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Abstract This paper is a part of a series in which the
goal is to provide users with calculation tools to estimate
the energy use and mass loss of one unit process in a full
manufacturing line. It is known as a unit process life cycle
inventory (UPLCI). As such, this information is reusable in a
wide range of products made of different materials. Grinding
is the first UPLCI in this series, which is in the mass reduc-
tion category of the taxonomy of manufacturing processes.
The energy calculations are not limited to the active or tip
grinding energy, but include idle and basic energy values.
In addition, an example calculation is provided to assist the
UPLCI reader. The UPLCI can then be connected to others
to estimate whole product manufacturing sequences.
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List of symbols
a, Depth of cut
a, Width of cut
d, Workpiece end diameter
dyo Workpiece start diameter
Epic Basic energy
Eioa Total energy
G G-ratio or grinding ratio
1. Length of the cut or workpiece length
m, Grinding tool mass
m, Chip mass
N, Number of grinding passes
Npars Number of parts between dressing operations
N, Number of grinding transects to cover the
whole area
P Axis power
Pyasic Basic power
controls Controls power
Piressing ~ Dressing power
Poringing ~ Grinding power
coolant Coolant power
Piaie Idle power
Ppindie Spindle power
tair Air travel time
thasic Basic time
Ldressing Dressing time
Lorinding Grinding time or active time
tidle Idle time

tload/unload

tsparkoul
Ve
V,

removal

v
v

p

tool_wear

w

Loading time

Sparkout time

Radial feed rate

Material volume removed
Tool wear volume
Workpiece speed

Density of the material

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11740-017-0768-x&domain=pdf

644

Prod. Eng. Res. Devel. (2017) 11:643-653

1 Background

This paper is a part of a series in which the goal is to provide
users with calculation tools to estimate the energy use and
mass loss of one unit process in a full manufacturing line.
It is known as a unit process life cycle inventory (UPLCI)
[1-4]. As such, this information is reusable in a wide range
of products made of different materials.

Grinding is the first UPLCI in this series, which is in the
mass reduction category of the taxonomy of manufactur-
ing processes [5-9]. Grinding is an important subtractive
machining process for large scale production. Typically,
grinding is performed as a finishing unit process at the end
of process chains to improve surface quality and dimensional
accuracy. For hard-to-machine materials, it can also be the
major shaping process.

In grinding, abrasive grit particles are held in a bonding
matrix as a monolithic body (grinding wheels or pins) or
as coated tools (grinding belts, bands, pads). Conventional
abrasives are alumina (Al,05) and silicon carbide (SiC).
Superabrasives with higher wear resistance are cubic boron
nitride (CBN) and diamond. A cooling lubricant (grinding
oil, emulsion, or solution) is used to lower the process heat,
reduce friction and energy demand, clean the workzone, pro-
tect workpiece and machine, among other functions. The
main cutting action comes from chip formation, but brit-
tle materials can form cracks leading to particle break-out.
Tool wear happens continuously during the grinding pro-
cess and can be overcome by tool conditioning (dressing).
This UPLCI profile is for a high production manufacturing
operation, defined as the use of processes that generally have
high automation and are at the medium to high throughput
production compared to all other machines that perform a
similar operation. This is consistent with the life cycle goal
of estimating energy use and mass losses representative of
efficient product manufacturing facilities.

The grinding mechanism is illustrated in Fig. 1. Main pro-
cess variants used herein include cylindrical grinding (exter-
nal and internal), surface and rotary grinding. Figure 2 gives
the main parameters in surface slot grinding and external
cylindrical grinding with transverse feed.

Pore

Fig. 1 Process schematics
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2 Methodology for unit process life cycle
inventory model

In order to assess a manufacturing process efficiently with
reusable techniques in terms of environmental impact, the
concept of a unit operation is applied. The unit process con-
sists of the inputs, process, and outputs of an operation. The
unit process diagram of a grinding process is shown Fig. 3.
The diagram includes an overview of the environmental-based
factors that are reusable when these analysis tools are applied
to a wide range of applications for grinding operations. For a
given workpiece the life cycle analysis yields energy use and
mass losses as byproducts or wastes. Input energy is in the
form of electricity, thermal energy, and compressed air [10].

2.1 Grinding process energy characteristics

This study focuses on electric energy. The UPLCI is based
on a representative operational sequence, as follows.

1. Process set-up generally occurs once at the start of a
batch of workpieces in production. Due to the fact that
modern manufacturing is streamlined for productivity,
the set-up time is divided by all the parts processed in
that batch and is assumed to be negligible in most cases.

2. Since the grinding tool is commonly installed during
machine set-up, we neglect the tool change time here.

3. Tool dressing is performed before a batch of workpieces
is ground. Depending on the machine set-up, dressing
time occurs separately or occurs during part loading.

4. Basic time and power: the overall cycle time (part in
to part out) is used for basic energy calculations. It
includes loading and unloading and each of these are in
the range of 10-60 s depending on the size of the part.
As seen from Fig. 4, the basic power is continuous over
the cycle time and typically includes the items in Fig. 5.

