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Abstract

Changes to the surface condition of a grinding Whaased by excessive
wear can result in geometric inaccuracy and sewbegmal damage to a
workpiece. As a precision metal removal processdgrg is typically a finishing
operation and such errors are costly in both madteand lost time. Unfortunately
grinding wheel performance is difficult to predi@nd workpiece damage is
commonly prevented by frequent dressing of the Whkadace. However, such
over dressing is also costly in unnecessary madatawen time and consumption
of the grinding wheel. Monitoring systems have bedereloped in an effort to
prevent damage to the workpiece and unnecessargsidge but various
difficulties have prevented any single system fraohieving widespread
application.

The following body of research focuses on the itigaon and
development of a pneumatic sensor for monitoring shrface condition of a
grinding wheel. These sensors are relatively sipmoleust and inexpensive, and
well suited to in situ applications. While thesensa@'s are traditionally used to
measure displacement of static or quasi-staticasas, research into dynamic
applications has shown they can detect the featrdspography of a moving
surface. Inspired by these developments, a mongoriethod employing both the
static and dynamic measurement capabilities of dbesor is proposed with

applications to both metal-bonded and vitrifiechging wheels.
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1 Introduction

The following chapter presents the principal atpet this research, and
provides a discussion of the grinding process anmtlipg wheels. An overview
of current methods used to monitor the grindingcpss for grinding burn and the
need to dress is given, and the basic structureparhtion of a pneumatic sensor

are explained.

1.1 The Grinding Process

Grinding is an abrasive metal removal processeggly used on hard
materials or to produce fine surface finishes ametipe geometries as a finishing
operation. As illustrated in Fig. 1-1, in grindingany thousands of small abrasive
grains are bonded together to form a grinding wheich is rotated at a high
speed to a surface velocity of 20 m/s or more &udifito a workpiece. Each of
the abrasive grains on the surface of the wheal ssall cutting tool, shearing
away a small amount of material. A grinding wheaynhave hundreds of grains
cutting at once, even at typical depths of cuttfenorder of tens of micrometers.
High velocity nozzles apply coolant directly to theea being ground to help
reduce friction and control heat. Small pores betweach grain help to draw in

coolant and carry away the chips produced by e&teanicroscopic cuts.
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Grinding Wheel

LTI Individual Grain

Chip Cavity

Figure 1-1: lllustrations of the generic grindingpess and abrasive material removal [1]

Like any cutting tool, a grinding wheel will wearittv continued use,
compromising performance. The forces, heat andislgjanerated by grinding
can negatively alter the wheel surface in a proapmserally referred to as
grinding wheel wear. Grinding wheel wear can resaltwidespread loss of
material from the edges and corners of the gringvhgel, altering its profile, or
in the glazing of the wheel surface. Glazing arié@sn grains dulling and
generating wear flats, and an over-accumulation debris in the pores,
functionally closing up the wheel surface. As ttype of grinding wheel wear
progresses, the force generated between indivighaéths and the workpiece can
increase, and result in serious thermal damagehé¢oworkpiece known as

grinding burn. To prevent damage to the workpiecegeometric errors, the

2
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conditioning processes of truing and dressing asgl tio restore the surface of the
grinding wheel.

Truing and dressing refer to the profiling and gleaing of the wheel
surface respectively. The truing process removessale and bond material from
the grinding wheel in order to set the wheel peoihd minimize runout. If it is
required, truing always precedes dressing. Dressorgs to sharpen and open up
the wheel surface, removing the previously wornfasig and generating new
cutting edges by exposing fresh grains, or fraoturdull grains. In this way
dressing is used to set the micro geometry of theelsurface and is important in
determining the performance and function of thedjrig wheel.

Unlike conventional cutting tools, a grinding whaas some capacity for
self-sharpening. In an ideal case, as the grinduhgel wear progresses the
increasing force between grains and the workpieileewentually generate new
cutting edges. This occurs when the force causemra grain to fracture or
fractures the bonds holding a worn grain, resulimgrain pull out. A grain may
fracture several times or not at all before fallengay completely, depending on

the application, wheel specifications and cuttingditions.

1.2 Grinding Wheel Construction
The volume of a grinding wheel is composed of sivea grains, bond
material and small voids. Abrasive grains are gaherrregularly shaped crystals

or ceramic particles, and are classified by contmosiand size. They are
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typically between a quarter and half a millimetediameter, but may range from
tens of micrometers up to a millimeter or more.n@mg wheels are typically 20
to 30 cm in diameter, and will contain grains ah#ar size connected to each
other by a bonding material. The remainder of theeel may be made up of
voids, referred to as pores.

Grinding wheels are commonly one of two classesbohd type.
Conventional grinding wheels commonly use a cerdmieding material, which
is heated to produce a vitrified wheel. These wheet porous and can be made
with varying degrees of hardness. Most commonlgs¢hwheels are trued and
dressed using a diamond dressing tool, which isirigal the rotating grinding
wheel as in a turning operation. Metal bond wheetsthe strongest solid bonded
wheels and usually contain superabrasive grainls asaaiamond or cubic boron
nitride (CBN), distributed within a layer of metah the working surface of the
grinding wheel. In this type of grinding wheel thbrasive grains protrude from
the outer surface of the solid metal bond layed ao additional space or pores
between the grains is present. Resin may also éé as the bonding material
with this type of wheel construction. Metal bondnging wheels are typically
trued and dressed by separate abrasive processemtwe or erode the bond
material. Other bonding systems do exist, but aeas common, and are not
examined in this research. Fig. 1-2 and 1-3 regpmdgtshow examples of the
vitrified and metal bond grinding wheel construatiand magnified images of

their working surfaces.
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Figure 1-3: Metal bond grinding wheel and magnifreatking surface.

Thermal damage to workpieces from a worn grindulngel can be costly
because grinding is typically a finishing proced®wever, predicting grinding
wheel performance is difficult, as it commonly ifrom one wheel to the next,
even with identical specifications. Workpiece dgmecan be prevented by
frequent dressing, but such over dressing is cakily to unnecessary machine
down time and consumption of the grinding wheel.nMaring of the grinding

wheel is therefore required, to both prevent damage reduce unnecessary

5
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dressing. However, unlike other conventional metating tools such as milling
tools, where the geometry of the cutting edge ecsied, the size and geometry
of grains and pores, and the orientation of eaamngwithin the wheel is non-
deterministic. The constant evolution of wheel acef condition is also unique to
grinding, and with surface speeds typically at looee 20 m/s, monitoring of the

wheel surface is a difficult challenge.

1.3 Current Monitoring Technology

A range of sensors and techniques are currengieapto the grinding
process and wheel in an effort to prevent the esgpeh damaged workpieces and
over dressing. The most common monitoring systemnes ilmdirect and take
measurements of process related quantities sudbr@ss or acoustic waves to
empirically infer the condition of the wheel sugadhe most promising indirect
systems include the use of dynamometers, spindiepmonitoring and acoustic
emissions (AE) sensors. Direct monitoring methods lass common but take
measurements straight from the wheel surface. Qamgle is an optical method
employing reflected laser light to detect wearsflah grains, which can be related
to grinding forces and wear [3].

Various difficulties and barriers have preventeg amgle system from
achieving widespread application. Some systemssianply not well suited for
use in situ, where the grinding environment catigesnuch interference. Optical

measurement systems suffer in this way, as theanbahd debris makes reliable
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measurements difficult and various methods mustrbployed to shield both the
sensor and the measured area of the grinding Vidheel

Monitoring of the spindle power consumption or tmqis easily
accomplished by a variety of systems and sensdrcan be related to the cutting
force. The ease with which spindle power can besorea is over shadowed by
the fact that tangential grinding is force not hiseaffected by wear [4].

Acoustic emission or AE sensors capture high fraquelastic waves and
are adept at contact detection. This sensor caimp&mented in a range of
possible positions, both on the grinding wheel dahd workpiece, and has
previously been successful in the monitoring ofsdireg and the detection of
wheel chatter [5,6]. Promising developments inclutle rapid and reliable
identification of grinding burn, which has been whoto increase AE signal
amplitude [7], and by using AE sensors as inputse@ral network can quickly
identify workpieces that have been damaged [8].

One of the most established and accepted sermonsohitoring grinding
wheel wear is the force dynamometer. Typically,wlekpiece is mounted on top
of the dynamometer, and the cutting and feed foatesmeasured incrementally
or continuously during the grinding process. Thenmm force between the
grinding wheel and the workpiece can be used toitmothe development of
wear flats and closing up of the wheel surface. [@/this makes them effective
for protecting the surface integrity of the worlqgee dynamometers are too

expensive for most enterprises as they typicalst tens of thousands of dollars.
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In response to the difficulties experienced byenir sensors, this research
investigates the novel application of a pneumaticser as an inexpensive and

effective in-process monitoring sensor for grindgeel wear.

1.4 Pneumatic sensors

Pneumatic sensors are typically applied as static quasi-static
measurement tools for displacement. Also knownlagspér-nozzle gauges, they
are non-contact sensors relying on compressed aiohitor the distance between
the sensor and a surface. This simple measuremehistrelatively inexpensive
and well suited to in situ measurement applicatiassthe equipment is both
simple and robust.

The basic operation of a pneumatic sensor is ilitestl in Fig. 1-4. The
sensor chamber is supplied with air at a constaegsoirePs through a control
orifice, and exits the chamber through a nozzlee &kiting air flow is restricted
by the presence of a flat surface close to the leoizg, at a distanc&;. The
restricted exit flow results in a back pressBgenside the sensor chamber, which
is monitored by a sensitive pressure gauge. Chatogig®e distance are indicated

by corresponding changes to the back pressure.
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Figure 1-4: Construction and operation of a pneimsensor as a displacement indicator.

The back pressure in the pneumatic sensor has dingam response to
changes in the gap size or distaXgeas illustrated in Fig. 1-5. The back pressure
and the sensitivity to a change in distance arb Hdependent on current distance
from the surface. As a general description of telationship the curve is roughly
divided into three regions. The first region ocowigen the nozzle tip is at or very
near the surface. When the gap size is zero anchabaele is sealed by the
impinging surface, the back pressure in the chanbesqual to the supply
pressure and there is no air flow. As the nozzimased away from the surface,
the back pressure initially changes at a relativelyw rate, showing low
sensitivity. The second region is where the baessure is the most sensitive and
is the desirable working range for measurementtiofigh still non-linear, the
relationship between distance and back pressuoftaa approximated as linear
for a short and defined range. In the third regithve dependence of the back
pressure on the gap size decreases, and eventeatlges a minimum pressure

with air flow only limited by the nozzle.
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Back Pressure Pb

o . -
e Distance Xi

Figure 1-5: Characteristic relationship betweerki@essure and gap size.

While traditionally used to indicate distance opgaze, changes to the
back pressure can also be applied to a movingeuttaindicate the presence of
surface features or roughness. This is possibleusec the back pressure is
dependent on the area through which air can eseagkis given by the product
of the perimeter of the nozzle and the distancevéen the nozzle and surface.
For a flat target surface the escape area is treréhe circumference of the
nozzle projected across the gap distance. Passifare features such as bumps
or pores can decrease or increase that area.-bighbws a nozzle passing over a
step in the target surface, and the escape aredr fibow is outlined by the dotted

lines. As a step in the target surface passes uhdarozzle, the total escape area
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is altered by localized changes in gap size aceogsortion of the nozzle

perimeter.

Nozzle

Figure 1-6: Projection of escape area on an untarget surface.

This principle has allowed pneumatic sensors teurressfully used on
moving surfaces for surface porosity detection [Bje same geometric effect
applies to detection of smaller features or assessrof surface topography,
which create a partial blockage of the escapeandahus restricts the flow of air.

Going forward, this current research will focustbe development of the
pneumatic sensor as a monitoring tool for the gmigpdprocess. It is to be
determined if a pneumatic sensor is capable ofctiete a wheel surface at
operating speeds and conditions relevant to grgqydamd if monitoring of the

wheel surface condition is possible.
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2 Literature Review

This chapter expands on the topics discussed inirttieduction, and
highlights the current state of development of pnatic sensors prior to this
research, as well as the composition and changipggraphy of the grinding
wheel surface. A review of important works relatitnghe operation and nature of
the pneumatic sensor when applied to moving susfacel grinding wheels is

provided.

2.1 Static and Dynamic Performance of Pneumatic
Sensors

Research by Wager [10] examines distaiomeasurements from still and
moving surfaces, and documents the effect of serfarighness and surface
velocity on air flow velocity. The experiments arxemparable to the previously
discussed pneumatic sensor employing back pressessurements, and also
included the use of opposing twin nozzles to elaterthe effects of run out when
testing at high rotational velocities. Testing osnaooth disk, the surface velocity
was shown to have no effect on the ability of thies®r to measure distance, other
than the physical expansion of the disk due totiamor surface velocities of up
to 76 m/s. The testing was repeated using surfatesrying roughness, up to
1350 pin CLA, initially reporting that for surfacelocities up to 30.48 m/s, the

roughness has little effect. However, by reduchenozzle diameter from 2.67 to

12



McMaster University — Mechanical Engineering M.A.Sbesis — K.M. Tanaka

1.17 mm both surface roughness and velocity coaldetated to changes in the

indicated distance, Fig. 2-1.
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Figure 2-1: Decreasing air flow due to increasioigting surface velocity of a rough surface [10]

Experimental results show air flow from the sens@s increasingly
restricted by increasing surface roughness andcigldut was only reported to
occur at approximately 30.48 m/s or greater, anddoghness values greater than
500 pin CLA. Air flow restriction is shown to be meopronounced for smaller
nozzle diameters by the experimental results in &g [10], examining a range

of diameters as small as 0.7874 mm, at a surfamedspf 71.5 m/s.
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Figure 2-2: Air flow restriction due to increasisgrface roughness and nozzle diameter [10].

While these results may suggest such a system cbeldused for
roughness measurements on high speed surfacesjaloraiues of flow or back
pressure cannot distinguish between a change ualadistance and a change in
surface roughness. This ambiguity makes it unsi@tdbr monitoring the

condition of a grinding wheel. Wager concludes thatace roughness has little
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effect on distance measurements, and that pneuseisnrs can be reliably used
to monitor position on fast moving, rough surfacesluding grinding wheels
[10]. The implication of this conclusion is thatsteady air flow rate and back
pressure may be maintained in grinding applications variety of wheel speeds
and conditions.

Measurements of surface roughness and the detedftisarface features
has previously been accomplished by properly egugpp pneumatic sensor to
respond quickly to very short or high frequencysgrge fluctuations. Research
works by Ruckiet al.[11,12] have highlighted the importance of a smhimber
size and high back pressure for increased dynarmeroqmance. Similarly,
Grandyet al. [13] showed that increasing the supply pressutkimgrease the
amplitude of the pneumatic sensor’s response. dtdiso been found that the
relative sizes of the control orifice and nozzlandeters contribute to determining
the rise time of the sensor, and that while a iredt small control orifice can
enhance sensitivity for distance measurements,lémgthen the rise time [12].

Success has been achieved for detecting and chazawy surface
roughness by using a dynamic pressure transduacaptoire rapid fluctuations in
the back pressure. Surfaces as fine agnd.Ra [13,14] can be identified, and
small pores, 0.6-1.6 mm in diameter have been thetemt surface velocities of
50-200 m/min [ 9].

As detailed by Menziest al.[9] the detection of surface porosity is made

possible by a brief increase in escape area gsattosity passes under the nozzle.
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The resulting time domain signal taken from a dyicgmessure transducer shows
that a unique burst is generated in response tb pare. The example shown
below is for porosity detected during a turning rgpien, Fig. 2-3. The ability to
generate a unique response to each surface faatare important capability in
regards to the monitoring of a grinding wheel.

0~6 T T T T T T T

Transducer Output (V)

_0.6 1 1 1 1 1 1 1

Time (s)

Figure 2-3: Pressure fluctuations from a pore duarurning operation at 200 m/min [9].

Grandyet al [13] extracted more detailed information from thgamic
pressure transducer signal for surface roughnessssmment. Specifically by
examining signal frequency and amplitude to deteemihe wavelength and

amplitude respectively for machined surfaces, Eig.
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Figure 2-4: Dynamic response of a pneumatic sedsottifying surface roughness of milled
surfaces [13].

While this relatively direct analysis is sufficiefdr milled or turned
surfaces, the application of the same sensor tongrand lapped surfaces better
demonstrates the depth of information capturedhigydynamic response of the
sensor. In the work of Koshgt al [14], examining signals in the frequency
domain from lapped and ground surfaces, each fwisto 0.1um Ra, the
statistical analysis method of principal componemslysis was successfully used
to differentiate each surface and classify furthefaces.

The static and dynamic behaviour of a pneumatics@eras outlined by
existing research, is promising in regards to nowimg the surface of a grinding

wheel. Monitoring of dynamic pressure fluctuatignsvides the sensor with the
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crucial ability to distinguish between a changsunface position and a change in
surface topography, not previously available frdm traditional application of
pneumatic sensor employing nominal back pressuaglimgs. However, the
capabilities of a pneumatic sensor when applied tgrinding wheel surface
remain uncertain, due to the significantly higharface velocity and variable
topography. The following section will build on tlearlier discussion of grinding
wheels, and provides some insight into the grindwigeel surface and the

changes that take place during a grinding cycle.

2.2 The Grinding Wheel Surface

Before a pneumatic sensor can be applied to mamjtahe surface of a
grinding wheel, it is useful to have some undeuditasy of the topographical
structure and changes that can be expected frommugadressing and grinding
conditions. When discussing the grinding wheel azef it is important to
remember that the size, shape and spacing of dmabige grain are probabilistic
and that each surface grain is different in hovs iinitially dressed, how it cuts

and how it wears.

2.2.1 Vitrified Grinding Wheels

The grinding cycle begins with the dressing of wiesel surface, and it is
generally accepted that dressing is the most impbifactor in determining the

condition and performance of a grinding wheel stefaéAs explained earlier, the
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most common dressing method for vitrified wheelsghis single point diamond
dressing tool, which is used as in a turning opematio sharpen and open up the
wheel surface. Other dressing methods exist, lmtesss common. Regardless of
the method, the effect is the same, removing thenveairface to expose new
grains or creating new cutting edges through ghacture. In addition to wheel
speed, which should be set to match the operatingelvspeed, the dressed
topography is typically controlled by selection af appropriate crossfeed rate.
The profile of the diamond dressing tool and thesding depth also have some
effect but are not as influential [15].

The crossfeed rate refers to the traversing ratbefdressing tool across
the wheel surface, parallel to the axis of rotatemd is measured in distance per
revolution. As in the comparable turning operatilony crossfeed rates result in a
smoother surface and lower forces during the dngssiperation. The terms
coarse and fine dressing correspond to high ancctogsfeed rates, and typically
vary from half to one nominal grain diameter pereefhrevolution [16]. Coarser
dressing parameters produce a more open or aggrestieel surface for bulk
material removal while finer dressed wheels prodoeger surface finishes, but
load more easily and correspond to limited mateealoval rates [17].

