibrations and waviness in a camshaft
grinding application. First, a modal analysis was conducted to study the dynamic characteristic of a camshaft grinding machine. Then,
developed methods were applied to study the influences of various parameters on vibrations in the high-speed grinding of a camshaft.
Furthermore, the influence of each grinding process condition on surface waviness in high-speed camshaft grinding was studied. The results
show that the vibrations and the surface waviness change with the increase of grinding depth, and an appropriate grinding wheel speed
combined with a workpiece speed has, for most grinding conditions, a reducing effect on vibration magnitudes and waviness. Finally, the
specific indications about the optimal grinding process parameters in terms of dynamic characteristics of the grinding machine were given,

and the speed ratio=1.2 is a novel choice.

Keywords: vibrations, high-speed grinding, surface waviness, frequency spectrum, camshaft

Highlights

*  An experimental method to analyse the process parameters effects on vibrations in the high-speed grinding of a camshaft is

presented.

*  The modal analysis enables choosing the favourable frequency range.
*  The significant relationships between the features of the process parameters and dynamic characteristic of the camshaft

grinder are effectively obtained.

*  The optimal grinding process parameters in terms of the dynamic characteristics of the grinding machine are given.

0 INTRODUCTION

The camshaft, as a key component in creating
a prescribed motion in the contacting element
(follower), has been widely used in many industrial
fields. Computer numerical control (CNC) camshaft
grinders and cubic boron nitride (CBN) wheels
have advanced dramatically in recent years and
significantly influenced the progress of the high-speed
grinding of camshafts [1].

High-speed grinding is often accompanied
by complicated vibration behaviours [2]. The cam
grinding process is regarded as a typical discontinuous
grinding mechanism that includes rapid entries
and exits of the grinding wheel into the camshaft
accompanied by dynamic grinding depth over the
engagement. Vibrations in such conditions are
inevitable in the high-speed grinding of a camshatft.
Various parameters, including grinding speed,
grinding depth, camshaft profile, and machining
conditions, play critical roles for the vibrations, while
the vibrations in processing acutely affect the wheel
life and the ultimate grinding quality. In general,

increased vibration magnitude leads to a reduction in
grinding wheel life and higher surface waviness.

Two types of vibrations can arise in the high-speed
grinding of camshatft: the first type is forced vibrations
that originate from the variation in grinding depth and
the unbalance of the wheel [3]. These vibrations cause
troubles in the grinding processing if their vibration
frequency matches one of the natural modes of the
machine tool-workpiece system. The second type,
known as “chatter”, may arise in grinding due to the
regenerative and frictional effects of the machine
tool-workpiece. An unstable grinding process occurs
due to these self-excited vibrations, and the results
of grinding wheel wear [4], unacceptable surface
finish, and increased noise would arise. In practice,
the two types of vibrations above are often present in
any grinding operation at the same time even if their
impacts on the final result differ.

Much research has been done concerning
experimental and analytical grinding vibrations to
identify the vibration form during grinding. Robles-
Ocampo et al. [5] presented a novel nonlinear model
for centreless grinding which describes the dynamic
behaviour of the process. Zhang et al. [6] proposed
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a non-linear dynamic model to research the dynamic
characteristics of the grinding process and the different
vibrations resulting in the qualitative behaviour of the
grinding machine was demonstrated. Mohammadi and
Ahmadi [7] presented an update to the widely used
multi-frequency solution of regenerative chatter by
modelling the tool dynamics as a linear time-periodic
system. In order to investigate the nonlinear, non-
autonomous vibration characteristics of a cylindrical
traverse grinding process, Jung et al. [8] performed
nonlinear analyses applied to a spatially periodic wavy
surface. On the basis of mechanical analysis, Zhu
et al. [9] researched the chatter stability of grinding
thin-walled parts based on the modal experiments of
titanium alloy workpiece and grinding head. Denkena
et al. [10] presented a system for chatter detection
and elimination for external cylindrical grinding
machines. Thomazella et al. [11] proposed a new
digital processing technique for the monitoring of the
chatter phenomenon during the grinding of AIST 1045
steel with various grinding wheels.

It can be seen from the above research that the
identification method of vibration form has become
essentially mature. However, the vibration behaviour
of different processing methods is variational, so the
experimental analysis is necessary for exploring the
specific form of vibration.

In contrast, the grinding process parameters
affect the grinding force and machine dynamic
behaviours, and then change the form of vibration and
surface waviness. To better establish the relationship
between grinding process parameters and stable
grinding conditions, the investigations of the grinding
vibration mechanism are critical. Cao et al. [12]
established a new model for the surface topography
of the grinding process to discuss the effects of the
wheel vibration amplitude, wheel grit number, as
well as process parameters on the surface waviness
and roughness. Leonesio et al. [13] presented a novel
frequency domain approach for identifying the process
parameters, exploiting in-process system response,
which measured via impact testing. Liu et al. [14]
analysed the process parameters and stability grinding
conditions affecting the grinding stability of the blisk-
blade belt. Rao et al. [15] estimated the influence of
various input process parameters on machine tool life
by determining the roughness on a machined surface
and amplitude of workpiece vibration. Therefore,
given that the lessening of vibration is profitable for
grinder life and processing precision, it is researching
the effects of grinding process parameters and grinding
conditions on the dynamic behaviours is necessary.

However, few studies related to the vibrations
in high-speed grinding of camshaft have been made.
This paper aims to effectively quantify vibration
magnitudes and surface waviness, which make
it possible to research the effects of the process
parameters on the dynamic characteristics in the high-
speed grinding of camshaft.

In the following sections, the measurement
methods and experimental setup are described. Next,
experimental results are presented and discussed. In
the final section, conclusions and recommendations
are given.

1 EXPERIMENTAL METHODOLOGY

The vibration and surface waviness with different
grinding speeds and grinding depths have been
investigated. The experiments were set to three
setups: First, the sampling frequency and analysis
spectral line of each test instrument were set, and
the interference of the external vibration source to
the test signal was observed and eliminated. Second,
the vibration acceleration signal of the processing
system was collected when the machine was idling
with different grinding process parameters, which was
compared with the subsequent experimental research.
Third, the vibration signal and surface waviness were
sampled with different grinding process parameters in
the actual machining.

Grinding wheel
rack

Fig. 1. Accelerometer sensor on the grinding wheel rack

1.1 Measurement Methods

The acceleration signal measurements were conducted
in a camshaft grinding machine with a three-direction
EA-YD-152 piezoelectric acceleration sensor (Econ,
China), as shown in Fig. 1. The acceleration sensor

176 Liu, T. - Deng, Z. - Lv, L. - She, S. - Liu, W. - Luo, C.



Strojniski vestnik - Journal of Mechanical Engineering 66(2020)3, 175-183

was glued on the grinding wheel rack. The test
platform of vibrations the machine-tool-workpiece
system in the high-speed grinding of camshaft is
shown in Fig. 2. Acceleration signals in X, Y, and
Z directions were measured during grinding. The
grinding force was measured with a cylindrical
grinding dynamometer. The ANVAT Signal Automatic
Gathering and Analysis System (Econ, China), and the
sample frequency used in the signal collection system
was set to 2 kHz, which was applied to monitor the
vibration of machine tools in the grinding process and
gathered data of idling, steadily and occurs chatter in
the high-speed grinding process. The surface waviness
was detected by MarSurf M300 Surface Roughometer
(Mabhr, German). The arithmetical mean deviation of
the waviness profile was selected as the characteristic
parameter of the waviness. The measurement direction
of the waviness was parallel to the grinding direction.

Data acquisition
instrument

Cylindrical grinding
dynamometer

Fig. 2. The test platform of vibrations in high-speed grinding of
camshaft

1.2 Modal Analysis

Modal analysis of the processing system was
accomplished to aid in the in-depth understanding of
the dynamic characteristic. The frequency response
functions (FRFs) of the processing system were
acquired by impact hammer tests. In the tests, modal
parameters such as the equivalent mass (m), the
stiffness coefficient (k), the structural damping ratio
({), and the natural frequency (w,) of the processing
system were obtained. The acceleration sensor
was installed in the feed direction of the grinding
machining, and a hammering test was conducted
using hammer beats.

The impacting point was located in the grinding
wheel rack of the grinding machine while the
measuring points were set according to Fig. 1. The

three directions were excited, and the corresponding
response was measured. From the data shown in Table
1, it is obvious that the dynamic stiffnesses of the
grinding wheel rack in the X direction and Z direction
is far less than the dynamic stiffness in the Y direction.
The natural modes at 51.8 Hz, 77.2 Hz, 146.6 Hz, and
176 Hz are found in the X direction. The mode of the
poorest stiffness is the fourth mode in the X direction
at 176 Hz, for which the dynamic stiffness is 14100
N/m.

Table 1. Dynamic stiffness of grinding wheel rack

Dynamic stiffness [N/mm]

Mode [Hz] X direction Y direction Z direction
51.8 - 75900 15500
77.2 28600 34500 -
105.7 18600 33400 19200
146.6 27100 65600 -
176.0 14100 61900 84715

1.3 Parameters of Experiments

The experiments were conducted on an ultra-high-
speed precision combined grinder (type CNC8325)
manufactured by the Hunan Hicam Engineering
Technology Research Co. Ltd, China. The grinding
wheel is a 70# CBN grinding wheel with the highest
linear speed up to 200 m/s, and the diamond roller is
used for dressing, the dressing parameters are shown
in Table 2.

Table 2. Dressing parameter

Dressing Grinding Grinding  Value of Idle speed of
speed wheel taper wheel dressing grinding wheel
[r/min]  compensation [°] radius [mm]  [mm] [mm/min]

800 0 200 0.003 1500
Table 3. Grinding test conditions
Project Parameter

grinding wheel

camshaft specimen
grinding-wheel speed, Vg
workpiece speed, Ny,
grinding depth, a,

@ 400 x 25 mm, CBN
chilled cast iron
60 m/s to 150 m/s
90 r/min to 180 r/min
0.01 mm to 0.04 mm

A typical cam is used as a sample. The radius of
the base circle is 15.5 mm, the workpiece material
is chilled cast iron. The grinding conditions used in
the experiments are from the production data of the
manufacturer, as shown in Table 3, and a series of
experiments were conducted with the fractional
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factorial design. The feeding speed of the grinding
wheel was set to 4500 mm/min.

2 RESULTS AND DISCUSSIONS
2.1 Vibration Characteristics of Machine Tools

The vibration signal was collected in the time domain
for all directions. The frequency spectrum analysis
method was applied to characterize the acceleration
signal in the frequency domain [16]. The frequency
spectrum of the vibration signal of idling test and
actual process is shown in Fig. 3.

As seen from Fig. 3, A is the maximum vibration
amplitude, and f is the frequency when the vibration
amplitude is maximum; there are the more intensive
low-rising value vibration spectrum peak under
the grinding wheel spindle rotation frequency high
frequency area. The frequency of vibration amplitude
could also increase gradually to more obvious impact
on vibration of the processing system with the change
of the grinding wheel speed.

The forced vibration is the main vibration source
of the processing system, and the vibration force
produced by the rotating unbalance of the grinding
wheel spindle system is the most important factor

that affects vibration of the processing system [17],
and which is positively related to grinding velocity.
The excitation amplitude is maximum when the
grinding velocity v,= 140 m/s, and the rotation of the
grinding wheel spindle system frequency is 112.5 Hz,
which is close to the third-order natural frequency
of the camshaft high-speed grinding system (105.7
Hz); therefore, the main vibration amplitude of the
processing system is greater.

Table 4. Comparison of camshaft grinding idling test and actual
grinding test (N, = 90 r/min, @, = 0.01 mm)

Level Grinding  Frequency Maximum vibration amplitude [G]
speed [m/s]  [Hz]  Actual process Idling test
1 60 48.34 1.33 1.483
2 90 77.63 1.424 1.79
3 120 95.21 1.512 1.912
4 140 112.79 2.518 2.675
5 150 120.12 1.72 2.191

The comparison of the spectral analysis obtained
from the test of idling and actual grinding process
is shown in Table 4. Because the effects of grinding
damping in the actual grinding [18], the main vibration
amplitude of actual process is smaller than the main
vibration amplitude of the idling test. However, there
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is not much difference between the main vibration
frequency in the idling test and actual process, and
the value of vibration frequency of both are close to
exciting frequency that caused by rotation imbalance
of the grinding wheel spindle system.

2.2 Parameter Effects

The dynamic characteristic of the processing system
changes with the grinding process parameters. The
vibration signal of different status of processing
system is shown in Fig. 4.

£.000

] 10000 20000 0000 40000 50000 =
a) Time [ms]

[] 10d00 2000 T 000 sodon ezl
b) Time [ms]

Fig. 4. The different status of processing system: a) unstable, and
b) stable

The grinding stability lobes diagram of camshaft
was derived, and the grinding process parameters (as
shown in Table 5) of vibration testing were marked
out with red dots, as shown in Fig. 5.

As shown in Fig. 5, the points of experiments
No. 3,4, 10,11, and 12 are above the lobe’s envelope
of stability in the diagram, which is the instability
zone in the grinding process. While the points of
experiments No. 1, 5, 6, and 9 are in the inferior of
the lobe’s envelope that is the stable grinding zone
in the grinding process. The points of experiments
No. 2, 7, and 8 are located on a critical line of the
stability zone and the instability zone in the grinding.

From Fig. 6, it can be seen that forced vibration was
dominant in experiments No 1, 2, 5, 6, 7, 8, and 9.
The vibration of the processing system is combined
with the forced vibration and self-excited vibration in
experiments No. 3, 4, 10, 11, and 12, and the influence
of self-excited vibration is more significant with the
change of the grinding speed and grinding depth. As
seen from Table 1, the mode of poorest stiffness is the
fourth mode in the X direction at 176 Hz, which the
dynamic stiffness is 14100 N/m, so the chatter is most
likely to happen near the fourth mode. According the
frequency spectrum analysis, the chatter frequency is
187.5 Hz, which slightly higher than natural frequency
of the fourth mode in the X direction, as mentioned in
[19].

Table 5. The experimental parameters

) Factors Feedin
Experiment Grinding  Workpiece  Grinding Speedg
speed [m/s] speed [r/min] depth [mm] [mm/min]

1 60 90 0.01 4500
2 60 90 0.02 4500
3 60 90 0.03 4500
4 60 90 0.04 4500
5 120 90 0.01 4500
6 120 90 0.02 4500
7 120 90 0.03 4500
8 120 90 0.04 4500
9 140 90 0.01 4500
10 140 90 0.02 4500
11 140 90 0.03 4500
12 140 90 0.04 4500

012 T T T T T T T T

Grinding depth [mm]

No. le No.5e

S0 0 N0 4000 00 6000 0w 800 900 10000
Speed of Grinding wheel [r/min]
Fig. 5. Grinding stability lobes diagram

The acquired results indicate a clear difference
in vibrational characteristic rest with the grinding
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Fig. 6. Vibration signal spectrum of camshaft grinding
process parameters. Although vibration is inevitable 1 2n
during machining, machining process parameters w =50 >w,, (D
=

could be reasonably selected to reduce self-excited
vibration and resonance in the high-speed grinding
process of camshaft.

2.3 Surface Waviness

The vibrations of the grinding wheel system are the
main reason for surface waviness in grinding. The
variation of the grinding process parameters leads
to the change of system grinding force, geometric
interference, dynamic stiffness, etc., and then affects
the surface waviness of the workpiece. To study the
influence of each grinding process conditions on
surface waviness in high-speed camshaft grinding, in
this paper, a Motif algorithm was used to evaluate the
surface topography after obtaining the original contour
information of surface topography, and the separation
calculation of surface waviness of the workpiece was
completed.

The average depth of corrugation on the curve
was as the evaluation index of the surface waviness
(W) of high-speed grinding of camshaft, and its
numerical calculation is shown in Eq. (1):

where Wjis corrugation value of point j, j=1,2,...,2n.
The maximum value of waviness is usually above
the grain direction of grinding. Therefore, the surface
topography of the camshaft after high-speed grinding
was measured along the grain direction, and its

original contour curve was obtained, as shown in Fig.
7.