Once put into operation, the initial wear rate adr@ssed wheel surface is

typically very high, as shown in Fig. 2-5.
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Figure 2-5: High initial wear for a range of crasesdl rates on a 60 grit vitrified wheel. [17]

In addition to this trend in wear, grinding forcepidly climb to a peak

and then descend [17,18,19]. Example results anersin Fig. 2-6.
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Figure 2-6: High initial grinding forces for a \fied grinding wheel over a range of feed rates.
(18]
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Observations from researchers Davis and Grisbrobk,1B] have
demonstrated these results and have studied tlee<aBoth researchers report
that the wheel surface has many surface grainfuslt to the peripheral surface
of the grinding wheel immediately after dressinge3e flush cut areas provide no
clearance and increase tangential and normal fategsg grinding in the same
manner as flank wear on conventional cutting tobls also reported that many
larger flush areas are created by the bond mateaakurrounds and connects the
abrasive grains being flush to the periphery of gheding wheel, as shown in
Fig. 2-7 [17], and by multiple grains in close piroiy to each other [18]. In this

way, the wheel may be considered to be semi-glpmcfter dressing.

Void (Chip Clearance) Wheel Periphery

PP Sy
R &

Figure 2-7: lllustration of semi glazed surfacedition after dressing. Adapted from Davis [17]

According to Grisbrook [18], this initial state guickly changed with
successive grinding passes, and the bond materiatoken away by the high
initial grinding forces. With the loss of bond mad flush grains are sharpened
as the edges are exposed and fracture. The susfaagher opened up by the loss
of grains without sufficient support, creating arlaging pores and providing
improved clearance for chips. As this initial wearbreak-in process advances,
the grinding forces decline by some degree andtaaby reach a stable value
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with a significantly reduced wear rate. For higfesxd rates this is clearly seen in
Fig. 2-6. An exception to this breaking-in procesan occur when using
exceedingly hard grinding wheels or low materiahosal rates, where the wheel
surface is too strong or the grinding forces are law. Fig. 2-6 illustrates this
showing the forces for varying table feed rates idrces generated by the lower
feed rate do not peak, but climb steadily as thealburface becomes worn.

In assessment of crossfeed rate, Davis [17] repbasthe semi-glazed
effect is more pronounced for finer dressing patanse with coarser parameters
producing more fractured abrasive edges at the Iwdezghery, but also greater
forces during dressing. Many of the grains and banda coarser dressed wheel
surface are weakened as a result, and the iniéal wate is higher. In this way the
dressing depth of cut also has some effect, bubtigypically varied as a dressing
parameter other than for spark-out passes.

The progression of wheel wear after the initialarén is dependent upon
the wheel makeup and dressing, as well as the vwemd&pmaterial and the
grinding parameters. As described above, the alragrains will dull and
develop wear flats, reducing clearance and entrgirghips. This leads to
increasing grinding forces and the generation dadt.h&elf-sharpening occurs
when the increased force causes grains to refeacurfall away to create or
expose new abrasive edges and regenerate clearBimeewheel life is ended
when repeated grain and bond fracture has erodedwtheel surface and

dimensional accuracy is lost, or when the surfaeeotmes glazed and the
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workpiece is at risk of grinding burn. How a wheedars and the rate at which it
wears can be controlled to some extent by adjudtofgmrocess parameters, most
significantly the wheel speed, feed rate and degtlcut. However, based on
wheel, dressing, and operating conditions alone elvlveear is not entirely
predictable, and it is a common experience for neaily identical grinding

wheels to have significantly different wheel lisajen within the same batch.

2.2.2 Solid Bond Wheels

Abrasive grains of diamond and cubic boron nit((G8N) are considered
to be superabrasives, and are harder and tougher dbnventional abrasives.
With the exception of some very hard vitrified CBMeels, superabrasives are
almost always contained within a solid bond of retaesin, which is stiffer and
stronger than the conventional porous vitrifiedisture. The surface topography
of a dressed solid bond grinding wheel is charadrby a relatively smooth
bond surface with abrasive grains protruding from gurface.

In review of results collected by Kosky al [20] the protrusion height of
the grains is dependent on the grain size and hnaspgproximately equal
distribution from near zero to a maximum protrusiaght, as illustrated in Fig.
2-8. The wheel surface is mostly bond materiath\wrotruding grains making up
less than 30% of the surface area. The percentagérface area represented by

grains is dependent on the concentration of grantsch is given as percent
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carats per cubic centimeter and ranges from 22%0 Big. 2-9 shows the average

area (%) due to exposed abrasives is mostly dependeconcentration.
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Figure 2-8: Distribution of grain protrusion heighibr varying grit sizes [20].

Figure 2-9: Percent of wheel surface area madd egpmsed abrasive grains [20].
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Unlike vitrified grinding wheels, the truing andedising of solid bond type
wheels is typically performed in two separate opens. Truing processes for
these wheels remove bond material to correct rynbetwheel profile and release
worn grains. Because of the presence of superabrgsains the turning type
process used for conventional abrasives is gegdesls common, as it can result
in both the rapid wear of the dressing tool andeaessary damage to the abrasive
grains. More commonly, truing is accomplished bylgimg a hard, vitrified
truing wheel, essentially a small grinding wheeinpmsed of a friable abrasive,
such as silicon carbide [15]. A rotary truing deviehich can be brake controlled
or set at an angle to the axis of rotation, feetlsiiag wheel into and across the
grinding wheel surface. This type of setup is shawfig. 2-10, with the truing
wheel affixed to the table in a brake controllaedirig device, driven only by the

contact with the grinding wheel.

Figure 2-10: Brake Controlled Truing Device fromrbddm Abrasives [21].
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The truing wheel’'s surface is crushed in the pre@esl the debris created
abrades the grinding wheel. Brake controlled orlethgruing wheels create
relative motion between the grinding wheel and ttheng wheel to enhance the

process. This is illustrated in Fig. 2-11.

Criver

2, ) N [
-/ diamond grit
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Abrasive
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— carbide wheel

/ Resisting
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Figure 2-11: Abrasive from the truing wheel erodesd material [17].

The surface created by the truing process is giyearmmooth with many
abrasive grains at the wheel surface or slighthytrpding and the surface will
often bear some shallow recesses left by grairtswibee released as a result of
the abrasion of the surrounding bond material. ditessing process that follows
is required to remove bond material from aroundhealgrasive grain, many of
which will be partially or completely obscured bgrid material. Images of the
wheel surface as trued and as dressed are showig.ir2-12, and the relief
created by the dressing process is evident. Digssam be accomplished by
applying a soft abrasive stick to the trued grigdimheel surface, capable of
abrading the bond material but soft enough thatrpdang abrasive grains pass

through unaffected [15]. When dressing a solid bargkel the openness of a
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wheel surface refers to the degree of grain primtrusr chip clearance created. A
closed wheel surface is one where grains protrese hut are more securely held

and supported by the bond layer.

Figure 2-12: Magnified image of a 170 grit metahb@rinding wheel in (a) trued and (b) dressed
condition.

The changing surface topography of a solid bonddgng wheel during
the grinding process is attributed to four mechasisthe development of wear
flats, grain loss, grain fracture, and abrasionbohd material around grains.
Based on research performed with solid bond dianaidsive grinding wheels
each of these mechanisms can be shown to exiséftain conditions.

As in conventional abrasives, a diamond grain @il and develop a
wear flat with continued use, Fig. 2-13. The depatent of this wear in diamond
is accelerated when grinding low carbon ferrousatsetvhich have an affinity for
carbon and dissolve the diamond with the aid oedddeat and pressure. Such a
grain generates more heat and grinding forceseaadtually either fractures or is

dislodged from the wheel surface, leaving a refEs22].
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Figure 2-13: Typical wear flat developed on a diathgrain through grinding [22].

In addition to dull grains, grain fracture and graelease are known to
occur to highly protruding gains, because theynattedeeply set in the bond layer
and therefore lack support. The effect is most pmemt during initial grinding
passes after dressing, and contributes to a highliwear rate, as measured by
reduction in wheel radius [17], similar to the asteown for vitrified wheels in
Fig. 2-5.

For grains with lesser protrusion heights, whdre thip clearance is
insufficient, excess debris from cutting is foraatb contact with the bond layer
and abrades the material around the grain to create chip clearance [17]. For
more openly dressed wheels the peak force wasfisgmiy reduced, owing to
greater chip clearance.

Attempts to monitor the surface condition of andimg wheel with a
pneumatic sensor have been made previously. Thevialy section outlines the

method and its limitations.

28



McMaster University — Mechanical Engineering M.A.Sbesis — K.M. Tanaka

2.3 Existing Application of the Pneumatic Sensor to
Grinding Wheels

The application of the pneumatic sensor to the tang of a solid bond
grinding wheel surface has been previously pursua limited success in the
monitoring of dressing. Research work by Makscetd al. [23] applies a
pneumatic sensor to monitoring truing and dressipgrations for 140/170 grit
diamond abrasive grinding wheel with a resin bohu.their system, single
measurement values of the back pressure are rectngde@ system employing
1800 individual measurements per wheel rotationaddleements are triggered
using an optical switch and a slotted disk attacteedhe side of the grinding
wheel. Sorted by location the individual measureisi@ran indicate change in
runout.

Fluctuations in the static pressure are reportdzktthe result of porosities
and surface roughness, which alter the escapebatesen the nozzle and wheel
surface. Assessment of wheel surface roughnesshéoressing process was
made by applying a high pass filter at 1 kHz, aaftwdating the signal RMS,
which increased with the wheel surface roughnegmrted afka These results
agree with recent publications, also employing R&San indicator of surface
roughness [13].

New research suggests that improvements to theorpsahce of the
pneumatic sensor can be made for this applicatroorder to respond to small,

rapid changes in the escape area between the sewde and the surface, both
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increased dynamic sensitivity and decreased risd¢irme desirable. Results from
other researchers [11,12,13] indicate these impneveés can be made by
minimizing the gap between the pneumatic sensozla@nd the target surface. It
is now recognized that an increase in the averagi pressure enhances the
dynamic response of the sensor.

In contrast, Maksouet al. [23], position the sensor at a relatively large
distance from the grinding wheel surface, at aadis¢ of 3 mm, and employs the
lowest of the supply pressures available, at 2 Ipaieference to Fig. 1-5 (pg. 10),
the calibration curve provided by Maksoetlal. [23], Fig. 2-14, indicates that at
a 3 mm distance the sensor is operating in the ti@gion of the characteristic
curve, where the sensitivity to changes in gap seeerely reduced and the

average back pressure is low.
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Figure 2-14: Calibration curve from Maksoetal.[23]
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In consideration of the grinding wheel grit sizeinge only 140/170,
fluctuations in the escape area by surface featoagsalso be enhanced. By
monitoring the surface from 3 mm away the influenteach surface grain on the
total escape area is relatively small. A decreasgap size would increase the
influence of each grain on the escape area, amdase the resulting fluctuations
in pressure.

The results of Maksoudt al. [23] are promising, and are achieved by
methods that would result in a low sensitivity. Bayng results from new
research, the performance of the pneumatic sensyr be improved, and
monitoring applications may be extended to inclyaeous, vitrified grinding
wheel and grinding wheel wear.

In monitoring the surface condition of a grindingeel, the application of
the pneumatic sensor is made difficult not onlytlhg high surface velocities but
also by the nondeterministic nature of the wheélase and constantly changing
topography. In this chapter existing literature footh the capabilities and
behavior of a pneumatic sensor and grinding wheebdraphy have been
reviewed. The remainder of this research work aullline the experimental work
and development of a method to apply a pneumatisaeto monitoring the

surface condition of a grinding wheel.
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3 Experimental Equipment and Setup

3.1 Monitoring Equipment

3.1.1 Hardware

A pneumatic sensor was constructed for this rebearonsisting of a
nozzle, dynamic pressure transducer, gauge pressureducer, control orifice
and air supply fitting attached to a central bo#yg. 3-1. The sensor body
contains a hollow cavity and a threaded mountingitpmm the base. A steel
housing provides clearance for the connection bfesaand air supply and can
orientate and secure the sensor. If required heshaped connecter can be

removed and the air supply mounted directly torttaén sensor body.

Nozzle

Gage
Pressure
Transducer

Dynamic
Pressure Air Supply and
Transducer Control Orifice

Figure 3-1: The pneumatic sensor used in this rekea
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The use of both dynamic and gauge pressure traesslallows one sensor
to monitor the average back pressure, the gaugesyme transducer, while the
second sensor could be dedicated to the measureohetie small pressure
fluctuations expected from the grinding wheel tappyy. Additionally, because
the sensitivity of a pneumatic sensor changes thighaverage back pressure, the
gage pressure transducer is an important eleméaping experimental results
comparable, and in maintaining and monitoring testonditions. Air is supplied
to the pneumatic sensor at a constant pressuragptted by a pressure regulator
and a maximum pressure of 344.7 kPa could be pedvidihe specific

transducers, regulator and gauge used in thisnesage given in table 3-1.

Table 3-1: Pressure Sensors and Regulators

Component Make and M odel
Pressure Regulator Omega PRG101-60
Digital Pressure Gauge (Regulator) Omega DPG1000B
Dynamic Pressure Transducer PCB 112A22
Gauge Pressure Transducer Omega PX309 — 050G5V

Nozzles are made by modifying hypodermic needlesichv are
inexpensive, easy to find in a range of sizes, amedthe only wearing part in the
pneumatic sensor monitoring system. Nozzles wean@fd as the development
of the pneumatic sensor progressed, and selectsditdhe target surface. In
general a smaller nozzle diameter means that angessrface feature would have
a greater influence, impinging or relieving morettté escape area. This generates

a greater pressure pulse and increasing the dynsengitivity of the pneumatic
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sensor. However, smaller nozzles are limited itir theeable measurement range,
and cannot be used on more porous surfaces.

Control orifices also affect the useful range agdainic response of the
sensor, and were selected to suit each targetcsudiad nozzle diameter. Each
control orifice was chosen to make the pneumatis@eas sensitive as possible
to both dynamic fluctuations and changes in distambhien positioned at the
wheel surface. Referring to Fig. 1-5 (pg. 10), atoa orifice is selected such that
when positioned at the wheel surface the averagk& peessure of the sensor
should correspond to the left hand edge of therskcegion of the characteristic
curve. This provides both sensitivity to distanbariges and a high average back
pressure, which has been shown to enhance dynamarmance [11,12,13].

Control orifices are constructed in one of two wags shown in Fig. 3-2.
Diameters larger than 0.5 mm are constructed frognbdlts, which are drilled
and tapped to accept an air fitting for the air pdyp Control orifices with
diameters smaller than 0.5 mm were constructedapig rprototyping, producing
an insert with the desired diameter. Insets cafitieel into an adapter made from
an M8 bolt with a seal. The assembly is screwed the pneumatic sensor and

the air supply is connected.

Figure 3-2: Control orifices.
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3.1.2 Data Acquisition

The development of the pneumatic sensor includediévelopment of the
data collection method, including changes to théa deollection rate and
resolution. All data collection equipment used ig#liaed here as well as the
general operation, including data acquisition cams power supplies. Additional
operating specifics for variations in data collestimethods are clearly outlined
for each experiment in their respective sections.

For all experiments, all sensors except the gaugsspre transducer and
table dynamometer were powered by a Kistler Powapp/Coupler Type
5134B. No filtering was applied by the power syl any sensor, and no RMS
functions were performed. The power supply was wseasbntrol gain to increase
signal strength, and to improve signal resolution.

Sensors were connected by shielded cable to aiddtinstruments data
acquisition card, or DAQ card. An NI 9215 BNC cavds used for all sensors for
proof of concept experiments as well as for expents involving a series of
textured disks mounted in a lathe, discussed ba&lasection 3.4. Development of
the sensor and applications on metal bond grindihgels and vitrified grinding
wheels used the NI 9215 BNC card for all sensoregixthe dynamic pressure
transducer. For these tests the dynamic pressansducer was sampled by an NI
PCI-6115, allowing higher sampling frequency. Sangpfrequency, or sampling

rate, for the dynamic pressure transducer was 329 (kilo samples per second),
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unless otherwise stated. Table 3-2 shows the ramg®)ution and maximum

sample rate for each of these DAQ’s.

Table 3-2: Data Acquisition Cards

M odel Voltage Range Resolution | Sampling Frequency
NI 9215BNC +/- 10V 16 bit 100 kS/s Maximum
NI PCI-6115| Variable: All tests +/-10\ 12 bit 10 MsSMaximum

3.2 Software

3.2.1 Data collection

To interface with the data collection hardware adDAQ cards, the
National Instruments developed program, LabVIEW wsed to create a flexible
program for monitoring and recording. The raw slginam any sensor can be
sampled, and displayed in real time, along with fiteguency domain signal,
RMS and other signal qualities. This allows for marng of the gage pressure
transducer for the average back pressure, an iamoviariable for consistent
testing conditions. Additionally, the signal frotmetdynamic pressure transducer
signal was monitored during data collection, emsudommon difficulties such as

saturation of the sensor were avoided.

3.2.2 Data processing

Of the two transducer signals, only the dynamicsguee transducer

required any significant processing. The raw sigved processed using programs
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written and operated in MatLab. Programs writteacdpally for this research
were used to apply frequency transforms, high fiiesng, calculation of RMS,

and visualizations of spectrograms and plottinglatfa. WWhen investigating the
frequency domain response of the sensor to chaogé®e complex surface of a
grinding wheel a more sophisticated analysis tcad vequired.

Multivariate Analysis (MVA) was performed with F3ensus MultiVariate
Software 11.08. Frequency domain signals from theadhic pressure transducer
are input as data sets of frequencies and voltagaitades, and modeled by
Principal Component Analysis, or PCA. In this metheach frequency is
considered an independent variable, with a valuergby the voltage amplitude.
The program identifies the dominant trends in tamdets and what variables are
most strongly associated with those trends. Inwayg the dimensionality of the
data is reduced, from thousands of separate freeseto just a few independent
components. When identifying the response of tmsaeto changes in surface
condition, a group of data sets is generated foin eandition and entered into one
PCA model. The data sets are not designated otlddbas belonging to a
particular surface condition during the analysid anilding of the model. That is
to say in the PCA model, successful modeling iseddpnt upon the variation
within a surface condition group being smaller thfam variations from one group

to the next.
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3.3 Machine Tool Setup

3.3.1 Grinding Machine

Experiments were conducted on a Blohm Planomat @& grinding
machine, located in the Machining Systems LaboyatbfcMaster University
(Fig. 3-3). The machine is capable of profile andiace grinding, and provides
for a range of standard truing and dressing tddistion in three linear axis can
be fully automated or controlled manually, and posi is indicated with a
resolution of 0.00001 inches. Changes in wheel dtandue to dressing or wheel
wear can be automatically tracked and used to ciowkeel speed and maintain

grinding conditions.

Figure 3-3: Blohm Planomat 408 CNC grinding mactah&lcMaster University.
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When required for an experiment, surface grindirag wised to generate
wear on the surface of the grinding wheel. Workpsewere preground in place,
and the wheel surface was redressed before theobach experiment. Grinding
parameters were set depending on the experimennterted surface condition,
and could be varied in depth of cut, table feed amel speed. Workpiece
materials were tool steel, specifically HSS was leygd for both conventional
and diamond abrasive grinding wheels, with the ptiog initial proof of concept

testing which used 1040 steel.

3.3.2 Grinding wheels

Experiments involved both conventional vitrifiedirgling wheels and
metal bond grinding wheels. The vitrified wheels reve32A46-GV40P and
32A60-HVBE. The former is more porous or open irucure with a coarse
grain. This wheel was principally used during probiconcept experiments. The
latter is a finer grit wheel with a porous struetur

For this research a single point diamond dressing is used for both
truing and dressing operations on vitrified grirglimheels. The dressing tool used
was an Amplex T6UA, 1 carat weight diamond, se lolder (Desmond DH-15)
at 15 degrees and affixed to the grinding machabéet The dressing depth of cut
per pass is approximately 18 um, while the croed fate is variable, depending
on the experiment. The majority of grinding whegperiments used a coarse

dressing of one or nearly one nominal grain diametessfeed per wheel
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revolution, or about 0.25 mm/rev for a size 60 gvhieel. Total depth cut is
approximately 125 um, or the process may be regaatgl the wheel surface is
restored.

The metal bond wheel is a diamond abrasive wheel,8X0.5X5, 170 75
1/8, being nominally 8 inches in diameter and Yhinade, with a grit size of 170,
and concentration of 75. Truing and dressing weréopmed separately for this
wheel. The wheel was trued using a Norton Braket@ded Truing Device,
operated as recommended by the manufacturer. Tihng twheel was a vitrified
aluminum oxide wheel, Norton 38A80-M8VBE, and ineld by 10 degrees to the
rotational axis of the grinding wheel to enhance tblative motion between the
truing and grinding wheels. The grinding wheel usedhis research had an
abrasive layer 1/8 inches thick, allowing for mplki truing and dressing cycles.

Dressing was performed by a dressing stick. A NDB3C150-KV silica
carbide dressing stick, best suited to the 170 wgheel, was mounted in the

grinding machine and fed into the grinding wheel@ mm/min.

3.3.3 Additional Equipment

Grinding wheels were balanced using Grinding Eteat's BMT100 from
Micro Préazision Marx (MPM). Following the manufactu's operating procedure,
grinding wheels were mounted, trued at low speeati aminitial balancing was
performed. Grinding wheels were then retrued arldncad again at operating

speed.
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Coolant was delivered by a shoe type nozzle asdatdnequipment with the
Blohm Planomat, with a maximum volume flow rate280 I/min. In addition to

conventional use during grinding, the effect of laob on the operation of the
sensor is tested by applying coolant to the gripditneel surface ahead of the

sensor nozzle to flood the surface.

3.3.4 Positioning the Pneumatic Sensor

The position of the sensor relative to the grindivitgel is set in reference
to the initial wheel surface. The nozzle should Kept perpendicular to the
grinding wheel surface for monitoring. With the senmounted on the grinding
machine table, the nozzle is vertical and direciedard, and should be located at
the bottom dead center of the grinding wheel. E&rence, the grinding wheel is
moved in the horizontal axial direction (Z axis)dawvertical direction (Y axis),
while the table motion provides the final horizdraais (X axis). Repeatability
requires that the position in all three axis beaset consistent.

The wheel is positioned in the Y axis directiontbyching off, or very
lightly grinding, on the tip of the pneumatic sensozzle, setting a zero for the
stand-off distance. Once the sensor nozzle tipasdht close to the approximate
bottom dead center of the grinding wheel the wheght is slowly reduced by a
series of grinding passes until touch off occurke Tnitial positioning of the
nozzle tip may be aided by monitoring the interaaérage gauge pressure. In

cases where the nozzle position and stand-offrdisthas been set once already
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for a given wheel and surface condition, a knowterimal pressure may be
approached to bring the wheel surface within 1@@pum of the nozzle tip.
Variability in the wheel surface as a result of mipas such as dressing cross feed
rate or wheel wear can influence the average iategyauge pressure at tough off,
making touch off process a requirement at the sfagtich experiment.

Nozzles, which consist of a range of hypodermicdiee with the ends
blunted and ground flat, may develop a burr assalref the touch off of the
grinding wheel. These burrs are removed from ts&lenand outside of the nozzle

by the light application of a countersink and fateasive stick, Fig 3-4.

Figure 3-4: Removal of significant burrs from thaznle tip.

The X axis position is set after establishing thex{s and clearing any
burrs from the nozzle tip. The wheel surface isadiby a small distance from the
nozzle tip, 5.081m, to ensure no further contact is made betweemadzzle and
the wheel. To set the X axis and locate the botlead center of the wheel, the X
axis traversed from one side of the wheel centahéoother. As the position is

incrementally shifted, the average internal gaugesgure is monitored, with the
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highest pressure corresponding to the nearest poititte wheel and bottom dead
center. In any other sensor orientation this steplevbe carried out by traversing
the sensor on an axis tangential to the wheeltilggéhe nearest point and setting

the nozzle perpendicular to the wheel surface.

Figure 3-5: Setting bottom dead center.

The Z axis or wheel axial direction is initially tssanually by visual
alignment, and relocated by the machine coordiagséem. In most experiments
multiple measurements were taken at each of seariall locations on the wheel
surface. However, unless specifically investigategasurements were not taken
with the sensor positioned near the edge of thedgrg wheel or edge of the worn

area, so as to maintain consistent measuremenitioorsd

43



McMaster University — Mechanical Engineering M.A.Sbesis — K.M. Tanaka

3.3.5 Additional Sensors

In addition to the pressure transducers, some &m®pets involved
additional sensors. The following is an outline tbé equipment and general

setup.

3.3.5.1 Accelerometer

An accelerometer was used to monitor against ahyattons that may
create fluctuations in the stand-off distance amuhromise experimental results.
A PCB 607A11 accelerometer was used, with a frecqpeange of 0.5-10 kHz,
measuring up to 50 g, and a broadband resolutioB56f ig. This sensor was
connected to the Kistler power supply/coupler t$p84B, and the NI 9215 BNC
DAQ card. In the grinding machine the acceleromeias attached magnetically

to the pneumatic sensor housing or to the mairdgrghwheel bearing, Fig. 3-6.

Figure 3-6: Accelerometer positioning.
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3.3.5.2 Three-Component Dynamometer

A Kistler 9255B quartz three-component dynamometas used for the
measurement of normal forces during grinding. Tinreadhometer is powered by
a Kistler Dual-Mode Amplified Type 5010. Forces weneasured continuously
immediately before, during and after a grinding spawith all three axes
measured. The dynamometer was oriented with ore\eextical and the second
axis parallel to the table feed axis. Measureméai®m the dynamometer were

used to observe relative changes in grinding fongdsthe progression of wear.

3.4 Lathe

Several experiments were carried out on a CNCd_éfig. 3-7). The lathe
is an Okuma Crown L1060, fitted with a hydrauliceth jaw chuck, and capable
of automated or fine manual control. Use of a ladilwed experiments
investigating the static and dynamic behaviour agponse of the pneumatic
sensor to specific conditions or excitations to dmnducted and carefully

controlled.

Figure 3-7: Okuma Lathe at McMaster University.

45



McMaster University — Mechanical Engineering M.A.Sbesis — K.M. Tanaka

The pneumatic sensor was applied to known or détestic surfaces on
rotating disks in a variety of experiments, invgating the effects of changes to
the target surface or to the setup of the sensoe ajority of experiments
conducted on the lathe with control surfaces weram aluminum disk, 20 cm in
diameter and 4.5cm in width, mounted on a shaft pravided a maximum
surface velocity of 35 m/s, Fig. 3-8. This alumindisk was turned smooth and
concentric, and surface run out could be increasedduced using a series of
metal shims placed between the end of the alumishiaft and the live center of

the tail stock.

Figure 3-8: Shaft mounted aluminum disk test s@fac

Various surface finishes and textures where itegato the aluminum

disk, including knurls or various types and sizewjlti start threads, smooth
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turned surfaces. Unlike the surface of a grindingee the surface of the disk
could be controlled, applying known or measuralolé eonsistent textures means
that the response of the pneumatic sensor coutdimgared with a known input.
While some investigations were made using strazghknurls, multi-start threads
and plain, smooth surfaces, the majority of tes&sewconducted on diamond
knurl surfaces. Because of their size, fine andiomedliamond knurls were used
as analogous to a porous grinding wheel surface,tasts were conducted at
surface and rotational velocities typical of grimgli Surface samples from a
knurled disk were examined by optical microscopddtermine length, width and
depth, as shown in table 3-3 and Fig. 3-9. Diamkmatls could also be adjusted
in orientation, and their height could be changgaddaucing the imparted depth,
or by partially turning the surface after knurlinhe geometry of the coarse,
straight knurl is also given in table 3-3. Thesaurk formed triangular ridges

across the disk surface and were always parallble@xis of rotation.

Table 3-3: Knurl geometry

Nominal Dimensions
Fine Diamond Knurl

Length| 0.85 mm
Width | 1.25 mm
Depth| 0.35 mm

Medium Diamond Knurl

Length| 1.33 mm
Figure 3-9: Sample of Diamond Knurled Surface Width | 2.00 mm
Depth| 0.50 mm

Coar se Straight Knurl|

Length| 1.50 mm
Depth| 0.60 mm
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3.4.1 Pneumatic Sensor Mounting

In order to secure the pneumatic sensor in thee Jathmounting bracket
that could be clamped in the existing tool holdemswcreated. The sensor,
positioned with the nozzle normal to the surfacasWastened securely by a bolt.
Also mounted on the bracket is a dial gauge fomtakneasurements of surface

run out, Fig. 3-10.

Figure 3-10: Pneumatic sensor mounting in lathedasperiments.

3.4.2 Accelerometer

As in the grinding experiments the accelerometes agplied to the lathe

to detect any vibration that may influence the pnatic sensor. The sensor was
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mounted magnetically to the main spindle bearinguMing to the sensor was
not necessary as an initial test showed the totdenos well isolated from

vibration.

3.4.3 Coolant

When required for experimental conditions, coolaas delivered to the
opposing side of the aluminum disk by an extensibthe coolant system in the
lathe. Experimentally this setup was used to testdffect of the presence of a
fluid layer on the disk surface on the pneumaticsse. The disk surface could
also be rapidly cleared of coolant by an air jeected at the bottom of the disk,

between the coolant nozzle and the sensor, Fig.3-11

Figure 3-11: Indirect coolant application and clegrin lathe based experiments.
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3.5 Data Collection Method

As part of the monitoring process, the specificugedf the pneumatic
sensor, data collection method and operation obcest®d equipment and
software evolved constantly through this researcinkwThe progression of the
data collection method during experiments is tltereefetailed in the following
chapter with the corresponding experimental reshls support each step in the
sensor’s development, beginning with the initidlpeand proof of concept.

In the monitoring of the wheel surface the pneumséinsor is applied to
multiple axial locations across the wheel surfaged at multiple stand-off
distances for each location. Depending on the egipdin 6 to 8 axial locations are
used, and 3 to 5 equally spaced stand-off distasas the useful distance range
of the sensor. The specific application determthesphysical setup and operation
of the pneumatic sensor, including the selectiorcarftrol orifice and nozzle
diameters, supply pressure and the stand-off distaange. Table 3-4 gives the
setups used for monitoring each grinding wheel usedhis research. As
explained in section 3.1.1, differences in nozzid aontrol orifice diameter are

due to the differences in the target grinding wigglsize, surface roughness and

porosity.
Table 3-4: Sensor setup according to grinding wheel
Vitrified: 32A60-HVBE | Diamond: D170-75M1/8
Nozzle Diameter 1.194 mm 0.603 mm
Control Orifice Diameter 0.95 mm 0.42 mm
Supply Pressure 275.8 kPa 275.8 kPa
Distance range 5 — 200um 5-50um
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To prevent unintentional alterations of the nozife a zero stand-off
distance is not used. Stand-off distances are edative to the original wheel
surface, such as the dressed wheel surface for wemantoring. Stand-off
distances are fixed for the duration of the experitrand are not adjusted for the

recession of the wheel surface from wear, Fig. 3-12

Grinding Wheel l Grinding Wheel

1Y 1T

Figure 3-12: lllustration of fixed stand-off distanreference.

A measurement with the pneumatic sensor consistsecbrding the
relative position and distance, average back pressud collecting a continuous
sample of the dynamic pressure transducer signalD.?A second sample is
collected at 200 kS/s using the NI PCI 6115 DAQdcahks stated earlier,
measurements are made inside the grinding machonke space with the wheel at
operating speed. Sets of measurements are takeet ahtervals, monitoring
changes to the surface condition. Each set is pseckand graphed to indicate the
average recession of the wheel surface and changigh frequency fluctuations

in the dynamic signal.
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With the experimental equipment and setup well ustded, the following
chapter details the development of pneumatic seasdr monitoring method.
With no previous pneumatic sensor research denadimggr sufficient dynamic
capabilities for monitoring grinding wheels thisi@nt work seeks to determine if
a pneumatic sensor can be applied to monitoringstiméace condition of a

grinding wheel.
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4 Experimental Results and Discussion

4.1 Proof of concept

The first step in the development of the pneumagmsor for the
monitoring of a grinding wheel surface was to cartduroof of concept testing,
investigating if it is possible for the sensor tiffedentiate between a dressed
grinding wheel surface and a worn grinding wheefasie. An initial setup of a
data collection system and the sensor was madeahleced iteratively. The
development of the pneumatic sensor began by detegnif the sensor was
influenced by the passing surface of the grinditge¥, if this influence produced
measureable output from the sensor, and if a changee wheel surface would

be reflected by a change in the sensor output.

4.1.1 Initial Experimental Setup

Initial proof of concept experiments were conduateda vitrified grinding
wheel, 32AR46-GV40P, using a surface speed of 2()s3 at approximately 1300
RPM. The grinding wheel was dressed at a cross ritedof 0.195 mm/rev, at a
depth of 18um per pass. Unless otherwise stated, all measutenagre taken
with the wheel at operating speed.

Data collection with this initial setup was by ak®15 with BNC DAQ,
with USB connection. Data collection rates werdiatly 50 kS/s for establishing

nozzle and control orifice diameters. For analysischanges to the grinding
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wheel surface, it was approximated that 15 kS/s avasifficient data sampling
rate, with a total of 50 000 samples taken per oreasent, for reasons that will
be discussed below.

Setting the initial setup of the pneumatic sensmolved varying the
nozzle diameter, the control orifice diameter, dne air supply pressure. The
effect of changing each of these parameters osehsitivity, and distance range
from the surface was guided a theoretical mode], [&hich is based on an ideal
surface, a smooth and flat plate.

A theoretical model, based on published literatwas limited to a
maximum supply pressurBg, of 207 kPa due to the compressibility of air. Be t
model remained applicable the supply pressure witagy limited in the initial
experiments. According to theory and Eq. 4-1 [24]reater air supply pressure
will result in higher sensitivity at any given dasceX; for a fixed nozzle and
control orifice diameter, Fig. 4-1. The curve igereed to in this research as the
Back Pressure Curve, and established experimenigllyaking measurements
from the gauge pressure transducer at varying amtsaquential stand-off

distances. Measurements are 4 seconds in lengtavandged.
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Theoretical Back Pressure Curve
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Figure 4-1: Distance and Back Pressure: Theorattatiionship.

2) Equation 4-1
i

An initial setup with a 0.84 mm control orifice ambzzle diameter
provided a measureable dynamic signal and distegiesitivity. The sensitivity in
this case refers to the change in the average besksurePb, the internal
pressure of the sensor, for a change in the stHndistance, or SOD. A back
pressure curve was experimentally establishedhisrsetup, but using the surface
of the vitrified grinding wheel in place of the saotb surface assumed by the
theoretical model, Fig. 4-2. The term stand-oftatise refers to the distance from
the nozzle to the outermost surface of the grinavhgel, and is used in Fig. 4-2

in place of the theoretical valug because of the rough and porous nature of the

55



McMaster University — Mechanical Engineering M.A.Sbesis — K.M. Tanaka

wheel surface. This distance is set while the gnimdvheel is rotating, and is
controlled and known through the axis of the CNCchige, as explained in

section 3.3.4.

Experimental Back Pressure Curve

Initial Setup
124

122 Ps: 207 kPa

120 ¥4 1300 RPM, 20.3 m/s
118 *

116 -

114 ©

112 .

110 * o
108

Back Pressure (kPa)

0 0.05 0.1 0.15
SOD (mm)

Figure 4-2: Back pressure curve for initial sersatup with vitrified grinding wheel.

4.1.2 Special Considerations

4.1.2.1 Effective Stand-Off Distance

While determining the initial setup for the pneuimaensor, an important
limit imposed by the nature of the vitrified gringi wheel construction was
highlighted by the back pressure curve. Given thaghness of a grinding wheel
surface, when the tip of the sensor nozzle has@ stand-off distance from the
outer grains, the back pressure will be signifisabelow the supply pressure.

Fig. 4-2 illustrates this, in consideration tha¢ tbupply pressure is 207 kPa. In
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contrast, the conventional use of a pneumatic semsomeasurement of
displacement is against a relatively smooth andsfieface and a near zero stand-
off distance would result in near equality of sypphd back pressures. The effect
of surface roughness as well as curvature wasdtdste/Nager, who found the
effects were similar and quantified the increasesnape area as an equivalent
distance from a flat plate [10]. The porosity obiaified grinding wheel further
contributes to the discrepancy as air able to es@ap and even through pores
and spaces between the grains and bonding struttarenake up the grinding
wheel surface. The end result is that the actuak lessure and sensitivity
experienced by the pneumatic sensor at a givenlstfirdistance from the wheel
surface will correspond to a greater stand-offatise, based on a flat, smooth
target surface. This effective stand-off distanse a consideration when
establishing the diameters of the nozzle and cbotibce. While setups where
the control orifice is much smaller in diameterrtitae nozzle have the greatest
sensitivity, they are only useful over a short dtaff distance range, and cannot
operate at the greater effective stand-off distartbat result from the rough and

porous surface of the grinding wheel.

4.1.2.2 Edge Effect

An early test using the initial pneumatic sensoug@nd vitrified grinding
wheel showed a decrease in the average back peessaurred when in close
proximity to the wheel edge. The experiment recdrthee average back pressure

values while varying the distance between the edgbe sensor nozzle and the

57



McMaster University — Mechanical Engineering M.A.Sbesis — K.M. Tanaka

edge of the grinding wheel, for three stand-offatises. The results are shown in
Fig. 4-3, graphing the location of the sensor anel &verage back pressure,

indicated in volts.