1400

Value [nm]
g g8 8 8 B

g

=

(1] 250 500 TS0 1000 1250 1500 1750 2000 2230 2500 2750 3000 3230 3500
Sample point
Fig. 7. The original contour curves

Fig. 8 shows that the camshaft surface roughness
quality obtained by grinding with the grinding
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process parameters in this test meets the processing
requirements and the surface waviness values of
experiments No. 3, 4, 10, 11, and 12 are much higher
than that of experiments No. 1, 5, 6, and 9, while the
waviness values of experiments No. 2, 7, and 8 are
in the middle range. According to vibration spectrum
analysis in the process of grinding system and stability
lobes diagram analysis, the tests of experiments No. 1,
5, 6, and 9 are in the stable zone of grinding, and the
self-excited vibration does not occur, so the quality
of grinding surface is good. and values of the surface
waviness are less than 0.5 microns.

0.6 4

0.5

0.4 4

=
= w
gl T
i
=
=
024
—f@—Roughness
0.1 ——Waviness

0.0 1T T T T

Experiment number

Fig. 8. Test results of roughness and waviness

To further analyse the influence of different
grinding process parameters (grinding speed,
workpiece speed, and grinding depth) on surface
waviness, orthogonal tests with three factors and four
levels were carried out on the representative process
parameters in the stability lobe diagram. The degree
of influence of the three factors were investigated with
range analysis and variance analysis.

The comparative analysis of the mean value (q;,
bi 7, 0i) in Table 6 indicated that the range of the
influence of the grinding parameters to the surface
waviness is grinding depth, grinding velocity, and
workpiece speed, where a;, i 7, J; represents the
average value of the surface waviness corresponding
to Level 1, 2, 3, and 4 of column i in the orthogonal
table and R; is the range of the surface waviness .
The value of F (ratio of the variance of the sample
mean and the error variance, which represent the
significance level) and value of significance level in
Table 7 shows the same conclusion as in Table 6.

Surface waviness is a positively correlated
relationship with grinding depth, and the influence
mechanism of the grinding velocity and workpiece

speed on surface waviness is more complicated [20];
there is obvious interaction between the grinding
velocity and workpiece rotational speed.

Table 6. Result of test and range analysis

Project Grinding Wc;:)kepégce Grinding Waviness
speed [m/s] [i/min] depth [mm] [um]
1 90 90 0.01 0.445
2 90 120 0.02 0.494
3 90 150 0.03 0.558
4 90 180 0.04 0.649
5 120 90 0.02 0.491
6 120 120 0.01 0.429
7 120 150 0.04 0.597
8 120 180 0.03 0.567
9 140 90 0.03 0.604
10 140 120 0.04 0.625
11 140 150 0.01 0.460
12 140 180 0.02 0.578
13 150 90 0.04 0.619
14 150 120 0.03 0.595
15 150 150 0.02 0.488
16 150 180 0.01 0.437
0 0.5365 0.5397 0.4428
bi 0.5210 0.5357 0.5228
Vi 0.5667 0.5257 0.5810
0 0.5347 0.5577 0.6225
R; 0.0458 0.032 0.1798

Table 7. Test variance analysis

Sum of Mean .
Factor squares DOF square F Sig.
Grinding speed ~ 0.0044645 3  0.0014882 3.67 0.082
Grinding depth 0.0747485 3  0.0249162 61.47 0.000
Workpiece speed  0.0024320 3 0.0007147 1.76 0.254

Via matching process parameters with machine
dynamics, more stable machining results can be
obtained [21] and [22]. Fig. 9 shows the change
of surface waviness in the grinding process with
different linear speeds (Vs = 90 m/s, Vs = 120 m/s, Vg
= 140 m/s, and Vg = 150 m/s) and the grinding depth
remains unchanged, a, = 0.01 mm. The speed ratio is
the ratio of grinding speed to workpiece speed, which
is dimensionless.

It is seen from Fig. 9, with the increased speed
ratio, the surface waviness value decreases firstly
and then increases; it reaches the optimal value when
the speed ratio is 1.2. It is thought that when the
workpiece speed continues to increase, the grinding
wheel acceleration and jerk become greater because
the complexity of non-circular profile shapes, the

Experimental Analysis of Process Parameter Effects on Vibrations in the High-Speed Grinding of a Camshaft 181



Strojniski vestnik - Journal of Mechanical Engineering 66(2020)3, 175-183

overcut or undercut may be happened in the tangential
point tracing grinding process. In particular, the
linear speed of grinding wheel is above 140 m/s, this
phenomenon is more obvious, and the vibration of the
processing system intensifies, which leads to higher
waviness on the surface of camshaft machining.

0.46

— 044

Waviness [jun
(=]
o
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=== Speedratio = 1.0

L =@=Speedratio= 1.2
=== Speedratio= 1.4
e Speed ratio = 1.6

0.38 T T T T T

90 120 150
Grinding speed [m/s]
Fig. 9. Results under different speed ratio

At the same grinding speed ratio, with the
grinding speed in a certain range (90 m/s to 120 m/s)
increasing, normal grinding force is reduced and the
grinding processing system is in a stable condition,
so the surface waviness become lower. With speed of
grinding wheel at 130 m/s to 140 m/s, although the
normal grinding force has diminished constantly, but
the frequency of grinding wheel spindle system is
close to the natural frequency, so vibration amplitude
of grinding process system increases, and the surface
waviness value becomes larger. As the grinding speed
increases to 150 m/s, the surface waviness is lower
due to the grinding wheel frequency being away from
the natural frequency of the processing system.

The above investigations have significance for
the optimization of processing parameters based on
efficient and stable targets. In the actual grinding
processing of the camshaft, the following process
condition optimization strategies can be adopted to
control the waviness:

e In the high-speed camshaft grinding, the grinding
speed is recommended to be selected within the
range near 120 m/s and as far as possible to avoid
natural frequency of the processing system.

e The rotation speed of the workpiece should be
selected appropriately, appropriate grinding wheel
speed combined with a relatively workpiece speed
has a reducing effect on vibration magnitudes and

waviness for the most of grinding conditions, and
the speed ratio 1.2 is a novel choice.

3 CONCLUSIONS

An experimental method to analyse the process
parameters effects on vibrations in high-speed
grinding of camshaft is presented. The modal analysis
enables choosing the favourable frequency range. The
significant relationships between the features of the
process parameters and the dynamic characteristic of
the camshaft grinder are effectively obtained, i.e. the
influence of the different grinding speeds and grinding
depths on vibration magnitudes and surface waviness.
The obtained results strongly demonstrate that the
presented methods can be available in evaluation
of grinding process parameters in order to lessen
vibrations in camshaft grinding. The quantization of
vibration magnitudes and surface waviness for the
different process parameters used in the tests identify
the best selection for specific grinding parameters.
It also demonstrates that the grinding speed v, = 120
m/s gives lowest vibrations in the experiments and
higher vibrations with the increasing of grinding
depth. It is confirmed by the survey of the frequency
domain in which it was shown that a lower dynamic
stiffness can, under some conditions, exhibit an
unstable appearance which causes increased vibration
magnitudes. The most significant factor of grinding
surface waviness is the grinding depth. The result of
speed ratio grinding test is a vital guideline for the
design of process schemes. Additional research is
needed to determine whether the different profiles
of camshaft have a significant effect on vibration
amplitudes. Further investigations are necessary to
clarify the impact of grinding wheel wear in relation
to vibrations and surface waviness.
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The Powder-Mixed Near-Dry Electric Discharge Machining (PMND-EDM) methodology has proven to be efficient in terms of machining rate,
surface morphology, and environmental friendliness, unlike traditional EDM. In this study, the presence of a conductive metallic powder (zinc)
in the dielectric medium was responsible for changing the topography of the workpiece (EN-31) and resulted in a higher micro-hardness value
of the machined component. In this research, an approach has been made to optimize the significant process parameters by using a Taguchi
Ly orthogonal array (OA) to obtain machined components with higher values of micro-hardness, which was measured in terms of Vickers
hardness HV. The selected process parameters were tool diameter, mist flow rate, metallic powder concentration, and dielectric mist pressure.
By introducing foreign particles (metallic powder), the topography of the machined products has been improved, and the micro-hardness value
was found to be enhanced. The confirmation experiment was performed for optimal process parameter settings, and the enhanced micro-
hardness value was found to be 506.63 HV in the machined EN-31 die steel.

Keywords: electric discharge machining, powder, near-dry, micro-hardness, optimization

Highlights

*  The PMND-EDM method of machining at optimum input process parameters leads to the generation of machined parts with
higher micro-hardness values.

* |t was observed that optimum parameter condition at A1, B2, C3, and D3 were most dominant in achieving the maximum
micro-hardness of the machined EN-31 Die steel workpiece. Confirmation experiments revealed that the highest value of micro-
hardness was found to be 506.63 HV at the optimized input process parameters.

*  The predicted optimal range of confidence interval of conformation experiments (CICE) for micro-hardness was: 445.05 < micro-
hardness < 596.35. The 95 % conformation interval of the predicted mean for micro-hardness was: 482.88 < micro-hardness
< 558.52.

* A layer of hard zinc carbide hard was deposited over the surface of the machined sample, which leads to a higher value of
micro-hardness. The experimental results were validated by the confirmation of experiments, and the obtained output results
were within the permissible results.

O INTRODUCTION of EDM [1]. The feasibility of a new type of hybrid

powder-mixed near-dry electric discharge machining

Electric discharge machining (EDM) is a well-
recognized non-conventional machining method and
has been widely used in creating complex geometries
in dies and moulds. EDM uses electric-thermal energy
conversion to remove material from the workpieces
that were difficult to be machined by any other non-
conventional machining method. Although EDM
has been globally accepted in the manufacturing
industries, undesirable characteristics such as pores,
cracks, surface pits and holes in the machined
components make this process quite inferior in terms
of surface morphology. Several research works have
been done to improve the morphology and micro-
hardness values of the machined components using
powder-additive EDM methodologies. There was an
improvement in the capabilities of the EDM process
via the addition of powder in the dielectric fluid

(PMND-EDM) was confirmed for the first time [2].
The die steel surface was modified with tungsten
powder additives in the dielectric medium of EDM
[3]. The surface morphology was improved with
the addition of metallic powder as there was carbon
deposition in the plasma, which also increased the
micro-hardness by 100 %. The micro-hardness of SS
(stainless steel) was enhanced using powder-mixed
electric discharge machining [4]. It was seen that 25
g/l concentration of titanium carbide (TaC) powder
in dielectric medium of EDM enhanced the surface
characteristics and micro-hardness value of 1200 HV
was achievable. There was an improvement in the
EDM performance on machining of Ti-6Al-4V by
dispersing SiC particles (abrasives) in the dielectric
medium with magnetic stirring mechanism [5].Other
researchers successfully achieved improved hardness
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of the specimen surface due to the formation of TiC
and TiSi,. A Cu-Mn tool made with powder metallurgy
was used for machining die steel with the EDM
process utilizing the Taguchi technique [6]. Micro-
hardness was increased substantially for the machined
samples under optimum experimental conditions.
Evaluation for micro-hardness was carried out by
using different powder metallurgy tools (Cu and Mn).
There was an improvement in micro-hardness by
93.7 % by the formation of cementite, ferrite and
manganese carbide phases in the machined workpiece
samples by utilizing a composite tool. Experiments
were performed based on the L25 orthogonal array
design of experiment at five different levels [7]. The
machining performances were evaluated in terms
of micro-hardness of the EDMed Inconel 718 end
product. In this paper, a novel optimization route
(combining satisfaction function, a distance measure
approach in conjugation with Taguchi’s philosophy)
has been introduced. Graphite powder-mixed dielectric
was utilized to improve machining performance
on Inconel 625 [8]. The micro-hardness of AISI
H13 tool steel workpiece was improved by using a
molybdenum-powder-mixed dielectric medium in
the EDM process [9]. The migration of molybdenum
and carbon particles leads to the formation of a white
layer over the machined surface in the form of Fe-
Mo and MoxC, which was responsible for improved
micro-hardness. A Taguchi L27 OA (orthogonal
array) was utilized for optimization of process
parameters and utilized chromium powder additive for
experimentation on H-11 die steel in order to increase
micro-hardness of machined surface via powder-
mixed EDM [10]. Analysis of variance (ANOVA)
was utilized along with empirical model for the
optimization and prediction of micro-hardness. The
Taguchi method was followed to obtain a combination
of six process variables for achieving the best micro-
hardness [11]. Under favourable conditions for micro-
hardness, noteworthy enhancement in the percentages
of carbon and tungsten was observed. The presence
of hard tungsten carbide (W,C) and cementite (Fe;C)
on the machined surface was related to the observed
substantial increase in micro-hardness (~150 %).
A study on the machined surface of Inconel 718 by
EDM was performed and observed that the powder-
mixed EDMed machined surface was enriched more
with carbon element in comparison to normal EDM
(without powder) [12]. This carbon enrichment
further increased the micro-hardness of the machined
component. The impact of SiC powder on the
topography of the machined surface was studied,
as was the deposition of particles and subsurface

structures in PM-EDM of Ti-6Al-4V-ELI workpiece
[13]. A unique material transfer mechanism exhibited
better subsurface properties, such as harder and
resolidified layer structure. The discharges established
at the machining gap were very well balanced due to
the introduction of powder particles, which resulted
in improved surface properties. Taguchi’s L18 mixed
OA (orthogonal array) was utilized for the planning
of experiments and selected machine process as well
as tool parameters for study [14].Nanoparticles’ high
reactive surface area made better surface alloying
in comparison to other tool materials and has
displayed positive influence on micro-hardness on
the machined surface. The generated carbides over
the surface increased the micro-hardness to 912 HV.
It was stated that the pyrolysis of the dielectric media
was responsible for significant carbon migration at
the machined surface [15]. Therefore, the EDMed
specimen shows the existence of a carbon-rich surface
(carbide layer). The formation of such a carbide layer
results in increased micro-hardness of the specimen
in comparison to that of the “as-received” parent
material.

Although significant research have been
performed regarding powder-mixed EDM, very
limited research has been conducted in terms of
parameter optimization for micro-hardness in field of
PMND-EDM. Therefore a hybrid setup was developed
to carry out the experiments for the desired output
results. Taguchi Ly OA was utilized for the design
of experiments, which comprise four parameters at
three different levels. The selected process parameters
were tool diameter, mist flow rate, metallic powder
concentration, and dielectric mist pressure. These
selected parameters were selected based on previous
literature review and their significance which affects
the machining characteristics [16] and [17].

1 METHOD AND EXPERIMENTAL

The experimental setup was developed at Delhi
Technological University, Delhi, India, as shown in
Fig. 1. This developed setup was integrated with a
Sparkonix 35A EDM machine. The setup comprises of
mixing chamber (stainless steel) along with dielectric
flow meter (0 ml/min to 20 ml/min) and pressure
regulators. An air compressor (2H.P) has been used
for the supply of pressurized dielectric mist. The
mixing chamber was used for preparing a dielectric
mixture of metallic conductive powder along with a
minute amount of dielectric oil and high-pressure air
supplied from the compressor.
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Fig. 1. Experimental setup for PMND-EDM

Table 1. Experimental conditions of selected process parameters

Symbol Process parameters Unit  Level 1 Level2 Level 3
A Tool diameter mm 2 3 4

B Mist flow rate ml min-1 5 10 15
Metallic powder »

C concentration gl 15 20 25

D Mist Pressure MPa 0.4 0.5 0.6

*Values of other constant parameters:

Machining time 10 min; T, 500 us; Tog 75 us;

Discharge current 12 A; Tool electrode Copper; Workpiece EN-31,
Metallic zinc powder

Eroded machined
samples

Fig. 2. Machined samples and tool setup for PMND-EDM

Table 2. Chemical composition and physical properties of
workpiece (EN-31)

Chemical properties
Element [%]

Mechanical properties
Thermal conductivity [W m-1K-1] 44.5

Carbon 0.90t0 1.20 Hardness (HRC) 63
Silicon 0.10t0 0.35 Yield stress [MPa] 450
Manganese 0.30t0 0.75 Tensile strength [MPa] 750
Sulphur 0.050 Density [kg m-3] 7850
Phosphorus 0.050 Melting point [°C] 1540

The experimental conditions for achieving
maximum micro-hardness by PMND-EDM (Table
1) shows the tool specifications and selected process
parameters values at different levels. The copper tool
and the machined sample by PMND-EDM is shown in
Fig. 2 while Table 2 shows the chemical composition
and mechanical properties of the workpiece selected
for experimentation.