Variation in Average Back Pressure
Near Wheel Edge

1.75

1.5 b 20mm
50 um
e 100 pm
125 o N
s 1
2
& 075
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0
0 5 10 15 20

Distance From Wheel Edge (mm)

Figure 4-3: Edge effects.

The effect on the back pressure is minimal fordhmllest SOD, but for
larger values the decrease is significant, with3@@m P, value dropping to the
inboard value of the 10@m SOD. While it is not clear why a decrease inRpe
occurs, the effect is isolated to the area neamtieel edge. During experiments
and testing of the pneumatic sensor and the dewmop of the monitoring
method, the taking of measurements near the edteedajrinding wheel or worn

surface was avoided.
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4.1.3 Initial Detection

Using the initial experimental setup of the senb@ sensor was able to
produce a fluctuating internal pressure in respdosthe wheel surface, which
could be measured by the dynamic pressure transdtloe raw signal taken from
the dynamic pressure transducer while testing 082A46-GV40P vitrified
grinding wheel rotating at 1300 RPM, with a surfapeed of 20.3 m/s is shown
in Fig. 4-4(a). The signal is amplified by a gaihxd, with amplitude of about
150 mV, corresponding to a dynamic pressure flucinaof little over +/- 10 kPa.
With a resolution of 0.309uV, the signal amplitude is well described even
without amplification.

For comparison, the time domain signal taken fergame conditions but

without wheel rotation is shown in Fig. 4-4 (b) thvamplitude of less than 5 mV.
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Dynamic Pressure Transducer - Raw Signal - 071211B2
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Figure 4-4: Raw pressure transducer signal witatiog wheel surface (a) and without (b).

The presence of high frequency pressure fluctustionFig. 4-4(a) is
confirmed by applying a Fast Fourier Transform (FEd the raw signal, and
looking at the frequency domain. Fig. 4-5 showstagg amplitudes across a
frequency range up to 25 kHz. Significant and messhle voltage amplitudes
can be observed at frequencies that are hundresishtousand times the 21.6 Hz
rotational frequency of the wheel, or more. Theggh Hrequencies are a good

indication that the sensor is responding to featofehe grinding wheel surface.

60



McMaster University — Mechanical Engineering M.A.Sbesis — K.M. Tanaka

Dynamic Pressure Tranducer - Frequency Domain - 071211B2
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Figure 4-5: Frequency domain of the dynamic respaashe moving wheel surface.

Similarly the frequency domain of Fig. 4-4(b) car Iplotted for
comparison, Fig. 4-6. Significant difference in thaltage amplitude is visible

across all higher frequencies.
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Figure 4-6: Frequency domain of dynamic signal aitha moving wheel surface.

4.1.4 Incremental Wear & MVA Modeling

Multivariate Analysis, or MVA, was used to assist determining if
changes to the surface of a vitrified grinding wheeuld be reflected in the

measured output of the pneumatic sensor, and ggkifin the signal from the
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dynamic pressure transducer. Discussed in secti2r?2 Ipg. 37), MVA is a
statistical analysis tool with methods that arelweited to handling large data
sets, finding dominant trends and in identifyingla@emoving noise or random
variations from the data.

Measurement of the wheel surface at operating spgede taken with the
initial sensor setup and a collection rate of juStkS/s, for changing surface
conditions and input into a MVA modeling programhel sampling rate was
reduced from the 50 kS/s in the interest of pratity; specifically the
computational load associated with the large ansahtlata generated by higher
sample rates. The lower sample rate was chosernras ¢hat would capture the
majority of the energetic frequencies contained hiwit dynamic pressure
transducer signal. Fig. 4-5 is an example the dugpgnal from the dynamic
pressure transducer sampled at 50 kS/s, for dieqtrigrinding wheel with a
surface speed of 20.3 m/s. The amplitude of fregesnabove 7500 Hz are
significantly smaller than those below, leadinghe selection of 15 kS/s.

For proof of concept test the sensor took measuresmef four wheel
conditions, with the wheel coarsely dressed andh timerementally worn, as
illustrated in Fig. 4-7, for a 32A46-GV40P vitrilevheel. Wheel surface speed
was maintained at 20.3 m/s while the pneumaticaenas applied to the wheel

surface, with the coolant turned off.
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Proof of Concept

Incremental Wear D r
Workpiece Length: 115 mm resse
Workpiece Material: 1040 Steel
Depth of Cut: 10 um
Wheel Speed: 20.3 m/s
Feed: 0.5 m/min Wear 1
4 grinding passes per
wear increment
Wear 2
Wear 3

Figure 4-7: Incremental wear for proof of concept.

For the PCA model, ten measurements were takeeaidn surface. Three
measurements from each set of ten were selectedmdy and withheld from the
analysis for verification. The model was then carded based on the remaining
twenty eight measurements. In this model each &equy and corresponding
amplitude are entered as a variable and value.

The initial model contained 32 764 frequencies frbnto 7500 Hz at
equally spaced intervals. From this original data Ise model was unable to
clearly differentiate between measurements frorfeint surface conditions. To
improve the model the typical preprocessing of ewting variables to a unit
vector and mean centering was omitted. AdditiondHg size of the data set was
reduced using a process called variable pruningnwove noisy or insignificant

variables from the model. Noisy or insignificantiables are identified as those
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that are not associated with any of the trendsh&n data or otherwise do not
contribute to the model, such as those with zetoega Data sets can be further
refined by specifying a minimum degree of significa or association between
variables and dominant trends. This process redtliedumber of frequencies
being considered to just sixty, and the resultingdet was able to differentiate
between measurements taken from each of the fadaceuconditions. The
success of the model is particularly highlighted tbg fact that the groups of
measurements have actually been placed in ordemagasing wear. The
measurements of the dressed surface are at tloehatith each measurement set
above belonging to an increasingly worn surfaceg, 8.

Score - T - Pruned V04
0.004 4| —t

0.003

0.002

0.001
{ Wear 2 | AP v

2]
7

-0.001 P

-0.002

-0.003 IRt TN BT ol

-0.004

Figure 4-8: Score plot of PCA model for incrementehr.
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While the PCA program does cross-validate the magelerated, it is
diligent to validate the model by applying it totalaets that were not included
during the construction of the model. The twelve asmwements originally
withheld were used to test model, and applied iatvigreferred to as a prediction
set. The model was able to correctly differenttzeveen measurements taken for
each surface condition. The figure shown belowhe $core plot of the pruned
data, with the prediction set data displayed oterdriginal model as the green

data points.
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Figure 4-9: Score plot of verified PCA model.

This result is very encouraging and indicates thatchange in surface
condition can be reflected in changes to the sigemerated by the dynamic
pressure transducer. Unfortunately the resultshisf model are not universally

applicable. When the measurements of the wheehcinvere repeated for each
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wheel condition to create a new data set a suadeB€fA model was created and
again it could differentiate by surface conditibfowever, the model for the new
data set is different from the original. While bathta sets identify frequencies
from across the entire 7500 Hz range, differerqueancies are significant in each
model. Highlighting these differences, when thgjioal PCA model is applied to

the new data set, the new measurements do ndtefimodel. The result can be
seen in Fig. 4-10, with the new measurements notder of increasing wear and
not associated with the surface condition groupsmfrthe original data.

Specifically this shows that when the wheel weat teas repeated, the wear

caused a different set of frequencies to change.
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Figure 4-10: A unique PCA model is created by edatia set.
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4.2 Characterizing Surface to Sensor Relationships

While the results of the MVA models are promising,can only be
concluded that a systematic change in the dynamgsspre transducer signal
occurred as the wheel was worn. Exactly what catisedignal to change, or the
association with the wheel wear is not yet ideedifilt is of interest to return to
the original question of the relationship betwess surface of the grinding wheel
and pneumatic sensor. To describe and demonsttase relationship an
investigation is made into the sensor’s responsghémges in the grinding wheel
surface and operating conditions.

The small size of features of a grinding wheel atef the abrasive grits
and open pores, combine with the surface velogpycal in grinding require the
sensor respond at high frequency in order to meathe surface. A series of
experiments was used to establish that the pnecinsansor is capable of
responding to a passing surface at high frequendyaa high surface velocities,

and to establish the limit of the frequency ranmettie pneumatic sensor.

4.2.1 Axial Sensitivity and Frequency Spacing

The nondeterministic structure of a grinding wheetans that each
section of the surface is inherently unique antedeht to any other section, even
for the same dressed condition on the same whesimflle test is able to show
that the response of the pneumatic sensor, patiguas measured by the

dynamic pressure transducer, is likewise unique&sh section of the wheel.
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By means of shifting the axial position of the pmatic sensor
measurements of two different sections of the gngpdvheel surface may be
taken. Using the initial setup previously describetasurements of the wheel
surface were taken, sampling the dynamic pressaresducer at just 50 kS/s,
allowing the calculation of frequencies up to 25zkHExamining this frequency
range it is possible to test the ability of thes®ro respond to differences in the
wheel surface at 20.3 m/s. The graphs in Fig. 4¥dw the frequency domain of
the raw signal, taken at two axial positions. Wlihe two signals show some
similarities, importantly the amplitudes of the e&d frequencies are unique to

each surface.
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Figure 4-11: Dynamic signal from a grinding wheaiface at two axial locations.

68



McMaster University — Mechanical Engineering M.A.Sbesis — K.M. Tanaka

Further evidence of the sensor responding to thiaa is given by
showing that the frequencies being excited arelaglguspaced, and multiples of
the rotational frequency of the grinding wheel. kiog at the signal in Fig. 4-
11(b) as an example, for that experiment the whatated at 1222 RPM, with a
diameter of approximately 317 mm. The rotationatjfrency is clearly visible in
Fig. 4-12, as well as low frequency harmonics ataégpacing for 0 to 250 Hz.
The same spacing of frequency spikes can be seenZ4250 to 24500 Hz, and

elsewhere on the frequency spectrum.
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Figure 4-12: Equal spacing of frequencies generayethe wheel surface.
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It stands to reason that this consistent spacingegliencies is the result
of the sensor being repeatedly exposed to one oe surface features for each
rotation of the wheel. The frequencies generatedcarrespondingly at one or
more times the rotational frequency. Applying tkisowledge to the model in
section 4.1.4 (pg. 64), the frequencies identifiegd the PCA model also
corresponded to consistently spaced frequency spike

Sensitivity to axial position and the spacing trexjtiency signals indicates
that the sensor’s response is dependent upon tfeesuand shows that pressure
fluctuations of high frequency are generated andasme=able. However, in
detecting a grinding wheel it is not clear if thdsgh frequency signals are
dependent upon a high frequency feature, such asspand grains, or are
generated as harmonics of a lower frequency. Fudkperiments are needed to

judge the frequency response range of the sensor.

4.2.2 Deterministic Surfaces

To test the ability of the sensor to respond tdhHrgquency features and
push the limits of the sensor’'s frequency range, sensor was applied to a
knurled surface. Being a deterministic surface wbwn geometry, the knurled
surface provided the opportunity to test the seasdrverify the signal. The knurl
sizes tests were of similar size to pores and labyasive grits common to coarse
vitrified grinding wheels. The sensor responseaaiven, controlled surface can

be contrasted against the response for smoothcsuofathe aluminum disk, for a
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varying surface velocity, or a new surface geomdtoy the fine diamond knurl,
which had a nominal pitch of 0.85 mm, the sensoipuwuwas verified by
comparing the output signal to a predicted sigmaimfa geometrically based
model. The geometry of a sample surface was mehbsyran optical microscope,
accurate to 1Qm.

Applying the pneumatic sensor to a disk with a fiiremond knurl disk at
a surface velocity of 20 m/s, produces the dynasignal shown in Fig. 4-13(a).
For these tests the dynamic pressure transduasal sigas amplified by a gain of
50 before the DAQ, improving resolution. The partiof the frequency domain
signal corresponding to the knurled surface is notearly seen when compared

to a smooth surface, also with a surface velodi®0om/s shown in Fig. 4-13(b).
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Figure 4-13: Knurled (a) and smooth (b) surfacguency domain plot.
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The difference between the two graphs is the twb fiequency signals at
approximately 24 434 and 24 919 kHz, as well agyaificant peak at 485 Hz.
Initially only one high frequency peak was expeciaad an explanation needed
to be found for both the second high frequency @eakthe lower, 485 Hz peak.

It was noted that both high frequency peaks aghtt)i higher than the
expected value of 23 529 Hz, given the surface dpée€20 m/s and a nominal
length of 0.85 mm per knurl. Furthermore, closeestigation of the disk surface
it was noted that the knurls are not perfectlyigtra but are at a slight angle and

form a helical spiral around the disk, as showRimq 4-14.
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Figure 4-14: Helices formed by knurls in fine (agdanedium (b) diamond knurls.

This helix causes the pneumatic sensor to crosspieutolumns of knurls
as the disk rotates. In the example above, thelkrfiormed 14 columns of the
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surface of the disk, creating 14 helices. With datronal frequency of
approximately 34.7 Hz in the example, the frequepesgk of 485 Hz reflects the
presence of the helix. The angle of the knurls abgplains the presents of two
high frequency peaks. These peaks are createck asdhlt of the helix angle and
circular geometry of the nozzle. When the nozzlersssing into a column of
knurls, the first knurl in the column will be deted as it passes at the edge of the
nozzle area. With a helix, each successive knutlpaiss closer to the center of
the nozzle. This will increase the perceived fremyeof the knurls because the
circular shape of the nozzle causes a knurl pasgicgnter to be detected earlier
than one passes at the edge. Once the center afiot®e is reached, each
successive knurl will pass closer to the far edbée nozzle, and in a similar
fashion, decrease the corresponding frequencythtoreason the high frequency
peaks are separated by 485 Hz.

In regards to the measured frequencies being hitflaer expected, the
exact length of a fine diamond knurl in the circenehtial direction of the wheel
was variable from the nominal value of 0.85 mm, andld range from 0.81 to
0.86 mm in measured samples. Being produced byiraopadiagonal knurl
wheels, the diamonds produces can be of slightggual side length in addition
to being set at an angle to the surface velocitgation. For this reason the exact
frequencies of the two high frequency signals wawe always consistent from
one knurled surface to the next, even if the samediamond knurling tool was

used to produce both surfaces.
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The frequencies shown for a smooth surface in &i§3(b) are not the
result of surface features, but rather the reduth® air flow through the internal
volume of the sensor. This is demonstrated in &fj5(a), where the surface has
been removed, and the sensor is directed into gpexe. The pattern of the
frequencies and amplitudes generated are simildretemooth wheel case. Inside
the sensor, air flows through several changes oamgéry, including changes in
diameter, threaded attachment points and ‘Y’ conmes were the dynamic and
gauge pressure transducers are connected. Thessalrfeatures were considered
as a possible cause of the frequencies generatadimpoth wheel surface.

The effect of the internal geometry was investigdig removing the ‘Y’
joint that connect the air supply and the gaugesune transducer to the body of
the pneumatic sensor, shown in Fig. 3-1, (pg. BBe gauge pressure transducer
was excluded, and the control orifice and air symy@re connected directly to the
main body. The new dynamic signal for a flat suefae shown in Fig. 4-15(b),

and the frequencies generated are visibly diffefremb those of Fig. 4-15 (a).
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Figure 4-15: Varying the internal geometry and waéuof the pneumatic sensor.

Confirmation that the high frequency signals fromg.-13(a) are the
result of the knurled surface can be provided angmg the surface velocity or
by further changing the geometry of the surfacg. Bt16, shows the signal from
the dynamic pressure transducer for the fine diamkmurl at 30 m/s, with a
rotational frequency of 52 Hz. The two high freqeepeaks are now at 36 650
and 37 378 Hz, although at the higher frequencyatinglitude of the signal is
reduced. The low frequency peak is at 727.8 Hz, agaln corresponds to the

helical formation of the knurls in 14 columns.
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Figure 4-16: Frequency of knurls shifts with in@ieg surface velocity

Changing the geometry of the target surface, Ffj7 £4hows the signal
generated by the measurement of a coarse, stiaighit with a surface speed of
20 m/s. the frequency generated is 13 070 Hz, wikiclose to the expected value
of 13 333 Hz for a nominal knurl length of 1.5 mifmis further confirms the high
frequency signal from Fig. 4-13(a) is in resporséhe fine diamond knurling on

the disk surface.
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Figure 4-17: Frequency domain of straight, coarsgliksurface.

Further investigating the ability of the pneumasiensor to correctly

respond to the surface of the disk, the effecth& helix of the knurls was
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investigated by varying the helix angle, and effedy changing the number of
helices generated. Although the helix could not dmgirely eliminated, two
experiments show the effect of the change cle&nl¥ig 4-18(a) and Fig. 4-18(b)
the helix angle is varied to produce 13 and 17ckslirespectively. At a surface
speed of 20 m/s and a rotational frequency of apprately 34.8 Hz, each knurl
set generated two high frequency peaks. Specificall Fig. 4-18(a), for 13
helices peaks are generated at 24 387 and 24 838eparated by 452 Hz. In Fig.
4-18(b), 17 helices generated peaks at 24 283 4i8¥2 Hz, which are separated
by 591 Hz. Comparison of the two frequency domdotspshows the increased

separation of the frequency peaks.

Dynamic Pressure Tranducer - Frequency Domain - 041912HB5

— 0.1 T T T T T T T T

2 A

]

o

2

g 0.05- g

<

]

()]

8

o°

> O Il “A JNIN a4 I 4| A Il ol Il Il

225 23 235 24 1245 25 255 26 265 27 275
Frequency [Hz] % 10°
Dynamic Pressure Tranducer + Frequency Domain - 041912HAS5
0.1 T T T T T T T T T

S

S B

=)

2

g 0.05- g

<

]

g

o°

> 0 I T ISR RNmIN AJ\ ANy T I A I I

225 23 235 24 245 25 255 26 265 27 275

Frequency [Hz] % 10°

Figure 4-18: Separation of frequency peaks duatoling helices.
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In order to isolate and verify the lower frequem@nerated by the helices
formed by the knurls, a sample surface was prepamegh aluminum disk with 7
helices in the form of a 7 start thread, showrhefigure below. The thread has a

pitch of 0.5 mm. The threaded section is wide ehawgaccommodate the entire

width of the nozzle at approximately 3 times théeounozzle diameter in width

i

(Fig. 4-19).

Figure 4-19: 7-start thread in disk surface.

The threaded surface was measured by the sen20raatd 30 m/s surface
velocity, corresponding to a rotational frequendy 33.8 Hz and 52.2 Hz
respectively. With seven starts it is expected thdtequency of 243.6 Hz and
365.4 Hz will also be generated. Looking at thé frglquency spectrum for the 20
m/s test in Fig. 4-20(a) the high frequencies oliin Fig. 4-13(a) are gone.
The other signal amplitudes at higher frequenceglalready been shown to be

dependent on interior geometry of the sensor, atcon the disk surface, as in
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Fig. 4-13(b). The knurl surface signal in Fig. 4d)3does show the low frequency

peak, which is reproduced by the treads and higgtdyin Fig. 4-20(a).
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Figure 4-20: Frequencies generated by multi-staeiad for 20 m/s (a, b) and 30 m/s (c).