2 RESULTS AND DISCUSSION

Micro-hardness testing for machined EN-31 samples
was measured with the a Fischerscope instrument
(HM2000S model) made in the USA. This instrument
comprises an indenter (carbide), which indents the
sample to be tested with respect to the load applied.
Taguchi Ly OA was utilized for the design of
experiments and the tests for micro-hardness were
performed thrice for repeatability. In Taguchi analysis,
signal-to-noise (S/N) ratios were calculated for desired
and undesired values. These output characteristics are
generally of two types: higher-the-better (HB) and
lower-the-better (LB). Since this study our aim aimed
to increase the micro-hardness of the workpiece, the
criteria to be considered is HB. The output signal to
noise (S/N) ratio considered for HB is given by Eq.
(1) while the S/N values along with output micro-
hardness are given in Table 3.

S/N is a technique of measurement in science
and engineering to analyse the effect on output
response relative to the target or nominal value under
different noise conditions[dB]. In this study, the goal
is to measure micro-hardness; therefore, the noise
conditions are involved during experimentation.

A total of twenty-seven experiments were
performed (three repeated for each set of process
parameter condition):

. 141
S/N rat|o=—logm{HZ—2j, (1)

i=1 Yij

where n is number of replications; and Y;; observed
response value.

The main effects and S/N ratio for average micro-
hardness and pooled ANOVA are given in Tables 4
and 5, respectively, for different process parameters.
The effect of input parameters at different levels on
micro-hardness value (average) was plotted, as shown
in Fig. 3. It was observed that process parameters at
Aj, B,, Cs, and D3 were most significant in enhancing
the micro-hardness of an EN-31 workpiece machined
by PMND-EDM.
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Table 3. The experimental results for micro-hardness by PMND-
EDM as per Taguchi Ly OA

Exp. Parameter trial condition Micro-hardness SIN
N. A B ¢ D RI R2 R3  [dB]

1 2 2 15 04 175 100.25 338.93 41.52
2 2 5 20 05 450 350.78 345.08 49.69
3 2 8 25 0.6 505.63 501.78 540.89 5247
4 3 5 15 06 5937 4596 5026 32.39
5 3 8 20 04 11223 259 189  42.13
6 3 2 25 05 13223 55.63 6238 34.96
7 4 8 15 05 14896 192.85 200.56 43.15
8 4 2 20 06 237 215 350.22 46.23
9 4 5 25 04 201 22237 245 4511

Overall mean Vickers micro-hardness (W) = 232.86
load of micro-hardness measurements 300 N/ 20 s

The force applied for micro-hardness testing was
300 N /20 s with the Fischer micro-hardness machine.
The other results obtained were indentation modulus,
mean value, confidence interval, and range for micro-
hardness value. Parameter A (Tool type) at Level 1
was most significant in increasing the micro-hardness
value of the machined EN-31 sample, as shown in
Fig. 3a. At this level, the dielectric medium dispersion
from the tool tip was found to be very suitable. Due
to this proper dispersion, stable discharging was
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observed at the inter-electrode gap (IEG), which
results in higher values of micro-hardness. The signal-
to-noise ratio (S/N) in the graph also shows the same
trend. Furthermore, the flow rate was found to be
most influential at 2nd level in increasing the micro-
hardness value, as shown in Fig. 3b. At this level, the
flow rate of the dielectric medium at 10ml/min was
optimum in providing suitable normal discharges
at the machining zone along with powder additives,
which results in a higher value of micro-hardness. The
micro-hardness value was found to be highest at the
3rd Jevel of powder additive (metallic) concentration
(25 g/l), as shown by the trend of plot in Fig. 3c. The
micro-hardness value increased with respect to the
increase in metallic powder concentration, which can
be observed in Fig. 3c. A zinc carbide (ZnC) hard layer
was formed over the top surface of the workpiece due
to rich amount of zinc deposition at the melting and
resolidification zone over the surface of the sample
(Fig. 4). As stated, the pyrolysis of dielectric results in
diffusion of oxygen and carbon, which also results in
the formation of hard carbides and oxides over the top
layer of the machined workpiece [18]. All these factors
resulted in achieving the best micro-hardness value
at the 3rd level of the process parameter. Dielectric
mist pressure at the 3rd level (0.6 MPa) was most
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Fig. 3. Plot for micro-hardness vs. process parameters at different experimental conditions
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significant in enhancing the micro-hardness value, as
shown in Fig. 3d, and the S/N also shows the same
trend in the plot. The trend displayed shows that the
micro-hardness value increased with increase in the
mist flow pressure. The excellent debris removal and
cooling effect over the machined sample at this mist
pressure resulted in achieving the maximum micro-
hardness value at the sample surface.

The microstructure of the machined workpiece
changes with there-crystallization phenomenon due
to rapid heating and cooling during the machining
process [19]. The shape of the material grains and,
subsequently, the surface properties of the machined
workpiece are determined by the heating and cooling
rates.

Fig. 4. ZnC layer formation over the machined sample

The average depth of the measured eroded holes
(60 pum) of the machined workpiece was measured
with the help of vision inspection instrument. The
cross-section of the machined surface was also
analysed for the study of micro-hardness. Fig. 5
shows the recast layer at the top altered surface due
to the melting and resolidification of the molten
material. Due to changes in chemical composition and
rapid cooling by flushing, there was a metallurgical
structural change. A heat-affected zone was found
below the recast layer due to heat generated by the
plasma at the inter-electrode gap (IEG).

Table 4. Main effects table for micro-hardness

The white layer indicated the metallographic
phase due to adequate carbon present, which results
in the formation of ZnC deposits (10 um) along with
the solidified molten material while comparison was
also made with the machined sample without metallic
powder, and there was a negligible metallurgical
transformation as shown in Fig. 6.

o T R S >, Clhbiees T, ol

Fig. 5. SEM micrograph of cross section with average values of
micro-hardness

TM30D00_1570 201WD|B‘EOF o . =1 .Ok 'I um

Fig. 6. SEM micrograph of machined sample by EDM without
metallic powder

Scanning electron microscopy was performed
for further analysis of the machined workpieces.
Zinc metallic powder deposits at the resolidification
process over the machined surface can be seen in Fig.
7 at different magnification factors. Metallic powder
(zinc) in the dielectric and molten material migration

Process parameter Level Tool diameter (A) Flow rate (B) Powder concentration (C ) Pressure(D)

Type of data S/N Ratio Raw data S/N Ratio Raw data ~ S/NRatio  Rawdata  S/NRatio  Raw data

A | L1 47.8 367.5 39 145.7 40.9 185.1 429 204.7

verage values

(% micro-hardness) L2 36.4 107.3 46 278.7 423 218.8 42.6 215.3
L3 44.8 223.6 441 2741 45.9 294.5 43.7 278.4

Main effects L2-L1  -113 -260.2 6.9 132.9 1.4 33.6 -0.3 10.6

(% micro-hardness) L3 — L2 8.3 116.3 -1.8 4.6 3.5 75.6 1.0 63.0

Differences 19.7 3765 88 1375 20 19 14 52.4

(L3-12) - (L2 - L1)

*L1, L2, L3 represent levels 1, 2 and 3 respectively of parameters. (L2 — L1) is the average main effect when the corresponding parameter changes
from Level 1 to Level 2. (L3 - L2) is the main effect when the corresponding parameter changes from Level 2 to Level 3.
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Table 5. Pooled ANOVA raw data and S/N data for micro-hardness

Source ssS SS  DOF  DOF v V. Frato  Fratio sg’ s P%  P%

raw SIN raw SIN raw S/IN Raw SIN raw S/IN raw SIN
Tool diameter  305936.46 208.81 2 2 1520682 10440 4221 109.04  298690.1 20690 53.46 62.78
Flow rate 10244557 7903 2 2 5122278 3951 1413 4127 9519925 7712 17.04 23.40
Egnwcd;rtraﬁon 56465.03 3977 2 2 2823252 19.88 779 2076 4921871  37.85 881 1148
Pressure 28569.57 * 2 * 1428479 * 3.94 - 21323.25 38 x
Error 6521686 191 18 2 362315 095 - - 9420214  7.65 16.86 2.32
Total 55863351 32954 26 8 - - - - 5586335 32954 100 100

* Significant at 95 % confidence level, F critical (raw) = 3.55 (tabular value), F critical (S/N) =19 (tabular value), SS — Sum of Squares,

DOF - Degree of Freedom, V - Variance, SS’

— Pure sum of Squares P — Probability of obtaining the observed results of a test
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Fig. 7. SEM images of zinc deposits over the machined EN-31 sample by PMND-EDM at different maghnification factors

from the tool electrode was also responsible for
changes in the microstructure. Another observation
was that the crater size was greater over the machined
surface. A white layer of ZnC was formed and
remained stable over the machined surface. This fine-
grained hard white layer was alloyed with molten
material deposited from the tool electrode.

The hardest dark layer was seen at the top surface
of the machined sample (Fig. 7). Dendritic features
confronts that the phase transformation was also
observed beneath the dark layer [13]. The alpha (&)
phase of white layer occurred in the molten liquid
phase. Primary discharges led to the formation of
large craters, and pebble-type features were developed
due to secondary discharges. Further increases in
powder concentration also lead to the formation of
small craters.

Experimental Investigation of the Micro-hardness of EN-31 Die Steel in a Powder-Mixed Near-Dry Electric Discharge Machining Method

2.1 Estimation of Performance Characteristics (Micro-
Hardness)

Micro-hardness response characteristics can be

determined using Eq. (2), [20] and [21] as:
Micro — hardness = Ai + Bz + Cs + Ds —3HV

=520.7 HV. 2)
The confidence interval of confirmation
experiments can be determined using Eq. (3):
1 1
Cle = ,|F, (1, fe)Ve —+— | =75.65. ?3)
ng R

The confidence interval of the population can be
determined by Eq. (4):
Cl =+/F, (L,

pop

f V. /ng =37.82, 4)
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where, F (1, f,) is the F ratio at the confidence level of
(1 — &) against DOF 1.
F05(1,18) =3.5546 (Tabulated),

N
Ny = — - =9,
eff 14 DOF associted in the estimate
of mean response

where N is the total number of experiments (N =
27); treatment is 9, repetition 3, and sample size for
confirmation experiments, R = 3.

V,, error variance = 3623.15 (Table 5),
fe, error DOF = 18 (Table 5),
F =3.5546 (tabulated F value),

where
_ Variation between sample means
Variation within the samples

This F value is compared with the F limit for
respective DOF. If F value is equal to or greater than
the F-limit value (seen in Table 5), it can be said
that significant differences exist between the sample
means.

Therefore, micro-hardness is 520.7,

Clcg =+75.65, Clpop=+37.82

The predicted optimal range of confidence
interval of conformation experiments (Clcg) is:

Mean . Mean
. micro- .
micro- |—Cl < <| micro- |+ Cl,
hardness
hardness hardness

i.e. 445.05 < micro-hardness < 596.35.

The 95 % conformation interval of the predicted
mean is:

Mean . Mean
micro Cl < micro- < | micro- |+ ClI
icro- |— icro- ,
P%® "1 hardness PoP
hardness hardness

i.e. 482.88 < micro-hardness < 558.52.

The confirmation tests for micro-hardness were
performed by setting machining conditions at the
optimal process parameters values given below:

e Tool diameter at level 1 (2 mm);

e Flow rate at level 2 (10 ml/min);

e Powder concentration at level 3 (25 g/l);

e Dielectric mist pressure at level 3 (0.6 MPa);

The confirmation tests were run thrice to obtain
the average value in order to reduce the percentage
error in experimentations. The micro-hardness values
achieved were 449.30 HV, 510.39 HV, and 560.21 HV
respectively for the three trials and the average value
was 506.63 HV.

(ISO standard: Vickers hardness numbers are
reported as 506.63 HV 300 N / 20 seconds, where C
(loading time) = 5 s indicates the time if it differs from
10 sto 15 s).

2.2 Confirmation Experiments

The confirmation test was performed for micro-
hardness at A; B,, C;, and D5 experimental conditions.
The mean micro-hardness calculated was 506.21 HV
which lies within the confidence interval of predicted
micro-hardness.

2.3 Analysis for TWR

The decrease in TWR was 18.80 % by PMND-EDM
as compared to near dry EDM (i.e., without metallic
powder), as shown in Fig. 8.

The TWR (mg/min) was measured with the
formula:

TWR = (TI —Tf)/Tm'

where T; is the initial weight of the tool, T; is the final
weight of tool, and T, is the machining time.

5 -

4 ® TWR
3

24

14

0

ND-EDM PMND-EDM
Fig. 8. Comparison for TWR between near dry EDM
and PMND-EDM

The addition of conductive metallic powder
leads to reduced breakdown voltage and increase
in the interspace between the electrodes for electric
discharge [22]. This phenomenon improves the
stability of the machining process that caused a
reduction in TWR. The dielectric fluid (LL-221) with
added conductive powder has improved the efficiency
of electrical discharging at the spark gap, preventing
the tool electrode tip from further wear, as shown in
Fig. 9.
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Heat dissipation was improved because the

phenomena of abnormal discharge and short circuit
were minimized. The amount of heat conducted to the
tool was also reduced due to proper heat dissipation.
This makes the material temperature go below its
melting point, which consequently reduces TWR [16].

Fig. 9. Wear of tool electrodes tip after PMND-EDM process

3 CONCLUSIONS

This paper included investigations on micro-hardness
of machined EN-31 samples by utilizing Taguchi
LyOA; a further ANOVA technique was implemented
to study the effects of different process parameters
on output response micro-hardness. The conclusions
drawn after the research are as follows:

It was concluded that the PMND-EDM method of
machining at optimum input process parameters
leads to the generation of machined parts with
higher micro-hardness values.

The requirement of a large quantity of dielectric
oil was eliminated as only a minute amount of
dielectric oil was required for machining hard
metals.

It was observed that optimum parameter condition
at Al, B2, C3, and D3 were most dominant
in achieving the maximum micro-hardness of
machined EN-31 die steel workpiece.
Confirmation experiments revealed that the
highest value of micro-hardness was found to be
506.63 HV at optimized input process parameters.
The predicted optimal range of confidence
interval of conformation experiments (CICE) for
micro-hardness was: 445.05 < micro-hardness <
596.35.

The 95 % conformation interval of the predicted
mean for micro-hardness was: 482.88 < micro-
hardness < 558.52.

A layer of hard zinc carbide hard was deposited
over the surface of the machined sample which
leads to a higher value of micro-hardness.

Experimental Investigation of the Micro-hardness of EN-31 Die Steel in a Powder-Mixed Near-Dry Electric Discharge Machining Method

(1

[2]

[3]

[4]

[5]

[6]

[7]

(8]

[9]

The experimental results were validated by
confirmation of experiments, and the obtained
output results were within the permissible results.
The metallic powder additives aids in the
generation of a stable and more energized spark
due to increased thermal conductivity at the inter-
electrode gap.
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of a Wheel-Drive Hydraulic Hybrid Vehicle
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Energy management strategy is a critical technology for improving the fuel economy of wheel-drive hydraulic hybrid vehicles. For driving, a
power-following control strategy is proposed in this study by adding several working points of the engine in the optimal fuel economy power
curve. For braking, the “I” curve distribution strategy based on critical braking strength z,,;, was adopted. A test bench was constructed
according to the quarter of the prototype vehicle. Taking the typical working conditions of Federal Urban Driving Schedule (FUDS) and the self-
set extra-urban driving schedule (EUDC-1) cycle condition into consideration, the energy management strategy was studied. The torque and
speed of the simulated engine and pressure of the accumulator were obtained. The test fuel consumption in this research was compared with
the original fuel consumption of the prototype vehicle. It was found that the proposed energy management strategy could effectively improve

the fuel economy by more than 24 % under the requirement of satisfying the dynamic performance of the whole vehicle.
Keywords: wheel-drive hydraulic hybrid vehicle, power-following control strategy, braking force distribution strategy, drive cycle, fuel

economy

Highlights

* A power-following control strategy was proposed by adding several working points of the engine in the optimal fuel economy

power curve.