Looking at the first 500 Hz of the spectra from.FHe20(a), the frequency
peaks seen in Fig.4-20(b) and Fig. 4-20(c) for tineads at each speed are

present near their expected values. They are 241%1865.8 Hz for 20 and 30 m/s

79



McMaster University — Mechanical Engineering M.A.Sbesis — K.M. Tanaka

respectively. The frequency graphs also show pé&akthe rotational frequency
in each case as well as harmonics, which are thatref run out that could not be
entirely eliminated from the experiment.

Having investigated the response of the pneumaitsa to different
knurl sizes and types, the height of the knurls weased specifically to test the
depth response of the sensor. Experimentally, @adiamond knurl was trimmed
by means of a turning operation, removing approk@hiya0.1 mm from the
original 0.33 mm height of the knurls (Fig. 4-2The resulting frequency domain
signal, shown in Fig. 4-22, clearly shows the higbquency signals of the
trimmer surface in blue are reduced in comparisoithe full knurl in red for

surface velocities of 20 m/s.

Figure 4-21: Trimmed knurls
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Figure 4-22: Amplitude of frequency response isuged by trimming knurls

The ability of the sensor to reflect a change irfage height as a change
in signal amplitude shows that the height of preiva or depth of recession for
an abrasive grain or pore could be accounted fothbysensor. Along with the
influence of spatial distribution of grains and @®reflected by which frequencies

are excited, these simplified surface experimaeisllts are promising.

4.2.3 Knurl Surface Modeling

The signal generated by the pneumatic sensor iponsg to the fine
diamond knurl was confirmed and verified by a getrrmenodel. The knurled
surface can be measured and therefore is of appabely known geometry,
although some variations may exist. A geometry havsedel provides insight
into the double high frequency peaks in the fregyatomain, such as those seen
in Fig. 4-13(a), as well as the effect of the hétixned by the angled path of the

knurls.
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To construct the model, a sample of the surfacengéy was created with
10 um resolution, using the nominal knurl dimensionegivn Table 3-3 (pg. 47).
To allow a small sample of the surface to be logpled boundary conditions at
the initial and end values for each row and colwmene make equal. The surface

sample is shown in Fig. 4-23 for illustration.

Figure 4-23: Model of knurled surface.

To simulate the geometry experienced by the senspzle as it passes
over, a circle of the same inner diameter as tlzzleas projected over the model
surface at a set stand-off distance, and the a®aekn the circle’s perimeter and
the surface is calculated. As discussed in sedtiénthe pneumatic sensor output
an internal pressure that is dependent upon trethreugh which the air flow is
restricted. When the nozzle is close to a surfaee drea between the nozzle
perimeter and the surface is less than the cradeosal area of the nozzle. At

such a distance the internal pressure of the semnst@pendent upon the distance
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to the surface and any features that may changesttepe area. Any feature in the
surface that is above or below the mean surfademlinge or relieve the flow of
air, resulting in a pressure fluctuation. This argacalculated at a rate that
correctly matches the surface speed of 20 m/s lamdiata collection rate of 100
kS/s for the dynamic pressure transducer. Figl 4tbws the projected vertical
area of the knurled surface at the perimeter of nbezle circle for three

increments.

Figure 4-24: Knurl model of the escape area, 3eimemts.

Increasing the number of increments the plot of Hurface at the
perimeter of the nozzle more clearly shows the gogehy of the knurled surface.
Fig. 4-25 shows 40 increments of the nozzle overrtodel surface, and also
models the effect of the helices by traversing frome column of knurls to the

next.
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Figure 4-25: model of knurled surface at nozzlémeter, 40 increments, with helix.

To develop an approximation of the dynamic presstaesducer signal,
the area is calculated for twenty thousand incrésienfhe area calculated is
recorded in the time domain and then transformedl ftequency domain plot for
comparison to the experimental results from theadyic pressure transducer.
Running the model with a similar surface geometng &elix angle to the fine
diamond knurl disk surfaces tested in section 4.8eherates a signal that is
comparable to the dynamic pressure transducer Isigrk@en during those
experimental tests. The model of the fine knurfeze with 14 helices employed
a rotational frequency of 35.1 Hz, at a surfaceedpef 20 m/s. The resulting
frequency domain signal shown in Fig. 4-26 exhilitany similarities to the
dynamic pressure transducer signal shown in Fitf3(4). Notably, in Fig. 4-26 a
low frequency peak at 491 Hz occurs, as do two fighuency peaks at 23 684

and 24 175 Hz. As in the experimental results,siygaration between these two
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peaks matches both the low frequency peak and mbe@upt of the rotational
frequency and number of helices. The similaritiefwieen the experimental
results and those of the geometric model demomestiatt experimental signal is
the result of surface geometry.
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Figure 4-26: Frequency response to fine knurl atn29predicted by model.

The model also predicts three higher frequencyadigeaks in Fig. 4-26,
at 47 368, 47 859, and 48 350 Hz. The first andltbf the peaks are harmonics,
being twice the value of the 23 684 and 24 175 ekkp. The middle of the three
is the result of the nozzle diameter being closthéowidth of the diamond knurls,
and detecting the staggered peaks of two columms.geometry is visible in Fig.
4-25, where the nozzle passes over two columnsofl peaks, shown in red.
These peaks are not present in the experimentalsiguggesting that sensitivity
at that frequency range is less.

The effect of the helix can be shown in the modetdamoving it from the

simulation. This is shown in Fig. 4-27, and restttsa single high frequency
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signal at 23 999 Hz, and a harmonic. Notably themo twin peak near 24 kHz,

and the low frequency peak, such as the 491 Hz ipefailg. 4-26, is not present.
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Figure 4-27: Frequency response predicted by metlelno helix.

While it was not possible to remove the helix faperimental testing,
varying the degree of the helix was possible, aeplicated in the model.
Agreement is found between the experimental resumlt$-ig. 4-18 and the
simulation for the effect of changing the angletw knurls and thus the number
of helices formed. Simulations were made of a llicée case and 20 helices
case, for a surface velocity of 20 m/s and rotatidrequency of 35.1 Hz, and are
shown in Fig. 4-28.

Comparing the graphs, it can be easily seen tlia¢@sing the number of
helices increase the value of the low frequencykpeam 352 to 702, and
increases the separation between the two peaks.r@sult is similar to the effect

observed in Fig. 4-18.

86



McMaster University — Mechanical Engineering M.A.Sbesis — K.M. Tanaka

Frequency Domain

—~~ A
<L 0.04- .
E
[
e]
2 0.02 i
c
()]
©
= A | MJ
OL o Ml m | ol Y i | J“J | | 4 i PRl
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Frequency [Hz] % 10"
Frequency Domain
o | | B
e 0.04
E
(]
o
2 0.02} i
c
(@]
)
: | l
OLM“ AL | i | Ak LU ﬂ | J‘A}\\ L Al s yE—.
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Frequency [Hz] % 10"

Figure 4-28: Simulated effect of helices for 104ayl 20 (b) helices per rotation.

Results from the geometric model agree with theedargents in section
4.2.2 and support the conclusion that the dynamgssure transducer signal taken

from the pneumatic sensor is representative ofaiget surface.

4.2.3.1 Influence of Nozzle Diameter by Simulation

It is difficult to isolate the effect of nozzle dieeter alone by experimental
means because the nozzle diameter influences ldt@nship between the stand-
off distance and average internal pressure. Bylsithon however, it is possible to
see how diameter of the nozzle changes the sigmedrgted. For experiments and

the simulation results discussed above used a@mwoatth a diameter of 1.194 mm,
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or needle gauge of 16. Changing that diameter doeshange the frequencies
generated, but does alter the amplitude. By exanifpllee nozzle diameter from
the 10 helix example above is changed to 0.8 masecto the pitch of the fine
diamond knurls, then the signal amplitude is inseel Fig. 4-29. This is logical
as the changes to the area through which the aires@ape will be more extreme

as a result of nearly matching the surface pitch.
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Figure 4-29: Simulation of varying nozzle diameter.

The conclusion to be made from the simulation & the nozzle diameter
can have significant influence on the amplitudehsf signal generated, but the
specific frequencies generated will be dependerinuthe geometry of the

features of the wheel surface.

4.2.4 Detecting Nondeterministic Surfaces

Having demonstrated that the pneumatic sensorpabta of operating at

high frequencies past 37 kHz, the application ef$knsor to a nondeterministic

88



McMaster University — Mechanical Engineering M.A.Sbesis — K.M. Tanaka

surface required further increasing the measuralddlequency range.
Experimenting with the metal bond diamond abrasivieeel presented the
possibility that the small grains of the 170/14@ grheel could generate much
higher frequencies, in addition to being hardedétect. Applying the pneumatic
sensor to the surface of the metal bond diamonassala wheel produced a signal
that demonstrated a relationship between the wdwé&ce and the output signal.
To identify the frequencies in the signal from fhreeumatic sensor that
were in response to the surface of the grindingealylibe signal from the grinding
wheel, in Fig.4-30(a), was first compared to a aigaken from a trimmed fine
diamond knurl surface with the same operating derl, Fig. 4-30(b). Both of

these signals were taken with surface velocitie30om/s.
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Figure 4-30: Frequency response to (a) metal boindigg wheel and (b) trimmed knurls
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For this comparison the knurled surface producdsequency domain
signal that is typical of the experimental knuguks, in section 4.2.2. In contrast
the signal produced by the grinding wheel surfduansfrequency peaks across
the measured frequency range. These frequency eakaot common to the
noise observed from the knurled surface signallo&er view of the frequencies
generated by the grinding wheel surface is showrign4-31. From this graph it
is possible to see that the grinding wheel surfaeluces individual frequency
peaks. Similar to the results observed in Fig. 44h2 frequency peaks are

separated by the base rotational frequency ofrineligg wheel.
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Figure 4-31: Separation of frequency peaks in mzall grinding wheel

To enhance the performance of the pneumatic sethgosetup of the
sensor was changed to the one listed in tableN8e4t importantly, reducing the
nozzle diameter to 0.603 mm made the sensor mep@msive to small grain size
of the metal bond, diamond abrasive wheel. With rtle& setup the dynamic
frequency range of the sensor was observed toaserend it became possible to

observe separated, individual frequency peaks athntugher frequencies. A
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sample of the resulting frequency domain signathewn in Fig. 4-32, for the
frequency range of 80 kHz to 82.5 kHz. Although #meplitude of the signals is

much lower, the frequencies generated are stiiindisand at regular intervals.
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Figure 4-32: Signal separation at high frequency.

To determine the useful measureable frequencyerdimg data collection
sampling was increased to 2 MS/s, or 2 million sasyper second, allowing a
broad frequency range of up to 1 MHz to be viewad assessed. The figure
below shows an example signal in the frequency don@nly the first 200 kHz

are shown.
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Figure 4-33: High sample rate signal in the freaqyetiomain

The signals collected from experiments with higmgke rates were able
to produce frequencies as high as 100 kHz. Thigh&etdata collection rate for
tests conducted on nondeterministic surfaces ak®2€ This is the rate used for
the development of application on both metal bond witrified bond grinding
wheels.

The response of the sensor to a change in sudaoenetry at high
frequency was also investigated for the metal bdiainond abrasive grinding
wheel. To this end the sensor was applied to tidigp|g wheel under identical
conditions, except for a change in the surface itimnd The grinding wheel was
trued and dressed using the method described fiosét2.2 (pg. 25). The sensor

was applied to the wheel surface for trued, Fi§4da) and dressed, Fig. 4-34(b),
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wheel conditions. These experiments were conduafiibut coolant and at a
surface velocity of 30 m/s. The nozzle position Wiged at a distance of pm

from the trued wheel surface.
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Figure 4-34: Response to trued (a) dressed (PAceidondition

Comparing the trued and dressed surface signala/sstzo significant
increase in the amplitude of most frequenciesHerihcrease in roughness caused
by dressing. Closer examination of the two freqyethomain plots showed that
this is true for both the strongest frequenciegbigsin these figures, but also for

frequencies with smaller amplitudes.
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For these tests the SOD was not compensated, andettuction in
averageP, caused by dressing would have reduced the amelivfithe dynamic
response of the sensor. In spite of this decreasgymamic performance, the
change in surface roughness visibly affects theadya pressure transducer signal
across the frequency range. This is a promisingitteand suggests that is may be

possible to monitor changes in wheel surface togay.

4.2.5 Stand-off Distance and Dynamic Signhal Amplitude

How close does the sensor need to be to the sudawenitor it, and how
does a change in the distance effect the dynamgial The stand-off distance,
SOD, is an important variable in determining thefgrenance of the pneumatic
sensor, influencing both the geometry of the escama and average back
pressure. As previously established by other rebeses, as the average back
pressure increases the dynamic response also sestdais shown in this section
that this is true for the rapid dynamic pressutetfiations caused by grinding
wheels.

The SOD also changes the extent of air flow impinget caused by
passing surface features and topography, and thes intensity of the
corresponding pressure fluctuation. When the SORl#ively large, fluctuations
in escape area caused by passing surface featakes up a lesser percent of the
total escape area. When the SOD is reduced thau#ition in area from surface

features makes up a greater portion of the escegme and generates greater
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dynamic pressure signal amplitude. This sectiomildethe investigation of this
relationship at high frequencies and establishesethod for determining the
maximum SOD for surface monitoring.

The net effect of increasing SOD on the amplitudethe dynamic
pressure transducer signal can be observed in@esitest. Applied to a vitrified
grinding wheel, 32A46-GV40P, the dynamic pressuandducer signal was
recorded for three SOD values. The tests employamhstant supply pressure and
a surface velocity of 20.3 m/s.

The resulting time domain plots of the raw dynarsignals, Fig. 4-35
show that increasing the distance between the wdeéhce and the nozzle tip

reduces the signal amplitude.
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Figure 4-35: Raw dynamic signal for varying SOD

It is clear from these results that distance gyeafluences the dynamic
performance of the sensor. These results howekeiGaaused by both decreasing
average back pressure and the decreased infludnsarface features on the
escape area caused by a larger average gap sgieple investigation can be
made to verify that both of these effects are grilial and should be considered

in the operation of the pneumatic sensor. It isveorent to return to the knurled
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surface and aluminum disk for these tests. Usiogrdrolled surface to generate a
dynamic signal that is now well understood, fronctiem 4.2.2, the effect of

changing a single variable is easy to observe.

4.2.5.1 Increasing Stand-off Distance

To investigate the change in the sensor's highukeqy response to
increasing the SOD with operating conditions othsew held constant,
experiments were conducted on a coarse, straightldch surface. Stand-off
distances of 20, 40 and 50 um were investigated ewainple signals in the
frequency domain are shown below in Fig. 4-36. Audgace speed of 20 m/s the

knurls produce a frequency of approximately 13 BZ0
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Figure 4-36: Increasing SOD on coarse, straightlkdwsurface.

The signal amplitude at 20 um is strong, but dagpthe SOD to 40 um
severely reduces the signal strength. IncreasiadStD by just another 10 um,
the high knurl frequency amplitude is nearly eliated from the signal. Simply
put, as the distance between the nozzle and knwsilethce increases, the
fluctuation in escape area caused by passing kmake up and smaller percent

of the total escape area, and thus create smialtduétions in pressure.
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Particularly interesting about the result of thigeriment is that the air
flow is restricted by the surface for all distancekis leads to the conclusion that
although the surface may be within the measuremamge of the sensor for
displacement measurements, the dynamic pressutedhions are not guaranteed

to be sufficient for monitoring purposes.

4.2.5.2 Internal Pressure Effect

It is already established that the stand-off distamfluences the average
back pressure and the geometry of the escape aneh,it is important to
acknowledge that the average back pressure campeandently influence the
dynamic performance of the sensor. A rise in avetzagrk pressures will increase
the sensitivity of the sensor to dynamic pressluedations [11]. To demonstrate
this experimentally the sensor was applied agaim twoarse, straight knurled
surface and measurements were taken at multiplplysyppessures. By varying
the supply pressure this time the average baclspre€ould be increased without
altering the SOD. These tests, conducted at 30amdsat an SOD of 2fm,
clearly show the increase in pressure resultingéneased amplitude of the high

frequency signal generated by the knurls, Fig. 4-37

99



McMaster University — Mechanical Engineering M.A.Sbesis — K.M. Tanaka

Dynamic Pressure Tranducer - Frequency Domain - 041612CL2

S
o 041 |1 a
©
*3 0.3L
g Pr=132 kPa
< 0.2f J
S
S 01 b
S
> 0 \L il ool b sl it mﬂﬂmm I I L L L
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Frequency [Hz] X 104
Dynamic Pressure Tranducer - Frequency Domain - 041612CL7
S
o 0.4 b
©
S Uor i
£ P,=156 kPa
< 0.2f
S
S 01 b
S
> 0 ‘ il doiulludall ,M\H . uﬂﬂmm | i | |
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Frequency [Hz] X 104
Dynamic Pressure Tranducer - Frequency Domain - 041612CL12
S
o 0.4r 1 C
©
2
3 0.3r B _
£ P,=180 kPa
< 0.2F J
S
S 01+ ‘ B
g 0 ol dociallall ‘\H L “Mm ) o ) )
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5

Frequency [Hz] N 104

Figure 4-37: Increases in average back pressusgraight, coarse knurl.

Following the results shown in Fig. 4-36 and Fig87% it is logical that
both the average back pressure and the averageabstrom the target surface
should be maintained when using the sensor to defieanges in surface
topography. To accomplish this it is necessarydjast the SOD from one surface
to the next so that a constant average back peegsay be maintained. In

reference to the concept of effective stand-offtasise introduced in section
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4.1.2.1 (pg. 56), the SOD is a simple measurenrent the nozzle tip to the outer
most edge of the wheel surface, and it not reptatea of the real average gap
size. This is illustrated in Fig. 4-38, in whichhazzle is positioned at the same
distance from the average surface height, but dusutface roughness has two

different SOD values.

€—— Nozzle —>

Average
Distance

\ Target Surface /

Figure 4-38: Stand-off distance and actual avedigtance

Maintaining an average distance enables a fairpeoison of surface
features to be made, based on the degree of arifipingement and resulting
pressure fluctuation created by each feature. Hfait be assumed that average
distance and effective stand-off distance are ed@it, then adjusting the nozzle
position to maintain a constant average back pressill also ensure a constant

average distance.

4.2.6 Maximum Stand-off Distance

To establish the maximum SOD for application tandimg wheels with

both solid and porous bond structures, a testgrfasiamplitude assessed at what
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distance the dynamic pressure signal was influepecedarily by the surface of
the wheel. As the nondeterministic surface producBsmamic pressure
frequencies across a broad range, root mean squaR\/S, is used to quantify
the signal amplitude. The sensor was applied arae®OD values, and the raw
signals are put through a high pass filter, s@i080 Hz, to remove signal energy
associated with wheel waviness or run out. The test repeated at 6 axial

locations and the average values are shown in4=89 along with the standard

deviation.
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Figure 4-39: Finding maximum SOD for a metal boniddjng wheel.

For this experiment the wheel speed was 20 m/sd4@ndheasurements
were taken in total. From this graph it can be séab around 50 pum the high
frequency signal stops responding to changes insthad-off distance, and

illogically begins to increase.
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To explore what could be influencing the sensor é¢xperiment was
repeated once more but with a surface speed of Eegore 4-40 shows the
change in high pass RMS is comparatively minor dorall SOD values but
increases with increasing SOD. This is likely réaglfrom increased air velocity
in the sensor producing dynamic pressure fluctnatsuch as those seen in Fig.
4-14. The result matches well to the increasing R#fies observed in high
surface velocity case in Fig. 4-39 for SOD valuesve 50 pum.

Still Surface
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Figure 4-40: High pass RMS response to stand-stadce for zero surface velocity.

The same process can be applied to the vitrifi@adgrg wheel surface.
For the coarse dressed 32A60-HVBE wheel the regpohshe sensor declines
considerably with respect to changes in SOD aspjr@aaches 200 pm. The
appreciable increase in maximum distance is thdtrea change in the setup of

the sensor, as shown in table 3-4, including the afsa larger nozzle diameter.
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The larger nozzle diameter was required for thefieit! wheel due to the porous

nature of the wheel surface, as explained in seetid.2.1, (pg. 56).

4.2.7 Frequency Dependent Sensitivity

It has been observed for the pneumatic sensoringb research that for
some frequency ranges or spectra, the signal isigtently amplified. These
amplified spectra produce groups of strong frequgreaks that do not shift in
frequency when the velocity of the wheel is chandéd. 4-41. The signals are
taken from a metal bond diamond abrasive wheel witliessed surface. The top
signal is taken at 20 m/s and the bottom signalwshinverted, is taken at 30 m/s.
The fact that groups of signals do not increadeeiquency by 50% indicates that
the amplification is an attribute of the sensod aot of the surface. This is not to
say that the signal is not related to the surfasehas already been demonstrated,

but that the sensor’s dynamic sensitivity is freggyedependent.
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Figure 4-41: Frequency domain signal for 20 andn3§ vitrified wheel.

The frequency dependent sensitivity can be betiserved by increasing
the surface velocity and focusing on groups of aigreaks within a frequency
range. In Fig. 4-42 on the next page, signals froeasurements taken from the
same wheel at 20, 20.4 and 20.8 m/s are showreifreglquency range of 1500 to
4000 Hz. The frequency range of 3200 to 3600 Hanmplified, while 1500 to
1900 Hz and 3700 to 4000 Hz are suppressed. Wighrthmind it becomes easy
to track groups of signals as they shift acrossfithguency range with each 2%

increase in surface velocity.
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Figure 4-42: Frequency peaks shifting in respoasedreasing surface velocity
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Each increase in velocity of 2% results in a cgroesling increase in the
frequency of any given peak. By example, three jment peaks are numbered in
each graph in Fig. 4-42. The shifting of peaks loa frequency axis also further
demonstrates the ability of the sensor to responthénges in the surface of the
grinding wheel. While more difficult to show, thshifting is also visible at higher
frequencies.

It is difficult to assess what effect differing sdivity across the frequency range
of the sensor will have. Frequency dependent geitgitvould be an important
consideration if the pneumatic sensor responsenémges to the wheel surface
were restricted to a specific frequency range. H@reas previously shown in
Fig. 4-34, the dressing of the diamond abrasivedyng wheel caused an increase
in signal amplitude across a broad frequency range.

Further investigation was made with the use of MviAdels to determine
a how the dynamic pressure signal changed withgihgrsurface conditions. An
MVA model was created for tests conducted on trared dressed surfaces for a
metal bond diamond abrasive wheel. A PCA model essgfally differentiated
between the dressed and trued surfaces, as welkeasurements taken with no
surface velocity, marked ‘N’ in Fig. 4-43. Usingetimethod of variable pruning
described in section 4.1.4, where by variablest lassociated with any dominant
trend are removed from the model, 90% of the fraqigs were removed. The top
10% of frequencies remaining are plotted in Fig444- with the variable

importance indicated in the vertical axis.
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Figure 4-43: PCA score plot of trued and dressethin®nd wheel.

Variable Importance Plot 0-50 kHz
070412-PCA20V4-T2

12

1 e
@ °
o *
[ <
§os
(=]
[-N
Eos
P
8 02
—
S
02
0
0 10000 20000 30000 40000 50000

Frequency (Hz)

Figure 4-44: Variable importance plot of trued tessed PCA model.

The variable importance plot is shown for T2, ke score plot axis with
most greatly distinguishes the dressed surface fthen trued surface. The

distribution of important variables from the modwadicates that no one frequency
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band or range is more strongly related to the chamgurface condition than any
other. The even distribution is not surprising giile probabilistic spacing of
grains the wheel surface can excite many frequenag it passes under the

nozzle.

4.3 Quantifying the Dynamic Pressure Transducer Signal

Root-Mean-Square or RMS is chosen as a method datify the signal
from the dynamic pressure transducer becauseaitsimple way to indicate the
energy in the dynamic signal. To specifically targmaller wheel features, such
as pores and grains, a high pass filter is appbeithe raw signal at 1 kHz. The
filter is to remove the effects of wheel eccentyicor form errors from the
dynamic signal, isolating only the effects of ches¢p surface roughness.

It is known from the results of sections 4.2.1 twgb 4.2.4, and
specifically Fig. 4-42, that the dynamic pressuams$ducer signal is dependent on
the wheel surface. Additionally, the comparisormaafued and dressed metal bond
wheel in Fig. 4-34 (pg. 93) clearly indicates thfa individual frequencies that
make up the dynamic pressure transducer signataseron average when the
surface roughness increases. Statistical analysfseealynamic signals generated
by changing wheel surface conditions, shown in Big4 and in section 4.1.4
supports the conclusion that changes in the whaghce condition influence
individual frequency peaks across the entire higljdency range of the sensor. It

is therefore proposed that monitoring changes m ghrface roughness of a
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grinding wheel can be accomplished by monitoring ftbverall change in
frequency peak amplitudes. In this way a high pdssed RMS value is a

convenient indicator of changing surface roughness.

4.3.1 Use of High Pass RMS

An initial experiment was conducted to explore tise of high pass RMS
for monitoring changes to surface roughness. Thasme was applied
continuously to the surface of a metal bond diamaimdsive wheel while it was
being dressed with a dressing stick. The experirbegins with the wheel surface
as trued, which is relatively smooth compared te tiressed surface. The
resulting high pass filtered RMS signal is showthwespect to time in Fig. 4-45,
clearly indicates that the high pass RMS valueeases as the wheel surface is

made rougher by the dressing process.

High Pass RMS - 071812A3

0.3F

0.25-

0.1f

0.05+

Time (s)
Figure 4-45: Continuous monitoring of dressing afietal bond grinding wheel.
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This experiment was conducted with the sensor iposiixed and no
compensation was made for the decrease in aveedepoessure as the surface
of the metal bond receded. Despite this decreasdymamic sensitivity, the
pneumatic sensor still clearly detects the increasairface roughness. It should
be noted that the dressing process does not beginapproximately 2 seconds
into the recorded sample, and that in this testdiessing process consumed

approximately 15 mm of dressing stick.

4.3.2 RMS Repeatability

The repeatability of high pass RMS values was eepl@experimentally
by taking dynamic pressure transducer signals frlmensurface of a metal bond
diamond abrasive grinding wheel. For a given sactd the grinding wheel
surface the raw signal shows minimal variation. Bpectrogram in Fig. 4-46,
taken from a metal bond wheel with a dressed ser&@0 m/s at approximately

1900 RPM, shows little variation.
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Figure 4-46: Spectrogram of the raw dynamic pressansducer signal.

For this research the RMS can be calculated aftersignal has been
filtered and using the entire 0.5 second samplgtheras the window size.
Repeatability of RMS values can be increased ifstmple does not include a
partial wheel rotation. However, with proper truiagd dressing this effect is
minimal, and for this research a consistent sareplgth was employed.

Demonstrating the repeatability of measurementg)ads were collected
five times from the same axial location, SOD andeethsurface condition, in
order to assess the variation from one sample déondxt. The experiment was
conducted for three different axial locations, dodtrued and dressed surface
conditions and for surface velocities of 20 andn®8, for a total of 60 collected

signals. Surface velocities of 20 and 30 m/s, daalh second signal collected
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measured approximately 15.7 and 23.6 revolutionsth& grinding wheel
respectively. No triggering was used to determirfeenvto initiate the signal
collection.

The experiment shows that the variability in theameed values was
negligible when compared to the average measurevadut. Average High pass
RMS values are shown in Fig. 4-47 for each measem¢iocation. Values varied
most greatly by surface condition, ranging from 144201 mV, then by axial
location and finally surface velocity. For any dengombination of the wheel
condition, position and surface velocity, the stdddeviation of the high pass
RMS was no more than 0.2% of the measured value. iiaximum deviation
from the average value for any one set of high g&$ES measurements was
about 0.3% of the measured value. The influenceelufcity on repeatability was
minimal, although measurement taken at 20 m/s dadvsa slight improvement

over those taken at 30 m/s.
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Metal Bond Diamond Abrasive Grinding Wheel
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Figure 4-47: Axial variation of high pass RMS vaue

The variation in high pass RMS from one axial lamatto another
demonstrates that the high pass RMS value is depérmoh what section of the
wheel surface is being examined, even though thereersurface is at
approximately uniform condition. This variation imgh pass RMS by axial

location was accompanied by small variations irraye back pressure.

4.3.3 Setting the Back Pressure Range

In establishing a practical method to apply a preionsensor to
monitoring the condition of a grinding wheel, a ganof SOD values must be
established for each grinding wheel and sensorpsem that meaningful

measurements may be taken. In this research ggnireels with very different
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constructions were measured by the sensor thoufgretit nozzle and control
orifice diameters, each suited to produce the gegshdynamic pressure signal for
that grinding wheel. As already discussed in 4tBede is an SOD value for each
case were the high pass RMS no longer responds diobaage in SOD, and
therefore is no longer responding to the wheelaserf The maximum SOD for
meaningful measurements is approximatelyis0and 20Qum for the metal bond
and vitrified grinding wheels respectively. For shiesearch maximum SOD
values, set from the initial wheel surface, wereu8®and 150um respectively.
However, typically distance is indirectly measureahd calculated from the
directly measured average back press&g,For this reason high pass RMS
values should be compared by average back presshieh is also a superior
indication of the sensor’'s condition and dynamispense. The back pressure
range of the sensor was measured in a similar naarteke maximum SOD, and
is shown in Fig. 4-48. It should be noted thatdlierage back pressure is reported

in volts, and nominally converts to pressure a&®a/V.
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Metal Bond Grinding Wheel
Pb Vs. High Pass RMS

2 25 3 35 -
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Vitrified Grinding Wheel
Pb Vs. High Pass RMS
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Figure 4-48: Finding the average back pressureerang

4.3.4 Principle of Dual Transducer Monitoring

Changes to the surface condition of a grinding Wwhaesent new
challenges for maintaining sensitivity. When examgnthe surface of a grinding
wheel, the surface roughness, porosity, and distéetween the surface of the

wheel and nozzle determine the average back peedsis also established that a
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decrease in the average back pressed would dectleasgynamic and static
sensitivity of the sensor.

Changes to the porosity of the surface of a gripdivheel result in
changes to the average back pressure, althougbutiee diameter of the wheel
may not change significantly. The increase in sugfporosity will increase the
escape area and the average back pressure wiladec\With the average surface
further from the nozzle and the average back presseduced, the dynamic
performance of the sensor is compromised, and maasmt conditions are no
longer consistent. The ability to maintain dynarsénsitivity in such a case by
decreasing the stand-off distance is limited by wieeel surface, which will
abrade the nozzle, and by the resolution of thesmemositioning system.
Similarly dressing metal bond wheels causes thernityjof the surface area to
recede while the protruding grains remain at thenesaheight, making
compensation of the average back pressure impessgibla result, a new method
is needed to accommodate changes in the grindireemgurface and provide
comparable measurements

A new measurement method was devised, in whicmdlzele is positions
at multiple axial locations and multiple SOD valuEsr each position the average
back pressure and dynamic signal are recordedré&dudting measurements for a
given surface condition provide a range of averdgek pressures, with
corresponding dynamic pressure signals. With mleltipxial measurement

locations for each surface condition, values of #verage back pressure and
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dynamic high pass RMS can be average for each-st@ntistance, and graphed
as shown in Fig. 4-49, as a Pb-RMS curve. Thealnitheel surface is taken as
reference for all SOD values, and is held as ateohss the surface condition

changes and recedes. This is illustrated in FitR 3pg. 51).

Average Pb Vs. High Pass RMS Example
Measurement Setfor One Surface Condition
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Figure 4-49: Plotting of gauge and dynamic measardgs) Pb-RMS curve.

In addition to providing comparable dynamic semgyj this method can
provide an indication of the recession of the wiseeface during wheel wear or
dressing. Previous research has shown that changasface roughness have
only a minimal influence on the average back pmes$i0], while the effect of
gap size is consistent at the grinding wheel speéested. In a simple test the
pneumatic sensor was applied to the surface ofmigtal bond grinding wheel for
both trued and dressed surface conditions, usedrtied surface as reference the
nozzle positions. Measurements of the average peeksure taken at multiple

stand-off distances are plotted in Fig. 4-50 forett and dressed surfaces. With

118



McMaster University — Mechanical Engineering M.A.Sbesis — K.M. Tanaka

the reference point for all nozzle positions fixétk dressed surface generates a
lower average back pressure, due to the wheelcsurieceding during dressing.
Aligning the dressed measurements to those frontrtteel surface highlights this

recession, as the distance to the wheel surfabe isnly difference.

Back Pressure Curve— SOD Vs. Pb
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Figure 4-50: Trued and dressed back pressure curves

4.4 Dressing

Applying the pneumatic sensor to monitor the dresgrocess provides
an opportunity to investigate the response of #msar to wheel surfaces that
change in a known manner, as well as develop alluggplication. In the case of
the metal bond diamond abrasive wheel the dregwiogess begins with a trued
surface, which is incrementally dressed with arasibe stick to better expose the

sharp abrasive grains. The ability of the sensarespond to the increments in
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grain protrusion from the wheel surface demonsirtiat the sensor is capable of
responding to small changes in geometry.

When dressing a vitrified grinding wheel the rougbs of the wheel
surface, often referred to as openness or aggesssg of the wheel surface, is
influenced by the cross feed rate of the dressinfy tUsing higher cross feed rates
for dressing creates a more open wheel surfaceshwiki coarser and suited to
aggressive cutting and high material removal radekw cross feed rate results
in a more closed wheel surface for fine surfacésHfies on workpieces. The
pneumatic sensor is applied here to differentiatgvben grinding wheel surfaces

dressed with different cross feed rates.

4.4.1 Metal Bond Wheel

The dressing of the metal bond diamond abrasiveelvialows the
abrasive grains at the surface to protrude cle&miy the surface and creating
room for chips by wearing away some of the metaidomaterial. It is useful to
monitor this process because it is possible to und®ver expose the diamond
grains. Under exposure occurs when the abradirtigeobond layer is stopped too
soon, either by using too fine a dressing stichr@maturely ending the dressing
operation. Typically over exposure is much more emn and occurs when
optimally exposed grains are unable to prevenhértbrasion of the bond layer.
In such a case continued dressing is wasteful andtibnally becomes a truing

operation.
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To investigate the response of the sensor to thengthg surface
conditions for dressing the metal bonded diamondsake wheel, the grinding
wheel was spun to a surface velocity of 20 m/s drand then dressed
incrementally with a dressing stick. The dressitigkswas fed into the wheel
surface at a rate of 200 mm/min. Measurementseo$tinface were taken with the
sensor for the trued surface and after feeding &n& 4 cm of dressing stick into
the wheel surface. For each surface conditioneéhe® was applied to 6 different
axial locations, and at 3 distances from the oabiwheel surface. For a given
surface condition the average measurements from @athe three distances are
used to form a curve. Fig. 4-51 shows the avebag& pressure versus the high
pass RMS values for each of the four surface cmmdit which are labeled as
trued or by the length of dressing stick consumgdhe process. The curves,
referred to in this research as Pb-RMS curvesslog/n with standard deviation

at each distance

121



McMaster University — Mechanical Engineering M.A.Sbesis — K.M. Tanaka

Incremental Dressing of a Metal Bond Diamond Abrasive
Grinding Wheel
Average Back Pressure Vs. High Pass RMS
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Figure 4-51: Pb-RMS curve for incremental dressihg metal bond grinding wheel.

In this application the relative change in surfaceighness may be
monitored by observing the increase in the higls (R4S value. Using a constant
value for the average back pressure a fair compaié the high pass RMS can
be made. For example, in Fig. 4-51 a vertical dblitge intersects each Pb-RMS
curve, yielding interpolated values of high pass®Rfdr each surface condition at
a constant average back pressure, and thus at seusitivity. In this test the
response of the pneumatic sensor shows a sigrificarease in high pass RMS.
The incremental dressing creates an increasingighrer wheel surface, which is
reflected in the resulting measurements of higls j&I¥1S. This response relates

well to the exposure of gains and abrading of theddayer.
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Visible on Fig. 4-51, the average Pb value increastially for the first
dressing increment. Because it is a dressing aparétis only possible for the
wheel surface to recede as it becomes rougheanhat gain material. It is likely
that this is due to the change in surface roughn@sservations of air flow
restriction made by Wager [10], for much higherface speeds, near 70 m/s,
showed that the degree of air flow restriction wabanced by increasing surface
roughness and speed, and by increasingly smallezleg In the monitoring of
the metal bond diamond abrasive wheel a small, 36t nozzle is used, and a
significant increase in surface roughness is iridtdy the increase in high pass
RMS.

In application to the monitoring of wheel dressitigg pneumatic sensor is
still able to respond to the dressing process drmmvsa clear and significant
increase in high pass RMS in response to the iser@asurface roughness. By
monitoring the surface it may be possible to deteenit the dressing process has
reach an equilibrium and grain exposure has habedsion of the bond surface,
or if the dressing process is too aggressive anglas exposing grains. In the case
of equilibrium it would be expected that the PB RM8rve would remain
unchanged with further dressing, while over dressiould see measurement
points sliding down the curve, indicating that therface is receding but not

getting any rougher.
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4.4.1.1 Relative Change in High Pass RMS

For the example shown in Fig. 4-51, interpolategghlpass RMS values
were taken for a constant value of average backspre, but no instruction was
given on how to select that constant value. It @stlvinvestigating if the choice
of average back pressure value has any influendkeomterpolated results.

Using Fig. 4-51 as an example, high pass RMS vataase interpolated
for multiple average back pressures. Fig. 4-52 shthis for four back pressure
values, and plots the interpolated high pass RM& asction of the length of
dressing stick consumed. The values on each cuevalso colour coded to match

the wheel conditions shown in Fig. 4-51.