*  The “I" curve distribution strategy based on the critical braking strength zmin was adopted.
*  The energy management strategy in this study satisfied the dynamic performance of the whole vehicle.
*  Results showed that the proposed energy management strategy could improve the fuel economy by more than 24 % in the test

bench.

0 INTRODUCTION

The secondary regulation technology for the constant
pressure network was introduced and applied
to a hybrid tactical vehicle including the series
connections of an internal combustion engine (ICE),
hydraulic pump, and the novel hydraulic pump/motor.
The wheel-drive technology was used to improve the
ground clearance of vehicle chassis [1], and the fuel
economy of the vehicle could be improved by using
the appropriate energy management strategy.
Currently, most of the energy management
strategies of the hydraulic hybrid vehicles come
from related research about hybrid electric vehicles
[2] to [8]. Because of being controlled simply
and applied conveniently, the rule-based energy
management strategy is the most widely used one
among them. The main idea of the strategy is to judge
the working area of the ICE and switch the working
modes of the vehicle, in order to make the ICE run
in an efficient manner corresponding to controller
variables (including the power demand, speed of the
vehicle, and the accumulator state of charge (SOC),
etc.) [2]. For a wheel-drive hydraulic hybrid vehicle
(WDHHYV), because of the small energy density and
high power density of the accumulator, the engine

*Corr. Author’s Address: PLA Army Engineering University, Nanjing, China, gchhxh@qq.com

usually worked in the frequent start-stop state, which
hindered the improvement of the fuel economy of the
vehicle [3]. For the control strategy of the accumulator
SOC, according to the characteristics of the low
power density of the accumulator, the main parameter
accumulator SOC,5 and SOC,,, of this strategy were
optimized, and it was found that when the parameters
were 0.7 and 0.1, respectively, the fuel economy
could be increased by more than 30 %, although the
dynamic performance of the system was not so good
[4]. For the control strategy of the engine state, the
power-following control strategy was proposed by
Song et al. for a series of electric drive bulldozers
based on typical operating conditions [5]. The results
indicated that not only was the dynamic performance
of the bulldozer satisfied, but the fuel economy also
was increased by 13.1 %.

1 METHODS

In this study, according to their characters, two control
strategies were selected for WDHHV. For driving, a
power-following control strategy was proposed for
adding several engine working points in the optimal
fuel economy power curve of the ICE. For braking,
considering the minimum braking force that could be
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provided through the variable displacement motor/
pump and SOC of the accumulator [6], the “I” curve
distribution strategy based on critical braking strength
Znin Was adopted to fully recover the braking energy.
At present, most of the research on the energy
management strategy of the WDHHV has remained
in the simulation stage [3], [7] to [9], which is not
sufficiently credible for practical application. To
conduct the study, a test bench was built, on which
an electric motor was used to simulate the ICE.
Meanwhile, the motor energy consumption was
converted into the ICE fuel consumption, measuring
on one-hundred-kilometres and was compared with
that of the prototype vehicle.

2 CONFIGURATION

Configuration of the WDHHV was shown in Fig. 1.
It included ICE (diesel engine), constant pressure
variable pump, high-voltage accumulator, low-voltage
accumulator (replace tank), direction control valves,
hydraulic variable displacement motor/pump, wheels,

vehicle controller, and so on.
commutator

valve pump/motor
: diesel
|
|
|
L

high-voltage
accumulator

n1 engine
e —
T

[XIHIM- IR
B [HX

— 4

T low-voltage
lator

A

|
= 2z

Fig. 1. Configuration of the WDHHV

The ICE directly drives the pump, which adjusts
the displacement to maintain the constant pressure
of the system [10]. Therefore, the ICE working
condition is independent of the external load to work
in the area with high fuel economy [11]. Each wheel
is driven independently by a hydraulic motor/pump,
which can work in four quadrants. In the driving
phase, the accumulator acts as the auxiliary power
source. The hydraulic motor/pump is working in the
“motor” state and converts the hydraulic energy into
the mechanical energy, and the vehicle can achieve
infinite speed regulation by adjusting the displacement
of the hydraulic motor/pump. In the braking phase,
the hydraulic motor/pump works in the “pump” state
and converts the kinetic energy of the vehicle into the

hydraulic energy stored in the accumulator, which can
be released and reused in the driving phase [12].

3 CONTROL SYRATEGIES
3.1 Drive Strategy

According to the configuration of WDHHYV in Fig.
1, there are two power sources (the engine and the
accumulator) and two braking methods (regenerative
braking and friction braking). We can make six
working modes of the vehicle, which are shown in
Table 1 [13].

Table 1. Working modes of the vehicle

Working modes
Accumulator drive mode
Engine drive mode
Accumulator+ Engine drive mode
Friction braking
Regenerative braking
Friction+ Regenerative braking

|| |w (N —

The engine model adopts the experimental
modelling, and brake-specific fuel consumption
(BSFC) is obtained by the interpolation based on
the actual engine experimental data provided by the
manufacturer. Fuel consumption of the engine can be
obtained according to Eq. (1) [14].

B:jgePedt :jTenef(Te,ne)dt, (1)

where B is the fuel consumption [g], P, is the
engine power [kW], and g, is fuel consumption rate
[g/(kW-h)].

According to the real-time state of the vehicle
(power demand, vehicle speed, accumulator SOC)
and energy allocation strategy, the target required
power of the engine can be obtained at each sampling
time. Since there is an energy coupling relationship
between the engine and load, there is no longer a direct
mechanical relationship between the engine speed and
the vehicle speed. Therefore, the engine can work in
the optimal fuel consumption curves preset according
to the power demand and the universal characteristic
of engine [15]. The strategy could effectively avoid
the frequent ICE dynamic switching, so that the ICE
works on the minimum fuel consumption curve and
switches to a reasonable mode of the operation. The
engine regulation rules are shown in Fig. 2.

In Fig. 2 Pgq and Py are the power required and
the maximum power of the engine, respectively. Pgsec
are the candidate operating points in Fig. 3.
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IF: SOC < SOCp,
Then: engine = on
IF: SOC > SOC
Then: engine = false
IF: engine = on,
Then Preq = PBSFC;
IF: (Preq > Pmax) &&
(SOC < SOCpjin)
Then: P, = Prax
Orelse: Prgg=0

Fig. 2. Engine regulation rules

At the same time, many studies [16] to [19] on
the hybrid vehicles showed that the engine works
in the start-stop mode, which was beneficial to fuel
economy. Therefore, the engine start-stop mode was
selected. The optimal fuel economy curve of the
engine was shown in Fig. 3.

180 F 1

160F candidate operating points 1
,.""-J\ BSFC lines

optimal BSFC line |
™,

2
T

maximum power

=
=]

Engine power [kW]

60

40

20

2500 3000 3500 4000
Engine speed [rpm]

1500 2000

Fig. 3. Optimal fuel economy curve of the engine

3.2 Braking Strategy

There are two kinds of braking modes in the WDHHV:
regenerative braking and friction braking [20].
Regenerative braking is to make hydraulic motor/
pump work in the “pump” state to achieve energy
recovery and braking. Friction braking sheets are used
to brake the vehicle in the form of heat dissipation.
The braking strategy is to reasonably configure
the two braking modes to fully recover the braking
energy under the premise of satisfying the braking
performance requirement of the vehicle [21].

In this study, an “I” curve control strategy based
on the critical braking strength z,;, was adopted [22].

The top-level block diagram of the braking control
strategy is shown in Fig. 4.

regenerative braking

force of front géle

front axle

front and | braking force front and | regenerative braking
rear axle rear axle rear axle force of rear axle

braking braking force,| distribution of | friction braking

force regenerative |force of front axle
distribution soc¢ and. friction friction braking
braking force

force of rear axle
| E————————

Fig. 4. Schematic diagram of braking control strategy

The ideal relationship curve of the front and rear
wheel braking force was called the “I” curve, that is,
the ideal braking power distribution curve, as shown
in the Fig. 5. At this time, the braking stability and
adhesion conditions were better utilized [23], and the
front and rear axle braking force are shown in Egs. (2)
and (3) respectively.

G(p = F/,ll+ F/,IZ’ (2)
F. Db+oeh
Fil _ hg , (3)
w2 =N
1.G 4h,L Gb
Foo=2[\b?+——F, —(—=+2F,)], 4

2'h, G " Th,
where F,; and F,, are the front and rear axle braking
force respectively [N]; G is gravity of the vehicle [N];
hy is the height of mass centre [m]; a and b are the
distance from mass centre to rear axle and to front
rear, respectively [m]; L is the distance between the
shafts [m] and ¢ is the adhesion coefficient on road
surface [-].

The actual braking forces of the front and rear
axle were generally composed of the friction braking
force and regenerative braking force. To maximize
the recovery of braking energy, the variable motor/
pump braking mode should be considered first. If
requirements of the front (or rear) shaft were less than
the motor braking force, the variable displacement
motor/pump acted as a pump while mechanical
braking did not work, as shown in point in Fig. 5. If
the demand braking force of the front (or the rear)
shaft was larger than that of the braking force of
the motor/pump, the latter produced the maximum
braking force, and the remaining part of the braking
force was supplemented by friction braking, as shown
of point ¢ in the Fig. 5.

I:m =T (5)
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=5, ©)
2r
where F,, is the brake force of wheels [N]; Ty, is the
brake torque of wheels, [N-m]; AP is the pressure
drop of the variable displacement motor/pump [Pa]; V
is the displacement of the motor/pump [m3/r], and r is
the radius of wheels [m].
Then the minimum regenerative braking power of
the front axle is shown in Eq. (7):

APV
F,=—. 7
ul r ( )
With this method, Eqs. (8) and (9) could be
obtained.

F

1 -0.18, 8
G (3
F

42 -0.17. )

Thus, the critical braking strength is z,,;, =
as is shown in point b in Fig. 5.
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Fig. 5. Ideal front and rear axle braking force distribution curve

Combined with critical braking strength z;,, the
braking strategy based on the “I” curve is distributed
as follows.

(1) z < 0.35, regenerative braking. Friction braking
did not participate in the work, and the front and
rear braking forces were distributed according to
the “I” curve.

Gz=F,+F,
Fa_btoh,, (10)
F“2 a—q)hg
Foun=0
ulm
: (11)
{Fu2m:0

where F, 1y and F,p, are the front and rear axle
friction braking force, respectively [N].

(2) 0.35<z<0.7, mixed braking. Firstly, considering
regenerative braking, the insufficient part was
supplied by friction braking.

Gz= FM1 + F“2
Fu _b+oh,, (12)
Fﬂ2 al-(phg
Fylm = F,ul - Fylp/m , (13)
FuZm = Fyz - FyZp/m

where F i and F oy are the front and rear axle
regenerative braking force, respectively [N].

(3) z > 0.7, friction braking. Take the maximum
friction braking force with the ground adhesion
coefficient 0.7, and the front and rear braking
force were distributed according to the “I” curve.

Gx0.7=F,+F,

Fa _btoeh, (14)
FuZ a—gohg

Foaom =0

u2p/m —

The maximum braking force of the front axle was
8748 N, and the maximum braking force of the rear

axle was 5760 N.

Vexpect

Vvehicle

regenerative
braking

accumulator
drive model
Power following

of engine

regenerative
braking-+friction
braking

engine drive
model
Fig. 6. Energy management control strategy
The ICE adjustment strategy and working modes

switching rules were shown in Fig. 6. In the flowchart,
z was the braking strength.
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=y (16)
g

where a; is the brake deceleration [m/s2]; g is the
gravity acceleration [m/s2]. The upper and lower
limits of the accumulator SOC,, and SOC;, are 0.6
and 0.2, respectively [4].

SOC = M (17)
Pmax - I:’min

where P is the current pressure of the air cavity of
the accumulator [bar]; P, and Pp,;, are the maximum
and minimum allowable working pressures of the
accumulator respectively [bar].

4 EXPERIMENTAL

The adopted test method was the cyclic fuel
consumption method, which referred to the fuel
consumption of the vehicle at a certain speed, as well
as acceleration and deceleration on a specified typical
road section. The test bench used the motor instead of
the ICE as the power source. Therefore, the electric
power consumption of the motor must be converted
into ICE fuel consumption on a one-hundred-
kilometre route and then compared with the prototype
vehicle.

4.1 Test Bench
The test bench was based on one quarter of the

prototype vehicle, and the hydraulic system was
shown in Fig. 7.

motor/pump

o

motor

= \ pump

Fig. 7. Hydraulic system block diagram of test bench

The test bench is shown in Fig. 8. It was composed
of an electric motor (instead of an ICE), a constant
pressure variable pump, accumulators, a variable
displacement hydraulic motor/pump, magnetic powder
brake (to simulate the friction braking), flywheels
(the inertia moment of the flywheel simulates inertia

moment of a quarter of the vehicle), and the control
system. The selected parameters for the test bench
were shown in Table 2.

Fig. 8. Test bench; a) internal connection of test bench;
and b) control panel of test bench

Table 2. Parameter configuration of test bench

Parameters value
Motor rated power, [kW] 75.0
Variable pump displacement, [mL/r] 46.0
Inertial flywheel moment of inertia, [kg:m2] 6.578
Overflow valve setting pressure, [bar] 250.0
Accumulator pre-charge pressure, [bar] 160.0
Gear ratio [-] 1:4
Variable motor/pump displacement, [mL/r] 180.0
Accumulator volume, [L] 63.0

4.2 Breaking Test

The brake strength was z = 0.35, which was the
critical braking strength. The system pressure was
180 bar. The test process: accelerate flywheel to 200
rpm (equal to vehicle speed at 18 m/s) and maintain
its speed; set the hydraulic motor/pump displacement
to 180 mL/r, and keep working in the hydraulic pump
state; brake flywheel until the speed was 0 rpm,
while energy was transformed into hydraulic energy
to charge the accumulator. The obtained test curve is
shown in Fig. 9.

The brake strength was z = 0.5, which was in
mixed braking mode. The system pressure was 180
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bar. Test process: accelerate the flywheel to 200 rpm
and maintain the speed stability; set the hydraulic
motor/pump displacement to 180 mL/r and work in
the hydraulic pump state; According to brake pedal
signal, the central controller calculates the friction
braking torque 235 N-'m; brake flywheel until the
speed was 0 rpm, while the energy was converted into
the hydraulic energy to charge the accumulator. The
test curve is shown in Fig. 10.
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Fig. 9. Profile of regenerative braking torque, vehicle speed
and accumulator pressure
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Fig. 10. Profile of regenerative braking torque, vehicle speed
and accumulator pressure

The test results indicated that the bench could
meet the requirement of test and verify the correctness
of the control strategy as well.

4.3 Cycle Conditions Test

4.3.1 Drive Cycle

The test was carried out in two cycle conditions (the
FUDS cycle and the EUDC-1 cycle), considering

the actual operating characteristics of the WDHHV.
According to the national standard (GB 14671.1-

93) “vehicle test operating conditions” and technical
specifications of tactical vehicles, the EUDC-1 cycle
was designed from 0 km/h to 130 km/h, including
multiple accelerations deceleration stages to simulate
the driving characters of the tactical vehicles on the
off-road. The speed profile of driving conditions are
shown in Figs. 11 and 12, respectively.

25

20 -
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0 200 400 600 800 1000 1200 1400
t[s]

Fig. 11. FUDS cycle condition
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Fig. 12. EUDC-1 cycle condition

4.3.2 Calculation of Fuel Economy

The test bench in this study uses a motor instead of
an engine. From the perspective of providing energy,
using a motor instead of an engine, we obtained the
electrical energy consumption of the motor and
converted it into corresponding fuel consumption,
in which fuel economy can be compared [24]. The
simulation procedure of ICE by using an electric
motor is shown in Fig. 13.

The motor energy consumption represents the
ICE consumption of the whole system. The torque
and speed of the motor could be measured by the test
bench, which could be used to calculate the motor
power, as shown in the Eq. (18).

T.-n
=-m_m 18
" 9550 (1%
where P, is the motor power [kW], T, the motor
torque [N-m] and ny, the motor speed [rpm].
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Fig. 13. The simulation procedure of ICE
by using an electric motor

The power curve of the motor was obtained, and
the energy consumption W under the cycle condition
could be obtained by the time integral of the power
curve. The total fuel consumption could be obtained
by origin software in the study. Similarly, making
integral for the speed curve can obtain the mileage
S of the cycle condition. Therefore, the power
consumption of one hundred kilometres M was shown
in Eq. (19).

W

M =100, (19)

Since the test bench simulated the load of a quarter
of vehicle, the power consumption on one-hundred-
kilometre M was converted to fuel consumption.

M
m bmln

oil

x K, (20)
where F is the fuel consumption per hundred
kilometres. m; is the mass of 1 L diesel oil. b is the
calorific value of 4.6x107 J/kg. n is the fuel efficiency
0f0.31, and k is 4.0.

4.3.3 Test Results

Under FUDS cycle conditions, the profiles of vehicle
speed, electric motor speed, motor torque, motor
power and system pressure are shown in Fig. 14.

Fig. 14a represented the speed profile. Compared
with Fig. 11, it was clear that there was some error
between the speed profiles, but it would not affect the
experimental results. Fig. 14b represented the electric
motor speed profile. It could be seen that there were
three different stages of motor speeds, which was
corresponding to three different motor working points
and effectively reducing the motor’s frequent start-
stop in the 0 s to 400 s to reduce energy consumption.
Fig. 14d was the motor power profile, and the energy
consumption was 1433.28 kl. Integrating Fig. 14a
could attain the entire cycle mileage 6.1 km. Fig. 14e
represented the pressure profile of the hybrid system.
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Compared with Fig. 14a, it could be seen that at 210
s, 386 s, 778 s, and other time points, the system
pressures and speed change time were basically the
same, indicating that the accumulator could realize the
recovery and reuse of the vehicle braking energy.

Under the EUDC-1 cycle condition, the change of
the vehicle speed, electric motor speed, motor torque,
motor power and system pressure are shown in Fig.
15.

Fig. 15a was the vehicle speed profile. Compared
with Fig. 12, the speed profile was basically consistent
with that of the cycle condition curve. Fig. 15b was
the electric motor speed profile. It was obvious that
there were four different stages of motor speed, which
represented four different motor working points and
be greatly reducing the motor frequent start-stop
and energy consumption. For Fig. 15d and Fig. 15a,
the energy consumed by the integral of the whole
cycle was 2003.84 kJ, and the mileage was 8.3 km,
respectively. Fig. 15¢ was the pressure profile of the
hybrid system. Compared with Fig. 15a, it could be
seen that at 90 s, 370 s, 737 s, and other time points,
the system pressures and speed change time were
basically the same, and the accumulator could realize
the recovery and reuse of vehicle braking energy.

The above test results were brought into Eqgs. (18)
and (19), respectively, and the improvement of fuel
economy us shown in Table 3.

Table 3. Improvement of fuel economy

Working test, prototype, Improvement

condition L/100 km L/100 km [%]
FUDS 7.80 » 29.09

EUDC-1 8.32 24.36

5 CONCLUSIONS

1) The working principle of the WDHHV was
analysed. For driving, a power-following control
strategy was designed based on the optimal fuel
economy power curve. On the braking hand,
the “I” curve distribution strategy based on
the critical braking strength z.,;, was adopted.
The control strategy was tested under the cycle
condition of FUDS and EUDC-1, and finally be
compared with fuel consumption of the prototype
vehicle.

2) The test results showed that under the two cycle
conditions the energy management strategy
proposed in this research could meet the vehicle
dynamic performance requirements, and the fuel
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economy could be increased by more than 24
% compared with the prototype vehicle, which
verified the effectiveness of the proposed energy
management strategy.

On the test bench, the fuel economy of the FUDS
cycle condition could be increased by 4.73 %
compared with the EUDC-1 cycle, which was
due to the frequent start-stop stages of FUDS
cycle. Thus, the energy could be fully recovered
and reused, and fuel consumption of the engine
was effectively reduced.

The test bench built in this study had certain
errors due to using the motor to simulate the ICE,
so further research of the control strategy will be
conducted on real vehicles.
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7 NOMENCLATURES

B fuel consumption, [g]

P. engine power, [kW]

Oe fuel consumption rate, [g/(kW-h)]

T, engine torque, [N-m]

Ne engine speed, [rpm]

t time, [s]

Preg power required of engine, [kW]

P max maximum power of engine, [kW]

Ppsre  candidate operating points of the ICE, [kW]

Fu front axle braking force, [N]

Fo rear axle braking force, [N]

G gravity of vehicle, [N]

hy height of mass centre, [m]

a, b distance from mass centre to rear axle and
front rear respectively, [m]

L distance between shafts, [m]

o adhesion coefficient on road surface

Frn brake force of wheels, [N]

Ty brake torque of wheels, [N-m]

AP pressure drop of variable displacement
motor/pump, [Pa]

V displacement of motor/pump, [m3/r]

r radius of wheels, [m]

z braking strength, [-]

Zmmin critical braking strength, [-]

SOC,,.x upper limit of the accumulator SOC, [-]

Power-Following Control Strategy of a Wheel-Drive Hydraulic Hybrid Vehicle

SOCin lower limit of the accumulator SOC, [-]

Fuim front axle friction braking force, [N]

Fom rear axle friction braking force, [N]

Fuipm  front axle regenerative braking force, [N]

Fiopm  rear axle regenerative braking force, [N]

a, brake deceleration, [m/s2]

g gravity acceleration, [m/s?]

P. current pressure of the air cavity
of the accumulator, [bar]

P nax maximum allowable working pressures
of the accumulator respectively, [bar]

Phin minimum allowable working pressures
of the accumulator respectively, [bar]

T the motor torque, [N-m]

P the motor power, [kW]

N, the motor speed, [rpm]

P the accumulator pressure, [bar]

F fuel consumption of one hundred
kilometres, [L]

w energy consumption under the cycle
condition, [kJ]

M power consumption on one-hundred-
kilometre route, [kJ]

S mileage of the cycle condition, [km]

Moit mass of 1L diesel oil, [kg]

Dol calorific value, 4.6x107 J/kg

n fuel efficiency, 0.31

k conversion factor between bench and whole
vehicle, 4.0
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Effect of Gangue Distributions on Cutting Force
and Specific Energy in Coal Cutting

Kao Jiang — Kuidong Gao — Lirong Wan*

Shandong University of Science and Technology, College of Mechanical and Electrical Engineering, China

Coal consists of diverse materials, and gangue is one of the most common ones. At present, most mathematical models about cutting force
and specific energy in the cutting process have not taken gangue minerals in coal seams into consideration. The gangue distribution function
is proposed to simulate situations in which gangue minerals are in different distributions. Moreover, the cutting force due to gangue mineral
at different heights is also obtained with the finite element method. Combined with the gangue distribution function, the increased cutting
force due to gangue minerals can be obtained for any gangue distribution. The present paper also proposes a new mathematical model to
calculate the increased specific energy under different gangue distributions. The results show that the gangue distribution function is useful
for simulating various situations of gangue distributions in coal seams. Under dispersive gangue distribution in coal seams, the increased
mean cutting force, as well as the increased specific energy, is less influenced by gangue distribution, and it tends to be a constant. These

results can be useful for the related research on coal cutting under complicated conditions.
Keywords: cutting force, specific energy, single cutter, gangue distributions

Highlights

*  We proposed the theoretical model for increased specific energy consumption on single cutter, in which gangue minerals in the
coal seam and their distributions are firstly taken into consideration.
* |t has been determined that the increased specific energy is closely related to the amount of gangue minerals in the coal seam

and their distributions.

* |t has been determined that the smaller mean and variance of gangue distributions are able to weaken the influence of traction
speeds on the increased mean cutting force and specific energy consumption.

0 INTRODUCTION

Coal is one of the most important fuels in the world,
and it is not a homogeneous material [1]. Gangue
minerals usually can be found in coal seams [2].
However, in previous research, the influence of
gangue minerals, especially gangue distributions on
the cutting performance, are usually ignored [3] and
[4]. The differences in material parameters between
coal and gangue minerals lead to different mechanical
behaviours [5]. For instance, load on cutter usually
performs with larger fluctuation when there are some
gangue minerals in the coal seam, and this can be
attributed to the differences of material parameters,
such as hardness between coal and gangue minerals
[6] and [7]. Working in this situation over a long time,
the cutter tends to be subjected to different degrees
of wear and tear [8] and [9]. Therefore, it is essential
to study the influence of gangue minerals on cutting
performance.

Recently, many approaches have been developed
to deal with gangue minerals in coal seams. In earlier
research, it was found that cutting load can be reduced
when the traction speed decreases [10] and [11]. A
method of manual intervention to change the speed
is proposed when gangue minerals exist in the cutting

process [12]. To reduce the burden on the workers,
strategies of self-adaptive control proposed; such
strategies will be pre-formulated on traction speed and
rotation speed, and then autonomic decision-making
will be achieved with the shearer drum according
to the cutting conditions. Hu et al. [13] put forward
some cutting strategies to deal with different suddenly
changing loads. Liu et al. [14] proposed a control
system to achieve the goal of self-adaptation. With the
particle swarm optimization, the motion parameters
can be optimized adaptively according to the variation
of cutting resistance.

In addition, coal-rock recognition technology is
also popular, and cutting load is no longer the only
method to distinguish gangue minerals from coal.
Acoustic wave detection technology [15] and image
analysis technology [16] are also widely used in coal-
rock recognition. Xu et al. [17] proposed a method
in which the fuzzy C-means and hybrid optimization
algorithm are applied.

Furthermore, other researchers proposed some
coal-gangue models, and the positions of gangue
minerals in these models satisfy different distributions
such as normal distribution and long-tailed
distribution [18] and [19]. With the proposed models,
the cutting performance can be predicted in advance
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and some strategies, which are used to improve
cutting performance, can be made under different
complicated conditions.

Cutting load [20] and [21], specific energy
consumption [22] and cutting productivity [23] are
the critical parameters for the evaluation of cutting
performance. Kurochkin [24] and Dogruoz et al.
[25] explored the effect of mechanical properties of
different materials on specific energy consumption.
Gencay and Erkan [26] found that there is a significant
relationship between specific energy and the physical
and mechanical properties of rock. Tiryaki and
Dikmen [27] found that Poisson’s ratio, Brazilian
tensile strength, Shore sclera scope hardness, and
Schmidt hammer hardness showed very strong linear
correlations against specific energy (SE) at confidence
levels of 95 %.

At present, although there are many research
studies about the specific energy consumption of coal
cutting, most do not take gangue minerals and their
distributions in coal seam into consideration. Based
on this, the paper put forwards the new mathematical
model of the increased specific energy, in which
gangue minerals in coal seam will be taken into
consideration. Then, combined with the number of
gangue minerals and their distributions in coal seams,

Actual Gangue Simplified Gangue

A a) Actual and simplified gangue

(Corresponding to assumption I}

Section y
- -
- -
- -
- -
¥ - -

A c) Gangue distributions in section y

the increased mean cutting force (lycp) and increased
specific energy (lsg) can be obtained under different
gangue distributions. Further, it will be useful to make
strategies according to the gangue minerals and their
distributions in coal seam.

1 METHODS

1.1 Model Simplification of Gangue Minerals in Coal
Seams

Gangue minerals in coal seams appear in different

shapes. However, the purpose of the present paper is

mainly to explore the relationship between gangue
distribution and cutting performance. Therefore. the
shape of gangue minerals is not covered in this paper.

Combined with the research purpose, the following

assumptions on gangue minerals in coal need to be

made at first:

(I) As the dimensions of gangue minerals are much
smaller than that of the coal seam, the gangue in
the coal seam will be simplified as a single point,
as seen in Fig. 1a;

(IT) The gangue minerals, only situated in the same
plane, such as Section y in Fig. 1b, will be
considered and the amounts of these gangue

-
A b) Shearer drum and coal model
{Comesponding to assumption 11)

Fig. 1. Simplified model of gangue minerals in a coal seam

-
=~

P A
B

0 ;"15 h 10

Fig. 2. Gangue positions in coal seam expressed with mathematical model
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minerals at different heights, as shown in Fig.

lc, will be counted for the description of gangue

distribution in the coal seam.

Based on the mentioned assumption, the positions
of gangue minerals in the same plane can be marked
with [hy, hy, hs, ..., h;, ..., hyl, as Fig. 2 shows; the
proportion of gangue minerals at the heights can be
marked with [C;%, C,%, C3%,..., C;i%, ..., C%]; the
increased mean cutting force due to single gangue
mineral when they are at different heights can be
marked with [F, F,, F3, ..., Fy]. According to hi and
the corresponding F;, the mathematical relationship
between the increased mean cutting force due to
single gangue mineral and the height of gangue
mineral can be obtained using the fitting method,
and the mathematics formula can be expressed in the
following:

F = fo) (1)

According to Eq. (1), the increased mean cutting
force due to single gangue mineral can be obtained
when gangue minerals are at different heights and then
the increased mean cutting force due to all gangue
minerals in coal seam (namely lycp) can be expressed
by Eq. (2) .

m

IMCF :N'Z(Ci":i)’ 2)
i=1

where N is the total number of gangue minerals in
coal seam at different heights.

1.2 Expression of Gangue Distributions with Mathematical
Method

It is mentioned that the cutting force on the cutter
due to gangue mineral can be obtained according to
its position. Therefore, the lycg is calculable when
the positions of all gangue minerals in the same plane
are identified. However, to date, there is no reference
on how to locate gangue minerals in a coal seam.
Therefore, gangue distribution trends, instead of the
precise positions, are used in the paper.

The normal distribution, which proves to be
common distribution in nature and has become an
important forecasting model in mathematics, physics
and engineering areas, is employed for simulating
gangue distribution; it is called “the gangue
distribution” function in this paper and is shown
in Eq. (3). By adjustment of the mean and variance
of the gangue distribution function, the potential
distributions of gangue minerals in a coal seam might
be approximately simulated.

f(h)= ! exp[_(hiz(;)zl 3)

2o

where u is the mean in the normal distribution. In this
paper, it is the mean height of gangue distribution in a
coal seam; ¢ is the variance in a normal distribution.
In this paper, it is the height variance of gangue
distribution in a coal seam.

With the gangue distribution function, potential
gangue distributions in coal seam can be simulated
by adjustment to the mean and variance of the gangue
distribution function. In this paper, the following
gangue distributions on the influence of cutting
performance will be studied: a) gangue minerals in
concentrative distributions (6=0.05 m); b) gangues
in dispersive distributions (¢6=0.90 m); c) most
gangue minerals at the top of coal seam with different
dispersions (¢=0.15 m); d) most gangue minerals at
the middle of coal seam with different dispersions
(©=0.90 m).

1.3 Mathematical Model for Specific Energy Consumption

According to the previous conclusions, the formula
for the specific energy consumption is as follows:

Hye = 2.78x107W /V. (4)

In the formula, Hyc is the specific energy
consumption of the cutter in the cutting process
[kW-h/m3]; W is the mechanical energy of the cutter
in the cutting process [kKN-m]; V is the volume of coal
crushed by the cutter in the cutting process, [m3].

After simple calculation, the specific energy
consumption in coal-cutting process without any
gangue minerals Hy,c and specific energy consumption
in gangue-cutting process Isg can be expressed in Egs.
(5) and (6).