Interpolated High Pass RMS Values at a
Constant Average Back Pressure
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Figure 4-52: Interpolating High Pass RMS at mudtipb values

124



McMaster University — Mechanical Engineering M.A.Sbesis — K.M. Tanaka

Obviously the high pass RMS values are differentefach constant back
pressure. However, examining the relative changkigh pass RMS it can be

shown that any constant back pressure can be bgpdi-53

Normalized Interpolated High Pass RMS Values
16

1.5
1.4

13
1.2

Normalized RMS

1.1

0 o | 2 3 4 5
Length of Dressing Stick Consumed (cm)

Figure 4-53: High Pass RMS Normalized by initiaiface value.

As can be seen, any average back pressure mayldmedefor use in
interpolating high pass RMS values, with littlelui®nce on the relative change in
those values. The only constraint is that an imtieted value exists for all surface
conditions.

It should be noted that the use of a constant Ipaeksure value in this
current method is a considerable improvement olier hethod proposed by
Maksoud et al. [23], which reported only high frequency RMS vauas an
indication of surface roughness. The fault in tesutts is that the method made
no account for the influence of stand-off distamceaverage back pressure on

those RMS values.
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4.4.2 Vitrified Wheel Dressing

Dressing a vitrified grinding wheel produces shdree cutting grains by
opening up the wheel surface and by fracturingemnaving worn grains. The
cross feed rate of the dressing tool can be usezhange the openness of the
vitrified grinding wheel surface, and is typicallgried between 50% to 100% of
the grain size per revolution. Monitoring the diegsof a vitrified grinding wheel
is challenging because the dressing process fiokely for coarsely dressed wheel
only affects the fracture or removal of grains la puter most wheel surface.
Comparing to dressed surfaces means comparing awghrsurfaces with the
same underlying structure, composed of the samasgead with the volume of
pores and bonding material.

To investigate the response of the sensor to clsamgavheel surface
roughness, the sensor was applied to contrastiregWdiressings. The grinding
wheel was divided into two halves, each prepardt widifferent cross feed rate.
The pneumatic sensor was configured accordingiie &4 (pg. 50), and used to
take measurements at three stand-off distanceatandltiple axial locations. The
cross feed rates were then applied to the oppbsitees, and the experiment
repeated. Dividing of the wheel surface is illustdain Fig. 4-54 on the next page.
The grinding wheel was tested in this way for ceamsoderate and fine dressings,
corresponding to cross feed rates of 0.255, 0.0@10a127 mm/rev. Dressing and

monitoring was conducted with a surface velocitg@fm/s.
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Figure 4-54: Differential dressing of a vitrifiedigding wheel.

The results of this dressing experiment show thHe tensor can
distinguish between the more closed surface afi@dressed wheel and the open
surfaces of a moderate and coarsely dressed wheagls4-55. The dotted and
solid curves on the graph are results of measurentleat were taken together as
halves of the grinding wheel.

Vitrified Wheel Dressing — Varying Cross Feed Rate
Average Back Pressure Vs. High Pass RMS
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Figure 4-55: Pb-RMS curve for differential dressafa vitrified wheel.
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Fig. 4-55 is formed in the same way as Fig. 4-&t¢d each curve
represents 48 measurements, taken at 3 standstéindes (5, 41, and 16n).
There are 16 axial locations taken per stand-oftadice and the error bars
represent the standard deviation for each standisiiince.

As with Fig. 4-51, values of high pass RMS shoudddompared for a
constant average back pressure value. The highRidSsis then used to indicate
how energetic the dynamic signal is, and is indreadf the surface roughness for
each dressing condition. In Fig. 4-55 the high g&SkS increases with increasing
dressing cross feed rate. This is logical, as highess feed rates produce a
rougher and more open wheel surface. As coveredeation 2.2.1 (pg. 19),
research into the topography of the vitrified gmmgdwheel surface after dressing
by Davis [17] showed that finer dressing parameters leave the wheel surface
in a semi-glazed condition. A finer dressing operatan leave bond material and
partial grains blocking or reducing the size ofgmat the wheel surface. Coarser
dressing parameters produce higher forces and deginee of fracture of grain
and bond material to leave the wheel surface mpea owith greater exposure of
both grain edges and pores.

Further information about the change in wheel aefcondition can be
gained by examining the change in the average Ipaeksure. Operating the
pneumatic sensor in the traditional sense as dadement sensor, a change in
average back pressure can be used to indicatdesetife in the effective stand-

off distance. Fig. 4-56 shows with black lines #werage back pressure for each
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surface condition, and clearly shows that for eaeBe from Fig. 4-54, the
moderate and coarse dressing results in a lowerageeback pressure when
compare to the fine dressing. With the same stdhdistance of Sum used for
each surface condition, the change in average jp@dsure can only be caused by
differences in the porosity of the wheel surfagegach condition

Vitrified Wheel Dressing — Varying Cross Feed Rate
Average Back Pressure Vs. High Pass RMS
0.9
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35 3.55
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Figure 4-56: Changing average back pressure wéhsilng.

In this relatively simple experiment both high p&dS and the change in
average back pressure can be connected to the tedpebange in surface
condition imposed on the grinding wheel by the \ragydressing operation. The
results of the vitrified wheel dressing experimalso shows that the response of
the sensor is not a linear relationship to thexfesd rate, and is more sensitive

in changes at lower cross feed rates.
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4.5 Wear

To investigate the response of the senor to wédhe grinding wheel
surface the sensor was applied to the surfacdseahetal bond and vitrified bond
grinding wheels. Experiments were created for eetobel to accelerate the rate of
wear, which was monitored by the pneumatic sengotaking samples of the
dynamic pressure transducer signal and average fir@sisure at multiple axial
locations and at multiple stand-off-distances friv@ original surface. Unlike the
dressing experiments in which the change to theelvkerface condition was
known qualitatively, to understand the responsehef sensor to the wear, the

worn wheel surface was examined separately usdigit@al microscope.

45.1 Metal Bond Wheel

Wear of the diamond abrasive grains in the metaldbgrinding wheel
occurs by the mechanisms of both mechanical anchiclaéwear, resulting in the
development of wear flats on grains at the outestnsarface, higher forces and
eventual grain loss [22]. Grain loss is also brdughby the deterioration of the
bonding material ahead of each grain by chips geeérduring grinding [17]. To
test the response of the sensor to the wearinigi®itheel an experiment was set
up to accelerate the wheel wear, with the objeadivebserving the response of
the sensor.

For the experiment a piece of tool steel was usedhe workpiece. A

steel workpiece will accelerate the dissolution aafrbon from the abrasive
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diamond grains, as well as creating high cuttingde and erosion of the bond
material. The experiment begins with a dressed hee is incrementally worn
by three sets of fifteen grinding passes over tlwkpiece. The surface is
measured by the sensor in the same method usdtiefalressing experiments,
with the sensor configuration listed in table 3p4.(50). Using the initial dressed
wheel surface, 3 stand-off distances are set, aabutements are taken at 6 axial
locations per stand-off distance. Measurements veduen for the dressed surface,
as the initial surface condition, as well as aftach wear set. The experiment was
stopped after the third wear set showed a sigmfickecrease in average back
pressure.

The results of the measurements are shown in E4. 4Analysis of the
results follows in the same manner used to detidéferences in vitrified wheel
dressing, in section 4.4.2. The change in high pa4S can be evaluated for any
constant value of average back pressure, with ¢imeliton that a value can be
interpolated for each surface condition. This baugds indicated by the vertical
black dotted lines on Fig. 4-54. Evaluation of ttieange in high pass RMS
clearly shows an increase as the wheel surfaceitammgbrogresses from initial

dressed state and is incrementally worn.

Table 4-1: Grinding parameters for metal bond grigdvheel wear.

Wheel Surface Speed (RPN) Table Feed Depth of|Cutorkidéece length

20 m/s (1894) 1 m/min 10um 95 mm
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Metal Bond Diamond Abrasive Wheel
Incremental Wear
Back Pressure Vs. High Pass RMS
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Figure 4-57: Pb-RMS curve for the incremental wefahe metal bond grinding wheel.

A change in the average back pressure can be aoseénvFig. 4-57,
comparing the four surface conditions for one stafiddistance value.
Measurements taken at a stand-off distanceghbset in reference to the initial
dressed surface, show a general trend of decreasargge back pressure as the
wheel surface is progressively worn. This trenghewn clearly in Fig. 4-58, and
indicates the effective stand-off distance is iasieg and that the average wheel

surface was receding from the nozzle.
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Metal Bond Diamond Abrasive Wheel
Incremental Wear
Back Pressure Vs. High Pass RMS
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Figure 4-58: Changing average Pb with wear.

Results from the RMS-Pb curves indicate that as dhdace of the
grinding wheel was worn the average surface retdafrtom the sensor nozzle tip
and became slightly rougher. These results do pie¢ar logical at first, because
it is expected that wheel wear would cause gringvhgel surface would be worn
smooth by the development of wear flats on thesabeagrains. However, wheel
wear can also result in grain loss and abrasidmoafl material, which can create
features in the wheel surface. A closer look atwen grinding wheel surface
can provide insight to the change in surface caoomit

Examining the worn surface of the grinding wheeldigital microscope
shows that wheel wear has caused grain loss freamwheel surface, leaving
pores, Fig. 4-59. The extent of grain loss may bemared to the edge of the
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wheel on the left hand side, which was not engagegtinding. Some of these
pores are also very near in size to the nominahgsa&e of 170-grit, which
suggests that at least some of the grains pulted the surface were protruding

by half a grain diameter or less.

Figure 4-59: Photograph of the worn grinding wiseeface.

Elsewhere on the wheel surface it is possible ® ®re prominent
effects of bond erosion producing larger surfacuiees and evidence of loose
pulled grains scraping along the surface of thedjng wheel. In Fig. 4-60 the
recent loss of one grain appears to have causdddb®f a second. In Fig. 4-61,

the abrasion of the wheel surface by debris hastedea substantial feature.
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Figure 4-61: Abrasion of bond material by chips.
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The loss of a great many diamond grits is confirfogghotographs of the
workpiece surface Fig. 4-62, where many diamonts grf varying size can be.
There is also evidence of the pull out of largergaas the one seen to the right
of center, and further contact of that grain withes grains in the wheel surface,

as is evident from the trail of small diamond paes.

Figure 4-62: Ground workpiece surface after coniptedf the third set of grinding passes.

Upon examining the surfaces of both the grindinge&hand workpiece
surface, the response of the pneumatic sensomfellogically for the grain loss
and abrasion of the bond layer surface. The degreasverage back pressure and
increase in high pass RMS are the result of arease in the effective SOD, and

an increase in surface roughness.
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4.5.2 Vitrified Wheel

As detailed in section 2.2.1 (pg. 22), a vitrifigdnding wheel may wear
microscopically by attrition of the abrasive gramsulting in wear flats, grain
loss or may wear by loading of the wheel surfanesdme cases the continued
wear can lead to some self-sharpening effects bse@asing cutting and normal
forces and fracturing the peripheral grains to tere@ew edges, or by bond
fracture causing grain loss, exposing new sharmgrand renewing the wheel
surface. In cases where the wheel surface is eatedl of dull grains and debris
the excessive wear can result in thermal damageetovorkpiece, or grinding
burn that can ruin a workpiece.

The experimental investigation into the responsethef sensor to the
changing surface condition of a vitrified grindimgheel undergoing wear was
done in two parts. In the first experiment discdsbelow the wheel was worn
until the workpiece shown signs of grinding burrhisl experiment allows a
comparison of the dressed surface section to éeeabrn by grinding burn, and
no longer suitable for use. The second experim@mplies more sustainable
grinding parameters and the pneumatic sensor isedpperiodically as the wear
to the grinding wheel surface develops. The objeatif this second experiment is
to investigate the response of the sensor as tlae slewly develops wear flats,

loads and fractures.
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4.5.2.1 Grinding Burn

The high degree of wheel wear inherent to the gmopdburn provides an
example surface condition where the wheel has sshehpoint of failure. For
investigating the response of the pneumatic setts@r grinding wheel surface
worn by grinding burn, the wear was allowed to pesg only to the point where
slight discoloration was visible on the workpieceface. The grinding parameters
for this experiment are given in table 4-2. The kpoece material was tool steel,
and was ground to a total depth of 0.1 mm, when wloekpiece became

discoloured from grinding burn.

Table 4-2: Grinding parameters for vitrified whegeihding burn.

Wheel Surface Speed (RPN) Table Feed Depth of|Cut orkjdéece length

20 m/s (1338) 10 m/min 25um 95 mm

With the grinding wheel width at 38.1 mm and therkpoece width at
12.7 mm, the workpiece was ground using only th&erewith of the grinding
wheel. The resulting sections of dressed and wdraelvsurfaces are shown in

Fig 4-63, with a dressed wheel surface on eachdfittee worn area.
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Figure 4-63: Grinding wheel section worn by grirgliourn.

Measurements were taken at 3 stand-off distaneg¢sn seference to the
initial dressed surface at 5, 41 and W6 For each stand-off distance
measurements were made at multiple axial locati@pecifically, five axial
locations for each dressed side and 8 axial loestawross the burned section for
a total of 54 measurements. Initially measurememie only made of the worn
wheel section and the first dressed section, shiowned. Measurements of the
dressed wheel surface shown in green were takstamd-off distances of 20, 56,
and 91um, and align well with the results of the first s#tdressed surface
measurements. This second set of dressed surfaasureenents were taken after
comparison of initial dressed and burned wheelasgrfmeasurement resulting

showed a significant increase in high pass RMS, 4#6¢.
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Vitrified Grinding Wheel - Grinding Burn
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Figure 4-64: Pb-RMS curve of grinding burn by vi&dl wheel.

Interpolating values of high pass RMS for each ameafcondition for a
constant average back pressure, the result in BEi#§4 is encouraging.
Measurements of the high pass RMS from the dynaneissure transducer signal
and the average back pressure are consistentlerhigh the surface worn by
grinding burn than for the dressed surfaces, showed and green.

It is of interest to determine the cause of thiarnge in high pass RMS, as
wear has resulted in a more energetic signal. Bjlgievheel wear should result
in a more closed wheel surface. In Fig. 4-55, dngstests showed that the finer,
more closed surface of a fine dressed wheel sugemduced a lower high pass
RMS value than the more open, coarse dressed \whdate.

Comparing to the dressed surface results the whkedhce worn by

grinding burn shows a great increase in averagk peassure for the same SOD.
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Comparing values for the jgm distance, shown on Fig. 4-64 by the black dotted
lines on the right hand side, the increase in @eekemck pressure corresponds to
decrease in SOD of 8. This is of course not physically possible. Ladficthe
increase in average back pressure means that ataterst have been added to
the wheel surface in the section worn by grindiogib

Using a digital microscope, Fig. 4-65 shows a miagphiview of the
wheel surface at the edge between the dressed amdsections. Immediately it
is obvious that debris has been gathered in the weel surface, and has done
so in non-uniform manner. A closer inspection @& srface shows the buildup of
chips occurs around only the outer most graing;Kihg the small gaps between

them and other grains nearby while larger poresedirepen.

Figure 4-65: The grinding wheel surface as dreasedas worn with grinding burn.
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Figure 4-66 shows the uneven collection of chipsg debris in the wheel
surface. The chips appear to collect around grelunsters, while the larger pores
remain open. Some grains with wear flats are aisible and are surrounded by

debris.

Debris 5

Figure 4-66: Wear flats and loading of the vitrifieheel by grinding burn.

Ultimately the increased values for the high pab4SRand average back
pressure for the worn wheel surface is likely doghte buildup of chips in the
wheel surface occurring only in areas around thteromost grains. The buildup
makes those areas less permeable to air flow, vidutgeer pores and recessed

grains are relatively unaffected. The result is riéstriction of air flow from the
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nozzle is enhanced for the peripheral grains aathglusters with chip loading,

therefore increasing the signal energy and avdragk pressure.

4.5.2.2 Long Term Wear

Using more representative grinding parameters,xdended experiment
was conducted to test the response of the senstireasondition of the wheel
surface evolved from the initial dressed state. Jé¢resor was applied periodically
throughout the experiment, which lasted for 40Gpa®f the grinding wheel over
the workpiece. Additionally the grinding processasvmonitored using a
dynamometer, measuring and recording the normakfbetween the workpiece
and the grinding wheel.

The workpiece, a piece of unhardened tool steelsoreay 25 mm wide,
was ground using the parameters given in the #&3leData was collected by the
pneumatic sensor in the same manner used previddsiysurements were taken
at SOD values set from the original dressed suréace 41, and 76um, using
seven axial locations. In this test the grindingd aall data collection was
conducted with a wheel surface speed of 30 m/sline with the use of

representative testing parameters.

Table 4-3: Parameters for vitrified wheel long temear testing.

Wheel Surface Speed (RPN) Table Feed Depth of|Cutrkidéece length

30 m/s (1977) 10 m/min 10 um 330 mm

The results from the pneumatic sensor are shownP&RBRMS curves in

Fig 4-67. The area in the dotted outline is shogaimto provide a clear view of
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the results. The curves reflect the pneumatic semsasurement sets taken for
the dressed wheel surface and after 10, 100, 2001@@ passes of the grinding
wheel. Other measurement sets were taken duringexperiment but are not

shown for image clarity, as they show no deviafrom the trends discussed.

Vitrified Grinding Wheel — Long Term Wear
Average Pb Vs. High Pass RMS
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Figure 4-67: Long term wear testing Pb-RMS curve.
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The discussion of the measurement results fronptieimatic sensor is
oriented to the Pb-RMS curve shifting in three walsese shifts are the large
initial change from the dressed state to measurersen 1, the ‘sliding’ of
measurements to lower values along a previous measmt set's Pb-RMS curve
as seen from set 1 to 2, and from set 3 to 4, asitl/Ithe jump in RMS and Pb
made from set 2 to 3.

The large initial change in the pneumatic sensoasuements from the
dressed condition to after just ten grinding passesasurement set 1, shows a
significant increase in high pass RMS and a largerehse in the average back
pressure. This is during a period of wheel wearnwtiee great change to the
wheel surface has been documented, [17,18,19].aFatrified grinding wheel
trued and dressed by a single point diamond drggewl, as in this research, the
method of rolling the wheel over a carbon coategsglsurface showed that
peripheral grains are cut to zero clearance, emistontinuous groups of more
than one grit having zero clearance and are shibbgea layer of bond material
cut flush with the surface of each grit. These expents are supported by
dynamometer results showing an early peak in gniopdiorces. Grisbrook
concludes that the wheel surface as dressed isBisnwtay loaded by the bond
material, resulting in higher cutting forces urttile bond material at the edge

breaks away, leaving edges unsupported and expb3pd
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The dynamometer results are shown in Fig 4-68.ntmebered and colour
coded lines correspond to the measurement sets Figm4-67, and show high
normal force was produced by the initial grindingspes. The loss of bond
material and any inadequately supported abrasdggseor entire grains, accounts
for both the large decrease in average back pressut the increase in high pass

RMS, as the effective SOD increases and the whefdce opens up.