F ave'tc
Hye =2.78x104‘L—_L, %)
N-Y(c-F)-tq
l =2.78x10" —2 6
se oL Q)
2 RESULTS

2.1 Relations between Cutting Force and Gangue Positions

Gangue minerals in a coal seam usually lead to much
larger cutting force on conical picks; in this paper,
the cutting force increased due to single gangue F; is
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studied when gangue minerals are at different heights.
For research, the rotary cutting model with a coal seam
[4] is established with the finite element method. In
the simulation, material similar to gangue minerals is
added at different heights in the coal seam. Four kinds
of gangue positions (0 m, 0.3 m, 0.6 m, and 0.9 m are
selected. in the simulation, the traction speed of cutter
is 0.06 m/s, 0.08 m/s, and 0.10 m/s. The diameter of
the shearer drum is 2.2 m and the rotational speed is
3 rad/s. Fig. 3 shows the cutting force due to a single
gangue mineral under different traction speeds and
gangue positions. The increase of mean cutting force
F; due to a single gangue mineral is shown in Table 1,
according to the results in Fig. 3.

From Table 1, the Fj increases with the traction
speed, and it also increases when gangue minerals
are closer to the middle of the coal seam. This is
because, in these situations, the thickness of gangue
chips separated from coal seam is larger, and there is a
positive correlation between the cutting force and the
thickness of separated chips. Therefore, high traction
speed should be avoided, especially in the situations

in which gangue minerals are closer to the middle of
the coal seam.

Some gangue positions have been simulated
with the finite element model and the corresponding
cutting force due to gangue minerals can be obtained.
However, with the limited groups of simulation, it
is impossible to obtain the corresponding F; when
gangue minerals are at any positions. Therefore,
with the results in Table 1, the mathematical model
that reveals the relations between the F; and h;, is
established with the data-fitting method. The fitting
results are shown in Fig. 4. A power law relation
between the F; and h; is shown, and the determination
coefficients (the square of the correlation coefficient,
referred to as [R2]) in the mathematical model are all
beyond 0.98. Egs. (7) to (9) show the mathematical
model between the F; and the h; under traction speeds
0of 0.06 m/s, 0.08 m/s and 0.10 m/s.

F =47.69n>", R?=0.9903, @)

F = 55.37hi°'4172, R? =0.9946, (8)

F = 62.51hi°'4163, R? =0.9895. O]
U3 0.06 000 0.03 0.06

— h=08m
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|l —— h=0.6m i
Z 100 .
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= ot 3
-100 L
1 [— h=03m i
z
=50 E b
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Fig. 3. The increased cutting force due to single gangue mineral at different heights under different traction speeds;
a)Vv=0.06 m/s;and b) vV =0.08 m/s; and ¢)V =0.10 m/s

Table 1. The increased mean cutting force due to single gangue mineral at different heights under different traction speeds

vV [m/s] h; [m] F; [kN] v [m/s] h; [m] F; [kN] v [m/s] h; [m] F; [kN]
0 9.52 0 10.84 0 11.85
0.3 29.11 0.3 32.75 0.3 37.87
0.06 0.6 37.82 0.08 0.6 45.33 010 0.6 45.88
0.9 45.99 0.9 52.68 0.9 57.79
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Fig. 4. Relationship between the F; and h;
under different traction speeds

2.2 Relations between the increased mean cutting force
and gangue distributions

2.2.1 Effect of 1 on lycr

According to Eq. (2), the lycg is the sum of F;, and
it is not only related to gangue positions but also the

0755 —e—p=015m ——p=060m
_ ——p=030m —— pg=075m [
0.60+ ——gi=045m — i =0890m II

FAVA

000 005 030 045 060 075 050
A [m]

a)

total number of gangue minerals in the coal seam and
gangue distributions. From Eq. (2), it is obvious that
there is a non-linear relationship between the lycg and
gangue distributions. Therefore, the study on the lycg
under different gangue distributions is essential.

As mentioned, with the gangue distribution
function, the simulation of the gangue potential
distributions in a coal seam can made be possible
by adjustments to the mean and variance of gangue
distributions in the coal seam. Figs .5 and 6 show
concentrative gangue distributions (¢=0.05 m) and
dispersive gangue distributions (6=0.90 m), and the
corresponding lyck.

Fig. 5a shows the proportion of gangue minerals
at different heights. Fig. 5b shows the lycp under
the concentrative gangue distributions shown in
Fig. 5a. When gangue minerals are in concentrative
distributions, the lycg is influenced by the mean
of gangue distributions. Because concentrative
distribution means that most of the gangue minerals
are at or around a certain position, which can be seen
in Fig. 5a, and the F; differs greatly when gangue
minerals are at different positions. Therefore, when

m_- —&— =110 ms
—e— =008 ms
1 —— v=010m
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=
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Fig. 5. Gangue minerals in concentrative distributions (o = 0.05 m) and the corresponding IMCF; a) proportion of gangue minerals at
different heights; and b) the IMCF varied with the mean of gangue distributions
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Fig. 6. Gangue minerals in dispersed distribution (o = 0.90 m) and the corresponding lyicg; a) proportion of gangue minerals at different
heights; and b) the |ycg varied with the mean of gangue distributions
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the mean of gangue distribution varies, the lycr also
differs greatly.

When gangue minerals in a coal seam are
dispersed as shown in Fig. 6a, the lycp is slightly
influenced by the mean of gangue distributions,
as Fig. 6b shows, because the larger dispersion
means the number of gangue minerals at different
heights is closer to each other. In this case, there is
little difference in the number of gangue minerals
at the same positions even if gangue minerals are in
different distributions. Therefore, under dispersive
distributions, it is pointless to study the influence of
gangue positions on lycr and, in this case, the lycp
will approach a certain result, which is only related
with the traction speed of cutter and the total number
of gangue minerals in the coal seam.

2.2.2 Effect of o on IMCF

The variance of gangue distributions is another
variable reflecting the characteristics of gangue
distributions in a coal seam. Fig. 7 shows the lycp
under different variances when the mean of gangue
distributions is smaller (¢=0.15 m). Fig. 8 shows

—e— g = 05 M —— =045 m

.35+

—e—g=0.10m —— a=0L6{0m
9.30- ——a=01im ——=075m
025 ——a=030m —e—s=0%m
[l

e [%]

00k 015 30 45 el 075 O

a) & [m]

the lycg under different variances when the mean of
gangue distributions is larger (¢=0.90 m).

Fig. 7a shows the proportion of gangue minerals
at different heights when relatively numerous gangue
minerals are at the top of coal seam with different
variances. Fig. 7b shows the lycg under the gangue
distributions shown in Fig. 7a. From Fig. 7b, the
Imcr stops increasing until the variance of gangue
distribution is beyond 0.6 m when the relatively
numerous gangue minerals are at the top of the coal
seam. The reasons can be found in Fig. 7a, in which
there is little difference between the proportions
of gangue minerals at different heights under
different variances when the variance is beyond 0.6
m. Therefore, the lycg is close to each other in this
condition.

Fig. 8a shows the proportion of gangue minerals
at different heights when relatively numerous gangue
minerals are at the middle of the coal seam with
different variances. Fig. 8b shows the lycp under the
gangue distributions shown in Fig. 8a. From Fig. 8b,
Imce almost stops decreasing and remains constant
after the variance is beyond 0.3 m, because, as shown
in Fig. 8a, the relatively numerous gangue minerals
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Fig. 7. Gangue distributions with different variances under smaller mean (u = 0.15 m) and the corresponding lyicg; a) proportion of gangue
minerals at different heights under different distributions; and b) the lycr varied with the variance of gangue distributions
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Fig. 8. Gangue distributions with different variances under larger mean (1 = 0.90m) and the corresponding lycr; a) proportion of gangue
minerals at different heights under different distributions; and b) the |\, varied with the variance of gangue distributions
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are at the middle of the coal seam when the variance
is beyond 0.3 m. As mentioned the closer the gangue
minerals are to the middle of coal seam, the larger the
cutting force is. Therefore, the lycr is larger when the
variance is beyond 0.3 m.

2.3 Relations between the Increased Specific Energy and
Gangue Distributions

The increased specific energy consumption (referred
to as Igg) due to gangue cutting is also obtained in
this paper. To study the Isg under different gangue
distributions, lsg/Hyyc is introduced, as shown in Eq.
(10). Hyc is the specific energy consumption when
there are not any gangue minerals in the coal seam.

N (e F) e

F..L (10)

C.ave

ISE

W,

wC

According to Eq. (10), Isg/Hyc is the variable
associated with many factors such as gangue
distributions, the number of gangue minerals in the
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coal seam, traction speed of cutters, and the length
of coal, which contains gangue minerals. For the
convenience of research, further derivation is made on
Eq. (10) and then Eq. (11) is obtained, as follows:

n

le  N-t, D.(c-F)v

i=1

WL R,

C C,ave

According to Eq. (11), the lsg/Hyc is divided
into two main parts. One is related to the number of
gangue minerals in a coal seam, the length of coal
where gangue minerals distribute, and the average
time of gangue cutting. There is a linear relation
between Isg/Hyc and N-tz/L. The other is related to
gangue distribution, the traction speed of cutters, and
the mean cutting force under coal cutting condition.

Fig. 9 shows Igg/Hyc under different gangue
distributions. Fig. 9a shows Ise/Hyc when gangue
minerals are as concentrated as shown in Fig. 5a.
According to the figure, the Isg/Hyc varies greatly
with the mean of gangue distribution. The difference
on the lgg/Hyc under different mean of gangue
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Fig. 9. Relationship between lsg / Hyc and gangue distributions;
a) lsg / Hyyc varied with the mean of gangue distributions under concentrative gangue distributions (= 0.05 m); and
b) Ise / Hyyc varied with the mean of gangue distributions under dispersed gangue distributions (o = 0.90 m)

180 —=— 0l5%m

160 —e— =0.3m .(;
140] —— = =045 m ;,,;9:/'

—y— p=060m
—— p=075m
— s p=080m

I flwe |95

Rl
fill
404
204
e

T T T T T T T T 1

0o 0% 10 Ls 20 25 A0 35 40 45

a) Nt [a/'m]

) 1 —s—p=iklim
I-H]__ —a— u=03m

INH —a— g =045 m

mﬂ—- —— =60 m
—d— =75 m
— e =05 m

T T T T T T T T T T T T 1
00 05 10 15 20 25 50 35 40 45
b) Mgl [w'm)
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distributions is about 15 % to 20 %. Fig. 9b shows
lse/Hwc when gangue minerals are in dispersive
distributions, as shown in Fig. 6a. According to
Fig. 9b, the lsg/Hy rarely varies with the mean of
gangue distribution. The difference in the lsg/Hy(
under different means of gangue distributions is no
more than 5 %. Therefore, when gangue minerals are
dispersive, the results on the Ilgg/Hyc are close to
each other wherever the most gangue minerals are in
the coal seam.

According to Eq. (11), lsg/Hyc is not only
related with gangue distributions, but also the formula
N-tg/L. Fig. 10 shows lgg/Hyc varied with N-tg/L
under different gangue distributions. When gangue
distributions are concentrated in a coal seam, the
Ise/Hyc under different N-tz/L is shown in Fig. 10a.
From Fig. 10a, it is evident that the Isg/Hyc increases
with the N-tgz/L. When the relatively numerous
gangue minerals are closer to the middle of coal seam,
the Igg/Hy,c varies greatly with N'tg/L. Therefore, the
length of coal seam and the total number of gangue
minerals should be considered, especially when most
gangue minerals are closer to the middle of coal seam.

When gangue minerals are dispersed in a coal
seam, the lgg/Hyyc under different N'tg/L is shown in
Fig. 10b. Unlike the situations in Fig. 10a, there are
few differences among the Isg/Hyc under different
gangue distribution even if most gangue minerals are
at the top of the coal seam. Therefore, in dispersive
gangue distribution, the lsg/Hyc is determinable
according to the formula N-tg/L without considering
the gangue distribution. Moreover, from the figure,
lse/Hyc reaches more than 100 % as soon as the
N-tz/L is over 4 s/m. In other words, when the N-tz/L
is over 4 s/m, the Igg/Hyc due to gangue cutting
increases by 100 % compared with that due to coal
cutting without any gangue minerals.

3 CONCLUSIONS

(1) Gangue distribution function in the paper is
used to simulate potential gangue distributions
in a coal seam. It can be achieved and simulated
by adjustments to the mean and variance of the
gangue distribution function in coal seam. The
results show that gangue distribution function
is suitable for simulation of the situations that
gangue minerals at different heights are in
different proportions.

(2) The increased mean cutting force due to gangue
minerals lycg is closely related to the positions
of the gangue minerals. The relationship
between the increased mean cutting force and

the positions at which they are can be obtained
with the assistance of the finite element method.
The results show that there is a strong correlation
between the mentioned factors and that the
correlation coefficient is more than 0.98. This
might be helpful to obtain the positions of gangue
minerals in the coal seam according to the cutting
force.

(3) The increased mean cutting force lycg due to
gangue minerals is closely related to gangue
distribution. With the increase of gangue
dispersion in the coal seam, the increased mean
cutting load lycr tends to be a constant and
not greatly influenced by gangue distribution.
Therefore, when gangue minerals are dispersed in
a coal seam, the increased mean cutting load Iy
is calculable.

(4) The increased specific energy due to gangue
minerals in a coal seam is also obtained under
different gangue distributions, and it is a variable
that is nonlinear with gangue distribution and
linear with the length of coal seam and the
number of gangue minerals in a coal seam. When
gangue minerals in a coal seam are dispersed,
and the N-tz/L is larger than 4 s/m, the increased
specific energy increases by 100 % compared
with that due to coal cutting without any gangue
minerals.
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5 NOMENCLATURES

lycr  the increased mean cutting force due to all
gangue minerals, [kN]

lse the increased specific energy due to all
gangue minerals, [kW-h/m3]
L length of coal seam with gangue

minerals, [m]
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height of coal seam with gangue minerals,
[m]

the mean height of gangue distribution

in a coal seam, [m]

the height variance of gangue distribution
in a coal seam, [m]

positions of gangue minerals in a coal
seam, [m]

the increased mean cutting force

due to single gangue mineral, [kN]

the total number of gangue minerals

at the different heights, [-]

the mechanical energy of a single

cutter, [kN-m]

the volume of coal crushed by a single
cutter, [m3]

the linear velocity of a cutter, [m/s]

the proportion of gangue minerals

at different heights, [%]

the mean cutting force on cutter due to
coal, [kN]

the total time taken in the coal-cutting
process, [s]

the average time taken in the gangue-cutting
process, [s]

the specific energy consumption in the
coal-cutting process, [kW-h/m3]
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Krmilni sistem naprave za natezne preizkuse z uporabo
cenovno ugodne strojne opreme in odprtokodnega programja

Matej Kranjec* — Jernej Korinsek — Miha Ambroz — Robert Kunc

Univerza v Ljubljani, Fakulteta za strojnistvo, Slovenija

Vsakodnevni izziv raziskovalcev je izvajanje eksperimentov z omejenimi sredstvi, zato stremimo k temu, da
uporabljamo ¢imbolj cenovno ugodno opremo, ki je vseeno dovolj zanesljiva, da zagotavlja dovolj natancne
in hitre meritve, kot jih zahtevajo protokoli. S predstavljeno raziskavo smo Zeleli preveriti, ali je mozno razviti
in izdelati cenovno ugoden sistem za zajemanje podatkov in krmiljenje kompleksnega sistema ze obstojece
naprave za natezne preizkuse. Za nadgradnjo krmilnega sistema smo se odlocili zaradi starosti in nepravilnega
delovanja obstojece krmilne opreme in opreme za zajemanje podatkov. Kot cenovno ugodno nadomestilo
dragim komercialnim krmilnikom smo uporabili karti¢ni racunalnik Raspberry Pi 3B+. Na podlagi predhodnega
nezanesljivega krmilnega sistema smo postavili seznam minimalnih zahtev, da bi zagotovili enako raven merilne
natan¢nosti za dostopno ceno. Predlagana nadgradnja mora natan¢no krmiliti koracni motor ter zajemati podatke
iz linearnega magnetnega enkoderja in natezne merilne celice.

Za povezavo vse potrebne opreme smo razvili povezovalno plos¢o, dokupili pa smo tudi dodatno strojno
opremo za zagotavljanje pravilnega delovanja celotnega krmilnega sistema. Za prenosnost krmilnega sistema smo
poskrbeli tako, da smo vse njegove komponente postavili v ohi§je s prikljucki za opremo naprave za natezne
preizkuse. Programski del krmilne naprave vsebuje tri kljuéne funkcije: branje signala enkoderja, branje signala
analogno digitalnega pretvornika in krmiljenje motorja. Vsaka od funkcij se, za izboljSanje zmogljivosti sistema,
izvaja v svoji niti procesorja. Program za natezne preizkuse je spisan v programskem jeziku C++ z uporabo
knjiznice Pigpio in je sestavljen iz ve¢ razli¢nih protokolov. Vsa razvita programska oprema je odprta in prosto
dostopna na svetovnem spletu.

Razviti krmilni sistem smo preverili s pomoc¢jo nateznih preizkusov kovinskih vzmeti, rezultate meritev pa
primerjali s komercialno dostopno napravo Instron 8802. Primerjava rezultatov je pokazala, da nasa nadgrajena
oprema zagotavlja primerljive rezultate meritev glede na komercialno dostopne naprave in je hkrati dovolj
natan¢na, da jo lahko uporabimo v raziskovalne namene na podrocju karakterizacije materialnih lastnosti mehkih
tkiv in drugih materialov.

Nadgradnja sistema je dobro uravnotezen kompromis med vlozenimi viri in kakovostjo nastalega izdelka,
saj smo drago in nezanesljivo obstojeco komercialno opremo zamenjali z resitvijo, ki je priblizno 80 % cenovno
ugodnejsa, kot ¢e bi kupili namenski komercialni krmilni sistem. Uporaba nasega razvitega sistema je tako
dostopna vegini raziskovalcev na podro&ju maloserijskega izvajanja nekomercialnih nateznih preizkusov. Ceprav
je trenutni krmilni sistem omejen le za en namen, ga je mogoce enostavno preurediti za drugac¢ne meritve ali pa ga
prenesti v drug mehanicni sistem.

V primerjavi s komercialnimi resitvami na klju¢ smo za nacrtovanje in razvoj nase resitve porabili ve¢ Casa,
vendar je nadgradnja zato bolj vsestransko uporabna, cenejsa in lahko prilagodljiva, hkrati pa ohranja primerljivo
raven natan¢nosti. Razvoj te naprave je obogatil nase strokovno znanje na tem podroc¢ju, kar nas je spodbudilo k
razmisljanju o nadgradnji ali razvoju prihodnjih merilnih sistemov na podoben nacin.

Kljucne besede: Raspberry Pi, krmilni sistem, merilna oprema, natezna naprava, odprtokodno,
nizkocenovna strojna oprema.
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Dinamicne lastnosti in napoved stabilnosti rotorja
parne turbine na osnovi deformacije mreze

Heyong Si* — Lihua Cao — Pan Li
Severnovzhodna univerza za elektroenergetiko, Oddelek za energetiko in elektroenergetiko, Kitajska

Pretok pare ima pomembno vlogo pri stabilnosti rotorjev parnih turbin. Neenakomerna obodna zraénost na tesnilu
zaradi ekscentriCnosti rotorja povzro¢i neenakomerno porazdelitev pare, ta pa vibracije zaradi pretoka pare. To
je glavni povzrocitelj nestabilnosti rotorjev, ki pomembno vpliva na varnost parnih turbin. Analiza dinami¢nih
lastnosti rotorjev in stabilnosti rotorskih sistemov, vklju¢no z vibracijami zaradi pretoka pare, je zato nujna za
varno obratovanje parnih turbin.

Za preucitev mehanizma vzbujanja vibracij zaradi pretoka pare in njihovega vpliva na dinamicne lastnosti
rotorja parne turbine z moc¢jo 300 MW je bila uporabljena racunalniska dinamika fluidov (CFD). Izracunani so
bili parametri pretocnega polja v predelu tesnila, vkljucno s temperaturo in tlakom. Nato je bila opravljena hitra
Fourierjeva transformacija (FFT) in izracun dinami¢nih koeficientov v okolju MATLAB.

Tridimenzionalno vrtinéno gibanje je bilo simulirano na osnovi deformacij mreze. Za pogon rotorja so bile
vkljucene uporabnisko definirane funkcije (UDF). Na osnovi vzbujalnih sil zaradi pretoka pare v ¢asovni domeni
in teorije majhnih motenj so bili pridobljeni podatki v frekven¢ni domeni po metodi FFT. Kon¢no so bili izra¢unani
Se dinamicni koeficienti rotorja. Vplivi vrtinénega polmera in frekvence, vrtilne hitrosti in tla¢nega razmerja na
dinamicne lastnosti rotorja so bile analizirane z metodo krmiljene spremenljivke. Z analizo tlaka, tokovnic in
kineti¢ne energije turbulentnega tokovnega polja je bil razkrit mehanizem parametrov, ki vplivajo na vzbujanje
vibracij zaradi pretoka pare.

Rezultati kazejo na nelinearno variabilnost vzbujalnih sil zaradi pretoka pare in dinami¢nih koeficientov
vecfrekvencnega vrtinCnega gibanja, vzbujalne sile zaradi pretoka pare pa se povecujejo z naras¢anjem frekvence
vrtin¢enja. Dinamicni koeficienti rotorja in efektivno dusenje se povecujejo z naras¢anjem frekvence vrtincenja.
Vrtilna hitrost pri frekvenci vrtinenja 24,41 Hz mocno vpliva na dinami¢ne koeficiente rotorja. Maksimalno
odstopanje povprecne direktne togosti, navzkrizne togosti, direktnega duSenja in navzkriznega dusenja znasa
8,1 %, 113,2 %, 45,8 % in 121,0 %. Efektivno dusenje mocno niha pri vrednosti frekvence vrtinéenja in vrtilne
frekvence 24,41 Hz. Direktna togost, direktno dusenje in efektivno dusenje se povecujejo z naras¢anjem tlacnega
razmerja, ki lahko izboljsa stabilnost rotorja. Glavni povzrocitelj vibracij, vzbujenih zaradi pretoka pare, so tlacna
nihanja na povrsini rotorja. Z naras¢anjem vrtilne frekvence se povecuje turbulentna kineti¢na energija in vrtincno
gibanje postane intenzivnej$e. Mejo stabilnosti rotorja je mogoce natancno oceniti s pomocjo efektivnega dusenja.

Nelinearne dinamic¢ne lastnosti tesnil se razlikujejo pri razlicnih parametrih pare in konstrukcije tesnila, kar
je bolj izrazeno pri ultra-superkriticnih enotah. Obstojeca enacba za vrtincenje ni uporabna za rotorje velikega
premera (nad 800 mm) in zanje je potrebna izboljSana enacba za ultra-superkriticne enote. Predmet prihodnjih
raziskav bo lahko nelinearno gibanje rotorjev zaradi vibracij, ki jih vzbuja pretok pare.

V ¢lanku je predstavljen visokonatancen model vrtincenja v skladu z dejanskim gibanjem rotorja, ki je bil
postavljen po metodi CFD s funkcijami UFD. Preucen je vpliv obratovalnih parametrov na vibracije zaradi pretoka
pare in dinamicne lastnosti rotorja, ki ima velik pomen pri prakti¢ni izvedbi projektov.

Kljucne besede: parna turbina, labirintno tesnilo, vzbujanje vibracij zaradi pretoka pare, dinamicne
lastnosti rotorja, deformacije mreze, stabilnost
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Eksperimentalna analiza vpliva parametrov procesa na vibracije
pri visokohitrostnem brusSenju odmic¢nih gredi

Tao Liul2 — Zhaohui Deng!.2.* — Lishu Lv!.2 — Shuailong She!.2 — Wei Liu!.2 — Chengyao Luo!.2
1Znanstveno-tehniska univerza v Hunanu, Drzavni laboratorij province Hunan za visokouéinkovito in natan¢no obdelavo

materialov, tezavnih za odrezavanje, Kitajska
2Znanstveno-tehniska univerza v Hunanu, Institut za inteligentno proizvodnjo, Kitajska

Sposobnost omejitve vibracij med bruSenjem z izbiro ustreznih parametrov procesa je lahko v veliko pomo¢ pri
optimizaciji procesa brusenja odmicnih gredi. Namen clanka je kvantifikacija velikostnega razreda vibracij in
valovitosti povrsine kot osnove za raziskave vpliva parametrov procesa na dinamicne lastnosti pri visokohitrostnem
brusenju odmicnih gredi, kakor tudi priprava smernic za optimizacijo parametrov obdelave na osnovi uéinkovitih
in stabilnih ciljnih vrednosti.

Najprej je bila opravljena modalna analiza za preucitev dinamicnih lastnosti stroja za brusenje odmicnih gredi.
Sledila je eksperimentalna analiza vpliva parametrov procesa na vibracije pri visokohitrostnem brusenju odmic¢nih
gredi. Preucen je bil tudi vpliv posameznih pogojev procesa brusenja na valovitost povrsin po brusenju.

Za poglobljeno razumevanje dinamicnih lastnosti je bil z udarnimi preizkusi dolocen frekvencni odziv
obdelovalnega sistema. Izveden je bil delni faktorski poskus, ki je obsegal en faktorski poskus in ortogonalni
poskus. Za karakterizacijo signala pospeska v frekvencni domeni ter preucitev vpliva razli¢nih hitrosti in globine
brusenja na velikost vibracij in valovitost povrsin je bila uporabljena metoda analize frekvencnega spektra.

Rezultati jasno kazejo, da je predstavljena metoda primerna za vrednotenje parametrov procesa in zmanjsanje
vibracij pri brusenju odmicnih gredi. Analiza v frekven¢ni domeni je pokazala, da lahko manj$a dinami¢na togost
v dolocenih pogojih povzroci nestabilnost in povecanje vibracij. Najpomembnejsi faktor za valovitost brusene
povrsSine je globina brusenja. Kvantifikacija vibracij in valovitosti povrSine za razli¢ne parametre procesa je
omogocila identifikacijo najboljse izbire parametrov brusenja. Eksperimenti so pokazali, da so vibracije najmanjse
pri hitrosti v = 120 m/s, povecujejo pa se z globino brusenja.

Potrebne bodo Se dodatne raziskave za ugotavljanje tega, ali imajo razli¢ni profili odmi¢nih gredi pomemben
vpliv na amplitudo vibracij. Z nadaljnjimi raziskavami bo mogoce razjasniti tudi vpliv obrabe brusilnih kolutov na
vibracije in valovitost povrsin.

a. Z modalnim in vibracijskim preskusom so bile preucene vibracijske lastnosti pri visokohitrostnem brusenju
neokrogle konture odmicne gredi. Potrjena je bila domneva, da je frekvenca drdranja nekoliko vecja od lastne
frekvence sistema.

b. V ortogonalnem poskusu je bil preucen vpliv parametrov brusenja na valovitost povrsine in zabelezene so
bile ustrezne ugotovitve.

. Opravljenih je bilo ve¢ eksploratornih poskusov z ustrezno kombinacijo hitrosti brusilnega koluta in
hitrosti obdelovanca. Potrjeno je bilo, da je mogoce s pravo kombinacijo parametrov in dinamike procesa doseci
visokoucinkovito in stabilno brusenje. To bo obenem podlaga za optimizacijo parametrov procesa v naslednjem
koraku.

Kljucne besede: vibracije, visokohitrostno brusenje, modalna analiza, drdranje, valovitost povrsine,
frekvencni spekter, odmi¢na gred
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Eksperimentalna raziskava mikrotrdote orodnega jekla EN-31
po skoraj suhi elektroerozijski obdelavi s primeSanim prahom

Sanjay Sundriyal! -Vipin! — Ravinderjit Singh Walia2.*
ITehniska univerza v Delhiju, Indija
2Tehniski kolidz v Punjabu, Indija

Razvita je bila hibridna konfiguracija elektroerozijske obdelave s primeSanim prahom za izboljSanje mikrotrdote
obdelanih preizkusancev. Uporabljena je bila zasnova preskusov LyOA po Taguchiju s Stirimi parametri obdelave
na treh razlicnih ravneh. Izbrani procesni parametri so bili premer orodja, pretok in tlak meglice dielektrika ter
koncentracija kovinskega prahu. Parametri so bili izbrani na osnovi pregleda literature in njihovega vpliva na
obdelavo. Mikrotrdota obdelanih preizkusancev iz jekla EN-31 je bila izmerjena z inStrumentom Fischerscope
HM2000S, izdelanim v ZDA. In$trument ima karbidno konico, ki v preizkuSancu naredi vtisk z doloéeno silo.
Preskusi mikrotrdote so bili zaradi ponovljivosti opravljeni trikrat.

V Taguchijevi analizi je bilo izraCunano razmerje med signalom in Sumom (S/N) za Zelene in nezelene
vrednosti. Lastnosti izhodov se obicajno delijo v dve vrsti: »vec je bolje« (HB) in »manj je bolje« (LB). Cilj
Studije je bilo poveéanje mikrotrdote obdelovancev, zato je bilo uporabljeno merilo »ve¢ je bolje«. Opravljenih je
bilo 27 eksperimentov (po tri ponovitve za vsak nabor parametrov procesa). Clanek poleg preiskave mikrotrdote
preizkusancev iz jekla EN-31 po metodi Taguchi LyOA predstavlja tudi analizo po metodi ANOVA za preucitev
vpliva razli¢nih parametrov procesa na izhodno mikrotrdoto.

Ugotovljeno je bilo, da postopek obdelave PMND-EDM z optimalnimi vhodnimi procesnimi parametri
zagotavlja vecjo mikrotrdoto izdelkov. Pri tovrstni obdelavi trdih kovin zado$¢ajo ze majhne koli¢ine dielektricnega
olja. Najvecja mikrotrdota obdelanega dela iz orodnega jekla EN-31 je bila dosezena pri optimalnih parametrih
Al,B2,C3in D3.

V potrditvenih preskusih je bila dolocena najvecja vrednost mikrotrdote 506,63 HV pri optimalnih parametrih.
Napovedani optimalni interval zaupanja v potrditvenih preskusih (Clcg) mikrotrdote je bil od 445,05 do 596,35.
95-odstotni interval napovedane srednje vrednosti mikrotrdote je bil od 482,88 do 558,52. Na povrsino obdelanih
preizkusancev se je nalozil sloj trdega cinkovega karbida, zaradi katerega se je povecala mikrotrdota. Rezultati
eksperimentov so bili validirani s potrditvenimi poskusi.

Dodatek kovinskega prahu pomaga pri ustvarjanju stabilne iskre z vecjo energijo zaradi povecane toplotne
prevodnosti v notranji rezi elektrode. Izhodne rezultate, kot so stopnja odvzema materiala, preostale napetosti in
mikrotrdota, je mogo&e validirati s simulacijami in modeliranjem. Ceprav se je elektroerozijska obdelava dobro
uveljavila v proizvodni industriji po vsem svetu, je za ta postopek znacilna nezadovoljiva morfologija nastale
povrsine zaradi nezelenih por, razpok, jamic in lukenj v obdelanih komponentah.

Elektroerozijska obdelava s primeSanim prahom je dobro raziskana, do sedaj pa je bilo le malo pozornosti
posvecene optimizaciji parametrov za mikrotrdoto po obdelavi s postopki PMND-EDM.

Kljucne besede: elektroerozijska obdelava, prah, skoraj suha, mikrotrdota, optimizacija
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Strategija vodenja s sledenjem moci
za hidravli¢no hibridno vozilo s kolesnimi pogoni

Tao Zhang — Qiang Wang — Xiao-Hui He* — Si-Sheng Li — Xin-Min Shen

Tehniska univerza kitajske narodnoosvobodilne armade, Kolidz za terensko tehniko, Kitajska

Strategija upravljanja energije je klju¢nega pomena za zmanjSanje porabe goriva pri hibridnih vozilih in to je
bil tudi predmet predstavljene raziskave. S teoreticno in eksperimentalno analizo na preizkusSevaliscu je bila
zasnovana strategija upravljanja energije za hidravli¢na hibridna vozila s kolesnimi pogoni (WDHHV), ki prinasa
zmanjSanje porabe goriva v primerjavi s prototipnim vozilom.