Vitrified Grinding Wheel
Normal Force in Grinding
250

225 — Set 1: 0.1 mm Depth
— Set 2: 1.0 mm Depth

—_ 1 2 3 - Set 3: 2.0 mm Depth 4
Z 200 — Set 4: 4.0mm Depth
v
L
] Down
w 175 .
= Grinding
£
S
150 .
z ~ D — <~ Up
ik - ‘ Grinding
125 |
100
0 50 100 150 200 250 300 350 400 450

Number of Grinding Passes

Figure 4-68: Dynamometer measurements of nhormaéfor

True sliding of Pb-RMS curves can be seen in Heg4 for the
measurement sets of the two dressed surfaces. diaepaints of the second
measurement set, in green, fall on the curve fortmethe first measurement set.
The only difference being the increase in SOD \alused for the second set.

Referring to Fig. 4-67, from measurement set leto2s a significant decline in
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the average back pressure occurs with a smallaserén the high pass RMS.
While not a true slide, as in Fig. 4-64, the traasi is similar and may be
described as such.

The decrease in average back pressure corresponda increase in
effective SOD of just um, approximately, which is a small fraction the 260
nominal grain diameter. The minor change in highspdMS indicates that while
the average wheel surface is receding from theosehse surface is maintaining
similar topography while a small amount of mateisdbst from the surface.

The dynamometer results between measurement seid 2 show that the
normal force continued to decline at a diminishmage for a short time before
reaching a relatively steady value. This suppohis ©bservations from the
pneumatic sensor results, as during this time eerfaf the grinding wheel
experiences micro-scale changes as fracture opehpheral grains creates new
sharp cutting edges and some grain and bond mateespelled.

The sliding of the Pb-RMS curve from set 3 to 4ikny corresponds to
decrease in the average back pressure and onlal&isorease in the high pass
RMS is observed. The change in average back peessarresponds to
approximately 8um. Again this sliding action is indicative that tlserrface
roughness is maintained, and the normal force mneamnts from the
dynamometer show only a small degree of change theecourse of the wear
passes. This second sliding transition does hane stifferences from the first,

most notably the high pass RMS is greater and theal force measurements are
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higher on average. The progression of this slidiagsition is significantly slower
than before, involving over twice as many grindpasgses.

The transition from measurement set 2 to 3 is gjumboth the high pass
RMS as well as the average back pressure. As imgrineing burn experiment
this can only be caused by the addition of matéoidhe wheel surface, and thus
is indicative of chips collecting in the area arduhe outer most grains. While the
wheel surface condition was not compromised topbiat of causing grinding
burn the dynamometer results show a small increaiee normal force from an
average of 140 N to 143 N for up grinding, and frb6# N to 172 N for down
grinding. It should be noted that the last two éorneasurements for this period
were compromised by an equipment malfunction fahhg and down grinding,
and cannot be included.

Change in effective SOD is calculated using a bpoéssure curve,
generated at operating speed for the vitrified djng wheel with a coarse
dressing.

The long term wear experiment demonstrates thaisarement from the
pneumatic sensor can be reflective of the wheelasercondition. Changes
known to occur to the condition of the surfaceh# grinding induce a logical and
apt response from the pneumatic sensor in the ffrohanges to the high pass

RMS value of the dynamic pressure transducer sigmadlaverage back pressure.
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4.6 Measurement Variation by Axial Position of the Sensor

Shifting the axial position of the pneumatic sensora grinding wheel
surface will alter the response of the sensor. Thibecause the surface of a
grinding wheel is non-deterministic, and the topgdry will change with axial
position. Therefore, for a consistent surface cioomli such as a dressed wheel
surface, the pneumatic sensor is presented witistenat surface topography at
each axial measurement location. The specific togggy at each location will
have a direct influence on the values of averagek lpmessure and high pass
RMS. The following section examines the effect xihposition on the average
back pressure and high pass RMS values, and tiaityalf the progression in
wheel surface condition portrayed by pneumatic @emnitoring results.

The average back pressure responds to changes iz of the escape
area between the nozzle tip and the wheel suraeeause the escape area is
dependent on the topography of the wheel surfagce eixpected that the average
back pressure will be affected by the axial positdthe sensor.

The dynamic response of the pneumatic sensor ésddpendent on the
topography of the target surface. The specificaaigftopography presented to the
sensor determines what frequencies and corresppaaiplitudes are generated.
Additionally, in cases where the average back piresis increased, the amplitude
of the dynamic signal will also increase.

In the calculation of the high pass RMS, the amgkt of the dynamic

signal is partially a function of the frequenciesngrated, because the sensitivity
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of the sensor changes over different frequency f©ahderefore it is expected that
the amplitude of the dynamic signal and the higespaMS will be affected by
the axial position of the sensor.

Examining the effect of axial position during mamihg, measurement
variation can be observed in the incremental monigoof wear for the metal
bond, diamond abrasive grinding wheel, in Fig. 4-§0. 132). Fig. 4-69 (a)
compares the response of the pneumatic sensoe tiittal, dressed surface and
after one set of grinding passes, for two of thialaxeasurement locations. It is
clear from the responses to the dressed surfaéegird-69 (a), that even for a
consistent surface condition, set by the dressinggss, the axial position of the
sensor is the source of a large variation in tHeesof average back pressure and
high pass RMS.

Fig 4-69 (b) and (c) show the complete responstefpneumatic sensor
for the incremental wear test, for two axial pasis. As wear progresses at each
axial location, the average back pressure and regls RMS values for location A
are consistently higher than those from locatiotHBwever, the general trend of
decreasing average back pressure and increasihgpags RMS as wheel wear
progresses is clearly visible at both measurenwasattions, and in agreement with

the results shown and discussed in section 4.6dLFay. 4-57 (pg. 132).
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Figure 4-69: Pneumatic sensor measurements foaxved locations
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The monitoring method described for this researatiudes the use of
multiple axial measurement positions for the pneisnsensor. As a result, the
pneumatic sensor response for a given surface womdiclude a range of values,
such as those shown for the progression of weaa toetal bond, diamond
abrasive grinding wheel in Fig. 4-69. This sectioas established the axial
position of the sensor as the major source of #r@atrons, and shown that the
results from the pneumatic sensor and prescribadtarong method are therefore

representative of the general progression of theelsurface condition.

4.7 Effect of Coolant

The presence of coolant and debris from the gnmgirocess are a major
source of interference for direct measurement nusthand often require the use
of additional cleaning air jets or protection fdret sensors employed. It is
proposed that such additional equipment is notireqdor a pneumatic sensor, as
the constant flow of compressed air issuing fromnbzzle tip clears the surface
ahead of the sensor, leaving the wheel surfacéwelyaunobstructed. In order to
verify this, a series of experiments were condudtechvestigate what effect the
presence of coolant might have on the operatiorpaniwrmance of the sensor.

In a hypothetical production setup, the pneumataser would be
positioned at the wheel surface and away from tbhekprece and grinding zone.
An example of this positioning is shown in the dayg below with the sensor

highlighted in red, Fig. 4-70. In addition to thpray generated by both the
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coolant nozzle and the grinding wheel, the posgitf a fluid on or in the wheel
surface was considered. To investigate what effexfpresence of coolant might
have on the pneumatic sensor, a simple experimastoanstructed using a lathe
and shaft mounted aluminum disk. The setup, shawirig. 4-71, provided
coolant from the lathe as well as an additionajedito rapidly clear the surface of

the disk

Figure 4-70: lllustration of in-process setup.
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Figure 4-71: Indirect coolant application in lathe.

Applying the sensor to a section of large stralghirls at 20 m/s surface
speed, measurements were taken with and witholamipasing a fixed SOD and
supply pressure. The resulting dynamic pressuresdtzcer signals are shown in
the frequency domain, Fig. 4-72, and show an irsgréa signal amplitude for the
frequencies created in response to the wheel surfdost notably the frequency

peak corresponding to the knurls, at 13 070 Hzees from 0.9 to about 1.0 V.
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Figure 4-72: Straight knurls with no coolant (ajlavith coolant (b).

This response is favourable as the frequency regpohthe sensor was
unchanged except for an increase in signal strefgiting the experiment is was
noted that the average back pressure was incrdgséte presence of coolant.
The effect of coolant on the average back pressasefurther investigated as it
directly influences the dynamic behaviour of thesse. Using the auxiliary air jet
to intermitently clear the surface of the disk afolant confirmed that the
presence of a coolant layer immediately increasesaverage back pressure, Fig.

4-73. This was established for both knurled andathndisk surfaces.

155



McMaster University — Mechanical Engineering M.A.Sbesis — K.M. Tanaka

Pressure Signal

2.85 : ‘ ‘
<— Air jet off
< piri

Ll < Air jet on

2

o

=}

%]

¢

o

X

3

@™ 2.75- .

27 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20

Time (s)

Figure 4-73: Back pressure with coolant and intdéemt clearing by the auxiliary air jet.

With respect to grinding these simple tests sugtiegtthe sensor should
still be able to respond to the grinding wheel acef topography, with only a
change in amplitude, as observed for the disk @eatiith straight knurls. The
effect of coolant on the monitoring of the grindimdpeel surface was tested on
the vitrified grinding wheel, at a surface veloaitfy20 m/s. The coolant nozzle of
the grinding machine was directed into the surfatethe wheel so as to
generously coat the surface directly ahead of theumatic sensor nozzle.
Measurements of the grinding wheel surface were ttaken at 3 stand-off
distances. For the vitrified grinding wheel with madification made to the wheel
surface, the presence of coolant creates a slafitige Pb-RMS curve, Fig. 4-74.
Interpolating values of high pass RMS for each doom at a constant average
back pressure show little change in the dynamipaese of the sensor to the
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presence of coolant. However, for the same stahdisfance the average back
pressure is increased by the presence of coolamte\l¥ may become difficult to
accurately gauge a change in the effective SODhitje pass RMS values that
indicate surface roughness are very close for aalexyerage back pressure.

Vitrified Grinding Wheel With Coolant
Average Back Pressure Vs. High Pass RMS

> /
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Figure 4-74: Effect of coolant on vitrified wheekasurements

It should be noted that when testing the effeatamlant the amplification
of the raw signal from the dynamic pressure transdwas reduced by 30%, in
reference to the dry wheel tests. This was necgsegorevent saturation of the
sensor due to the increase in dynamic responsedtadgltaused by coolant. As a
result, when comparing the Pb-RMS curves from ¢higpter to those in previous
chapters, the high pass RMS reported here are lower

In the case of the metal bond diamond abrasivelgrgnwheel, the effect

of coolant is much more pronounced. When repeatimg vitrified wheel
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experiment on a trued surface measurements weee tkstand-off distances of
5, 15 and 2fum. Fig. 4-75 shows the Pb-RMS curve was alteredifszgntly. In
addition to the increase in back pressure, the esludpthe Pb-RMS curve is
altered, and contrary to the results from the ést indicates a higher high pass
RMS value for a larger stand-off distance.

Trued Metal Bond Diamond Abrasive Griding Wheel
Average Back Pressure Vs. High Pass RMS
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Figure 4-75: Effect of coolant on metal bond wheekhsurements.

It is possible that changes in the pneumatic sesetoip, as shown in table
3-4 (pg. 50), are in part responsible for the drgmaterference from coolant. In
order to more effectively monitor the finer surfafehe diamond abrasive wheel,
both the control orifice and nozzle diameters wed&o smaller than those used
for either the knurled disk tests or the vitrifigginding wheel. This change
resulted in a much reduced air flow rate and dishiad capacity to clear coolant.

Additionally the solid bond structure of the wheebvides no pores, which would
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have aided the evacuation of coolant. In spitéhsf impedance it is still possible
for the pneumatic sensor to detect an increaseuiface roughness when the

diamond abrasive wheel is dressed, Fig. 4-76.

Metal Bond Diamond Abrasive Grinding Wheel With Coolant
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Figure 4-76: Metal bond wheel dressing in the presef coolant.

The results shown in Fig. 4-76 demonstrate thateathe presence of coolant
alters the response of the pneumatic sensor tovieel surface, the increase in
surface roughness caused by the dressing procst#t emsily detectable.

Tests on both vitrified and metal bond grinding eels show the
pneumatic sensor is capable of responding to theeivburface condition in the
presence of coolant. Clearing of the coolant bydindlow in the vitrified wheel
test allowed the nozzle to respond to the grairmk@ores of the of target wheel
surface, which impinged or relieved the flow of ag during dry testing. In the

case of the metal bond diamond abrasive wheehkltheed response of the sensor
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suggests that the wheel surface is partially obstduby the applied coolant. The
sensor is still capable of detecting the changeurface condition caused by
dressing and it is possible improvements may beentadthe sensor setup to

increase the robustness of the monitoring system.

160



McMaster University — Mechanical Engineering M.A.Sbesis — K.M. Tanaka

5 Conclusions and Future Work

The pneumatic sensor has been investigated assébfgomeans to directly
monitor the surface condition of a grinding wheel aperating speeds and
conditions. This chapter reviews the results of dbgelopmental completed and

details possibilities for future work.

5.1 Conclusions

The simplicity and robustness of the pneumaticsgentogether with a
known ability to measure displacement and topographa moving surface,
made it an attractive possible solution to an apgibn where no single
monitoring method has achieved widespread acceptdris research work was
focused on linking the response of the pneumatis@eto the topography of a
high velocity, rotating surface, and demonstratthgt it is possible to use a
pneumatic sensor to monitor the surface of a gnmavheel. The results of the
experiments that explored and developed the capebibf the pneumatic sensor

and monitoring method are summarised here.

5.1.1 High Frequency Response

Progressive experiments have shown that the topbgraf a rotating
surface with a surface velocity of up to 30 m/seBiected in dynamic pressure

fluctuations in the back pressure. Confirmed bytadied changes to both
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grinding wheels and knurled test surfaces, the lilgguency response of the

sensor is dependent on the surface passing byt#trertip.

5.1.2 Dynamic Response and Maximum SOD

It has been experimentally shown on both knurledd seirfaces and on
grinding wheels that, to generate a dynamic respdms pneumatic sensor must
be positioned within a maximum stand-off distarnoerf the wheel surface. It was
discovered that the maximum distance for measurthgnamic pressure
fluctuations is much less than the range used toitorodisplacement. The limit
can be established by monitoring the change irhtgke pass RMS value of the
dynamic pressure transducer signal while increaiagtand-off distance.

Testing of the wheel-specific pneumatic sensorpsetound the maximum
distance from the grinding wheel surface for dyramieasurements was
approximately 0.2 mm for a porous vitrified grindiwheel, and 0.05 mm for the
metal bond, diamond abrasive grinding wheel. In ganson, the maximum
displacement measurement range for each wheel was and 0.1 mm
respectively.

The relatively smaller grit size of the diamondasives lead to the use of
a smaller nozzle and control orifice in the sen&ar. the metal bond wheel, the
reduced maximum distance for both dynamic and dcgrhent measurements is
the result of these differences in the wheel togplgy and corresponding sensor

setup.
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5.1.3 Monitoring Grinding Wheels

Under the proposed method the signals from the rdimgoressure
transducer are quantified by high pass RMS valuoesaae made comparable by
simultaneous monitoring of the average back pressir multiple stand-off
distances. Experiments designed to explore theonsgpof the pneumatic sensor
to changes in the surface condition of a grindinge&l have shown that the
relative change in the dynamic signal as well as #@lverage back pressure
progress in a manner that is logical and consistetiit the changes known to
occur on the wheel surface. Promising results vaeleéeved on both metal bond

and vitrified wheel constructions for both dressamgl wear of the wheel surface.

5.1.4 Effect of Coolant

The effect of coolant was very different for viied and solid bond wheel
structures, and their respective pneumatic senstups. Measurements of the
vitrified grinding wheel surface showed that thegance of coolant increased the
average back pressure but did not otherwise aleasarements of the wheel
surface. The presence of coolant on the solid lgymdling wheel caused some
impedance, altering both the dynamic responseefkénsor and the response to
displacement. In light of this, changes to the wisegface by first truing then
dressing were still detectable as indicated bytivelachanges in measurements of

each surface condition.
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5.2 Future Work

The following section details suggestions for fetunvestigation and

possible improvements to the current monitoringhoet

5.2.1 Improved Dynamic Response

When testing the effect of changing surface vejoitie dynamic pressure
signal from the pneumatic sensor was sampled atSZBMrhe test showed that
both 20 and 30 m/s surfaces generated similar manifnequencies (Fig. 4-43),
suggesting that the maximum was not property of sheface, but rather a
property of the sensor. The implication of thisti&t the current pneumatic
sensor is not capable of capturing all of the pgmdesdynamic pressure fluctuations
from the surface, and thus does not capture alptssible information about the
surface.

With a maximum frequency range of 100 kHz, on dag& moving at 20
m/s the current pneumatic sensor is limited to wleisy surface features with a
wavelength of 20Qum or greater, or about the same size as an 8@rguiit. It is
possible that higher frequencies may contain moferination about the wheel
surface and the condition of the abrasive grains.

Improvements to the dynamic response of the pnearsahsor can be
made by alterations to the physical setup of tims@e It may be useful to refine
the construction of the pneumatic sensor to simglife interior chamber and

reduce its volume to improve the response timénefsensor. Additionally, it has
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been reported by Ruclat al [11] that a reduction of the nozzle wall thickees

would also improve dynamic response.

5.2.1.1 Wheel Runout and Circularity

While this project has focused on the high freqyeresponse of the
pneumatic sensor and surface topography, the preurs@nsor remains an
excellent measurement tool for displacement. WWibger [10] proposed that the
pneumatic sensor be used to assess the positiargohding wheel surface, the
use of dynamic pressure fluctuations can providenewore information.
Applying a low pass filter to the signal from thgndmic pressure transducer, the
radius of a wheel may be measured as it rotatgs5FL shows the low frequency
fluctuation from a dressed wheel. While the flutimres appear great the wheel
surface is in fact correctly trued and dressed.aBse this application was never

fully investigated, it is difficult to estimate thrie waviness of the wheel surface.

Low Pass Filtered - Single Cycle Layering

Signal Voltage

-0.6+

_0.8 I I I I I I I
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035

Time

Figure 5-1: Low pass filtered dynamic response.
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With further development it may be possible that #ame pneumatic
sensor used for monitoring wheel topography cousb de used to monitor
waviness and the wheel profile. Application for Isua capability at fully
operating speed and conditions go beyond wheebsairpreparation, and may

find use in the detection of grinding chatter.

In conclusion this work has shown that there e¢¢ear connection between
the response of the pneumatic sensor and surfazghding wheel. The simple
operation of this type of sensor has proven useful viable in operating
conditions and operating speed typical of grindapgrations, and application to
both solid bond and porous vitrified grinding wiedias been demonstrated.
These developments are promising not only to thdiggiion of grinding, but

also to the monitoring of other rough, high velpaturfaces.
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