Na osnovi teoreti¢ne analize WDHHYV sta bili zasnovani dve strategiji upravljanja energije: za rezim voznje in
za rezim zaviranja. Za rezim voznje je predlagana strategija vodenja s sledenjem moci, pri kateri je bilo na krivuljo
moci motorja z notranjim zgorevanjem dodanih ve¢ delovnih tock za optimalno porabo goriva. Za rezim zaviranja
je bila ob upostevanju minimalne zavorne sile glede na motor/¢rpalko s spremenljivo delovno prostornino in stanje
napolnjenosti baterije izbrana strategija s porazdelitveno krivuljo »I« na osnovi kritiéne zavorne mo¢i Zpi,, Ki
zagotavlja popolno rekuperacijo zavorne energije. Na preizkuSevaliscu je bila uporabljena metoda cikli¢ne porabe
goriva pri doloceni hitrosti, pospesku in pojemku na znacilnem odseku poti.

Vetina raziskav strategije upravljanja energije za WDHHYV je danes S€ v fazi simulacij, kar pa ne zado$¢a
za prakticno uporabo. V predstavljeni raziskavi je bila zato zasnovana strategija upravljanja energije na
osnovi teoreti¢ne analize WDHHYV. Nato je bilo postavljeno preizkusevalis¢e za dolocanje porabe goriva pri
predlagani strategiji upravljanja energije. Motor z notranjim zgorevanjem je bil na preizkuSevalis¢u simuliran z
elektromotorjem. Elektri¢na energija, ki jo je rabil motor, je bila pretvorjena v porabo goriva motorja z notranjim
zgorevanjem na razdalji 100 kilometrov.

Poraba goriva, dolocena v tej raziskavi, je bila primerjana s porabo goriva prototipnega vozila. Za WDHHV
je bilo ugotovljeno, da predlagana strategija upravljanja energije u¢inkovito zmanjsa porabo goriva za ve¢ kot
24,0 %, ne da bi to vplivalo na dinami¢ne zmogljivosti vozila. Poraba goriva v ciklu Federal Urban Driving
Schedule (FUDS) je bila v primerjavi s ciklom Extra Urban Driving Schedule (EUDC-1) manjsa za 4,73 % zaradi
pogostih zagonov in zaustavitev, ki so znacilne za cikel FUDS. Energijo je bilo mogoce v celoti rekuperirati in
nato izkoristiti v naslednji fazi, poraba goriva pa se je efektivno zmanjsala.

Raziskava je imela tudi dolocene omejitve. Zasnova preizkusSevalis¢a uvaja doloceno napako zaradi
simulacije motorja z notranjim zgorevanjem z elektromotorjem. Za povecanje prakticne uporabnosti raziskave
bodo opravljene nadaljnje Studije strategije upravljanja energije na realnih vozilih.

Za vozni rezim WDHHYV je bila zasnovana strategija vodenja s sledenjem moci na osnovi krivulje moci
za optimalno porabo goriva. Za zavorni rezim je bila izbrana strategija s porazdelitveno krivuljo »l« na osnovi
kriti¢ne zavorne moci zp,,. Rezultati poskusov kazejo, da predlagana strategija upravljanja energije v obeh rezimih
izpolnjuje zahteve glede dinami¢nih zmogljivosti vozila, poraba goriva pa je v primerjavi s prototipnim vozilom
manjsa za 24,0 %, kar potrjuje uc¢inkovitost predlagane strategije. Rezultati raziskave bodo tako dobra osnova za
nadaljnje preskuse z realnimi vozili.

Kljuéne besede: hidravli¢cno hibridno vozilo s kolesnimi pogoni, strategija vodenja s sledenjem moci,
strategija porazdelitve zavorne sile, vozni cikel, poraba goriva, preizkusevalisce

*Naslov avtorja za dopisovanje: Tehniska univerza kitajske narodnoosvobodilne armade, KolidZ za terensko tehniko, Kitajska, gcbhxh@qqg.com S123
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Vpliv porazdelitve jalovine na rezalno silo in specifi¢no energijo
pri pridobivanju premoga

Kao Jiang — Kuidong Gao — Lirong Wan*

Znanstveno tehniska univerza v Shandongu, KolidZ za stojnistvo in elektrotehniko, Kitajska

Danes obstaja veliko raziskav na temo ucinkovitosti pridobivanja premoga, modeli premoga pa obic¢ajno ne

vkljucujejo jalovine. Minerali v obliki jalovine so pogosti v premogovnih zilah in mo¢no vplivajo na zmogljivost

delovanja rezalnega orodja. Pricujoci c¢lanek zato obravnava zmogljivost rezalnega orodja pri razli¢nih
porazdelitvah jalovine v premogovni Zili.

Raziskava vpliva jalovine in njene porazdelitve na zmogljivost rezanja se zacne z analizo porazdelitve
jalovine v premogovni zili. Ni veliko obstojecih raziskav, ki bi opisovale, kako pridobiti tocne informacije o
lokaciji jalovine v premogovni Zzili. Za nadaljnje Studije je zato najprej treba dolociti porazdelitveno funkcijo, ki bo
pokrivala ¢im vec¢ potencialnih porazdelitev jalovine.

Za opis porazdelitve jalovine v premogovni zili je bila uporabljena Gaussova funkcija. Ta s prilagoditvijo
srednje vrednosti in variance omogoca zajem razlicnih porazdelitev jalovine. Kon¢no je dolocena Se rezalna
zmogljivost pri razli¢nih porazdelitvah.

Rezultati in ugotovitve:

(1) V clanku je uporabljena porazdelitvena funkcija za simulacijo potencialnih porazdelitev jalovine v
premogovnih zilah. Rezultati kazejo, da je porazdelitvena funkcija primerna za simulacijo razli¢nih delezev
jalovine na razli¢nih viSinah.

(2) Povecanje srednje rezalne sile zaradi jalovine je tesno povezano z lokacijo jalovine. Rezultati kazejo mocno
korelacijo med povecanjem rezalne sile in lokacijo jalovine v premogovni zili — koeficient korelacije presega
0,98.

(3) Povecanje srednje rezalne sile zaradi jalovine se pri razlicnih porazdelitvah mocno spreminja. Koncentrirana
jalovina v premogovni zili povzro¢i znatno povecanje rezalnih sil, Se posebej, ce je koncentracija sredi
premogovne Zile.

(4) Izracunano je bilo tudi povecanje specificne energije zaradi jalovine v premogovni zili pri razli¢nih
porazdelitvah. Ta veli¢ina je v nelinearni zvezi s porazdelitvijo jalovine ter v linearni zvezi z dolzino
premogovne zile in s koli¢ino mineralov jalovine v nje;.

Glede na izhodis¢a clanka je bila preucena samo rezalna zmogljivost enega rezalnega orodja in ne
celega rezalnega bobna. V prihodnje bo mogoce preuciti Se rezalno zmogljivost rezalnega bobna pri razli¢nih
porazdelitvah jalovine.

Pricujoci ¢lanek je prvi, ki uposteva jalovino in njeno porazdelitev pri racunanju rezalnih sil in specificne
porabe energije v procesu pridobivanja premoga. Potencialna porazdelitev jalovine v premogovni zili je simulirana
s prilagajanjem srednje vrednosti in variance porazdelitvene funkcije. Te porazdelitve so lahko v pomo¢ pri
preucevanju rezalne zmogljivosti v zahtevnih pogojih.

Kljucne besede: jalovina, porazdelitev jalovine, Gaussova porazdelitvena funkcija, rezalna sila, specificna

poraba energije, eno rezalno orodje
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Osebne objave

Prof. dr. Franc Gologranc

— starosta preoblikovanja — je dopolnil 100 let

Letos sredi februarja smo na Fakulteti za strojniStvo
praznovali visoki jubilej — stoletnico rojstva naSega
najstarejSega profesorja in hkrati tudi najstarejSega
Se ziveCega diplomanta Fakultete za strojnisStvo prof.
dr. Franca Gologranca. Visoki jubilej smo proslavili
s slovesnostjo, ki so se je udelezili Stevilni aktivni in
upokojeni profesorji Fakultete za strojnistvo, nekdanji
magistranti in diplomanti prof. Gologranca ter gost
Univ.-Prof. Dr.-Ing. Dr. h. c¢. Mathias Liewald z
Instituta za preoblikovanje v Stuttgartu, kjer je prof.
Gologranc doktoriral.

Profesor dr. Franc Gologranc se je rodil leta
1920 v Slovenskih Konjicah. Dijaska leta je prezivljal
v Mariboru in Celju, po maturi pa se je leta 1938
vpisal na elektrostrojni oddelek Tehniske fakultete v
Ljubljani. Zal je njegov $tudij prekinila vojna, lahko
ga je nadaljeval Sele leta 1947 in februarja leta 1950
diplomiral kot Sestnajsti diplomant Fakultete za
strojnistvo.

Po diplomi je prejel dekret za zaposlitev v
Zelezarni na Jesenicah, a je bil takoj premes¢en v
Centralni konstrukcijski biro Ministrstva za tezko
industrijo v Ljubljani, kjer so projektirali opremo
za zelezarne in strojne tovarne. Po ukinitvi biroja
1. 1952 je bil kot konstrukter premescen v Institut
za mehansko tehnologijo na Oddelku za strojnistvo
Tehniske fakultete, nato pa izvoljen v naziv asistenta.

Zelja in potreba po pridobivanju znanja in
izkuSenj na novem podro¢ju ga je kmalu vodila
v tujino. V letih 1952 do 1958 je bil v intervalih
dvakrat po eno leto na specializaciji v dveh velikih
tovarnah tezkih obdelovalnih strojev v ZR Nemciji
ter en semester na $tudiju na TVS Aachen. Do leta
1960 je bilo njegovo strokovno in pedagosko delo
usmerjeno v SirSe podro¢je mehanske tehnologije in
obdelovalnih strojev. Ko pa je bil tega leta uveden
tristopenjski Studij strojni§tva s tremi usmeritvami,
se je po 10 letih prakti¢nih izkusenj kot konstrukter
in kot asistent prijavil na eno od razpisanih mest za
ucitelja v tehnoloski smeri in bil spomladi 1961
habilitiran za docenta za tehniko preoblikovanja
in teorijo plastinega preoblikovanja - takrat novo
vpeljani tehnoloski disciplini na fakulteti.

V teznji po nenechnem izobrazevanju je prof.
Gologranc kmalu ugotovil, da na mestu docenta ne
bo mogel biti brez doktorskega naziva. Ker v tistih

Profesor Gologranc na slavnostnem predavanju februarja 2020

casih na podrocju nekdanje Jugoslavije ni naSel
mentorja s podroc¢ja takrat Se mlade znanstvene vede
preoblikovanja, je navezal stike z znanstveniki v
ZRN, Se posebej z Univerzo v Stuttgartu. Tam se je
s predstojnikom novo ustanovljenega InStituta za
preoblikovalno tehniko prof. dr. Kurtom Langejem
uspel dogovoriti za  dolgoro¢no  financirano
raziskovalno delo, ki ga je moral zdruzevati s svojimi
pedagoskimi obveznostmi v Ljubljani.

Vztrajnost in raziskovalni duh sta ga gnala, da je
s presledki od leta 1967 do 1974 v Stuttgartu razvil
novo metodo dolo¢anja krivulje plasticnega tecenja
materiala. Metodo je predstavil v tuji in domaci
literaturi in leta 1975 v Stuttgartu tudi doktoriral.

Prvi preizkusi vrednotenja preoblikovalnosti
materiala z novo razvito metodo izbocevanja plocevine
so zaradi pomanjkanja opreme v prvih razvojnih
fazah bili za danasnje pojme dokaj primitivni, saj so
spremembe na plocevini merili z merilnimi uricami,
te pa v enakomernih ¢asovnih intervalih fotografirali
kar s fotoaparatom. Prof. Gologranc je z leti metodo
izpopolnil in ze leta 1980 v Strojniskem vestniku
predstavil celoten avtomatiziran sistem za vrednotenje
plasti¢nih lastnosti plo¢evine [1].

Svojo pedagosko in znanstveno-raziskovalno
pot je prof. Gologranc po zaklju¢enem doktoratu
nadaljeval na Fakulteti za strojniStvo v Ljubljani, kjer
je leta 1982 bil izvoljen v naziv rednega profesorja.
Vsa leta delovanja od leta 1961 na Fakulteti za
strojniStvo se je intenzivno zavzemal za Sirjenje znanja
o postopkih preoblikovanja in ze sredi Sestdesetih let
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je uspesno zasnoval Laboratorij za preoblikovanje.
V njem so kmalu stekle sistematiéne raziskave tako
masivnega preoblikovanja kot tudi preoblikovanja
plocevine. V Stuttgartu pridobljeno znanje je uspesno
prenesel v slovenski prostor in s Stevilnimi znanstveno-
raziskovalnimi projekti in direktnim sodelovanjem
z industrijo dvigal nivo predelave predvsem
plocevinskih materialov v slovenski industriji. S
svojim sodelovanjem s podjetji IMV, CIMOS, TAM,
EMO in drugimi je klju¢no doprinesel k uveljavljanju
postopkov preoblikovanja v slovenskem prostoru.
Intenzivno je tudi povezoval svoje pedagosko in
znanstveno poslanstvo, saj je v ¢asu svoje profesorske
aktivnosti na Fakulteti za strojnistvo v Ljubljani bil
mentor preko 100 diplomantom na dodiplomskem kot
tudi podiplomskem Studiju.
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Prof. Gologranc se je tudi zavedal, da ima pri
Sirjenju znanja o preoblikovanju klju¢no vlogo tako
tuja kot tudi domaca znanstvena literatura. Zato je
svoja odkritja in znanstvene doprinose objavljal v
tujih revijah (najpogosteje Industrie Anzeiger), pri
Sirjenju svojih znanstvenih dognanj v jugoslovanskem
prostoru pa se je najpogosteje posluzeval ravno
nasega Strojniskega vestnika. Tako je v Strojniskem
vestniku v letih svojega aktivnega znanstvenega
delovanja objavil kar 27 strokovnih ¢lankov, prvega
ze v prvem letniku izhajanja revije, kjer je porocal o
razvoju, stanju tehnike in perspektivah na podrocju
fine obdelave ter 10 znanstveno-raziskovalnih objav,
v katerih rapravlja ze o karakteristikah in dinami¢nem
izkoristku vretenskih stiskalnic pri preoblikovanju [2].

V svojih ¢lankih v StrojniSkem vestniku je
prof. Gologranc predstavil svoje Siroko poznavanje
podroc¢ja obdelav materialov, pri ¢emer se ni omejil
le na podrocje preoblikovanja temve¢ je porocal tudi
o napredkih in moznostih uporabe elektroerozijske
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obdelave [3] materialov in ultrazvoéne obdelave
za razmasScevanje in ciS¢enje [4]. Svoje glavne
raziskave pa je seveda usmerjal v podroc¢ja masivnega
preoblikovanja [5] in predvsem preoblikovanja
plocevine [6] do [9], kjer je doprinesel tudi najvec
v bogato zakladnico tehnoloskega znanja. Poleg
objav v znanstvenih revijah je S$iril v industriji tudi
svoje strokovno znanje z udelezbo na Stevilnih
sre¢anjih kovinsko-predelovalne industrije, kjer se je
razpravljalo o sodobnih trendih predelave materialov.
Prof. Gologranc je za slovensko stroko napisal tudi
ucbenike s podrocja preoblikovanja, prvega Tehnika
preoblikovanja ze leta 1963, nekoliko let kasneje pa
$e Uvod v preoblikovanje ter Preoblikovanje 1. del in
Preoblikovanje 2. del — Masivno preoblikovanje.

Ob koncu pregleda dela prof. dr. Franca
Gologranca lahko =zapiSem, da nam je s svojo
iznajdljivostjo, vztrajnostjo, raziskovalnim duhom ter
energijo, ki smo jo vsi prisotni doziveli ob njegovem
jubilejnem predavanju februarja 2020, Se ob svojem
visokem jubileju zgled znanstvenika, ki je svoje
zivljenje posvetil razvoju preoblikovanja kovin.

Spostovanemu  profesorju  ob  izjemnem
zivljenjskem jubileju iskreno Cestitamo, zelimo veliko
zadovoljstva, zdravja in osebne srece.
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