5. Idle time is required for any tasks during the process
cycle that do not engage tool and workpiece, Fig. 4. This
idle time includes the tool approaching and retracting
from the workpiece, tool movements between grind-
ing features, adjusting machine settings, and changing
between pre-mounted tools. The idle power Py, is the
W above basic power, Fig. 4.

6. Grinding time is the actual time when chip removal or
spark-out (contact between tool and workpiece without
depth of cut) happens. Grinding power P4y, is the W
above that measured during idle, Fig. 4. Here the grind-
ing energy is labeled Tip Energy.

For basic, idle, and grinding energy, the product of time
and power can be used to calculate energy. For example,
for profile grinding machines the tool spindle power can
range from 15 to 75 kW [11, 12]. For external cylindrical
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Fig. 2 Process variants used in
this UPLCI

Surface slot grinding

v,— wheel surface speed [m/s]

d,—wheel diameter [mm]

Fig. 3 Input—output diagram of

v,,— workpiece speed [mm/min]

d,,— workpiece diameter [mm]
(cylindrical grinding)

vg,—radial feed rate[mm/min]
(cylindrical grinding)

a, — depth of cut [um]
a,— width of cut [um]
I.—length of cut [mm]

Machine tool, cooling lubricant, fixture, dressing tool

a grinding process generating
the LCI data

Workpiece
Grinding tool
Cooling lubricant

Energy
(electricity,
thermal energy,
compressed air)
Process parameters

grinding machines, the tool spindle power can range
from 3 to 30 kW, workpiece spindle power from 0.5 to
10 kW, and total connected load from 8 to 40 kVA [13]. A
Round Robin test showed that grinding energy makes up
only about 10-20% of the grinding machine energy [14].
Compressed air is mainly used for sealing and clamping
applications. The power demand for compressed air can
be calculated by multiplying compressed air demand with
the specific compressor power demand [10].

(-
Product (defined
% surface quality and
dimensions)
\Machine tool Process ) Chips/ swarf
> Noise
Waste fluid
(" 00\ Scrap
A1 Cooling Mist/ emissions
Tool lubricant ?:;twear
Machine tool A~

N

wnergy

Waste )/

The UPLCI system boundaries are set to include only
the use phase of the machine tool, disregarding production,
maintenance, and disposal of the machine. Moreover, the
operation of the machine tool is isolated, without the influ-
ence of other elements of the manufacturing system, such
as material handling systems and feeding robots, which is
covered in other UPLCI reports.

The energy consumption of grinding per part is calculated
as follows (Eq. 1):
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Fig. 4 Generic electric power p A Spindle and coolant motor start-up
. . . ower
and time profile in grinding /
with energy as the area under
the power—time graphs as D .
ressing ener
shown I 9EMET 1ip energy
P |
9rndnS| Peressin ldle and handling energy
Basic ener:
Pidie 9
Pbasic
——»>
tcxvelrrun ressing verrur} tgrinding tsparkout Time
tioadiunioad | | | tide | tioadiunioad
| I |
1:basic

Fig. 5 System boundary of the
grinding process

Eqtat = Poasic X (toasic) + Piate X (Giaie) + Porinding
X (tgrinding) + Piressing X (tdressing)/ Noarts
= Basic energy + Idle energy 4+ Grinding energy
+ Dressing energy,

ey

where power and time are illustrated in Fig. 4 and N, is

the number of parts between dressing operations.
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2.2 Parameters affecting the energy required
for grinding

Grinding is characterized by many variables all of which
play some role in achieving the desired part grinding. The
most important in determining energy are ranked as follows
from most important to lesser importance:
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T?"le, 1 Rang.cs of specific Application Material Specific References
grinding energies [15] energy, e, in [J/
mm°]
Grinding (variant not specified) Brittle materials like glass or ceramics 1-7 [16]
Grinding with alumina wheel Metal matrix composite Al-2009/sic-15W  10-25 [17]
Surface grinding Aluminum 7-27 [71
Grinding with alumina wheel Steel 30-50 [18]
Surface grinding Cast iron (class 40) 12-60 [7]
Surface grinding Low-carbon steel (1020) 14-68 [7]
Surface grinding Titanium alloy 16-55 [7]
Surface grinding Tool steel (T15) 18-82 [7]
Grinding (variant not specified =~ Cemented carbide 80-200 [16]

Workpiece material properties,

Volume to be ground,

Feed rate,

Cutting speed,

Grinding wheel specification (grit type, size, bonding,
hardness),

Tool sharpness, wear and dressing conditions,
Grinding wheel diameter,

Cooling lubrication supply,

Geometry and set-up.

hAEE ol

o ® N

From this parameter list, only the top 5 were selected
for use in this UPLCI as these have the most influence on
energy calculations and mass loss. The grinding, idle and
basic energies are discussed below.

2.2.1 Grinding energy

2.2.1.1 Energy There are two basic UPLCI approaches
to grinding energy. One is the power and time relationship
is shown in Fig. 4 and Eq. (1). However, with the advent
of specific energy information, Table 1, a second approach
is available. In this approach, the specific energy (J/mm?),
Table 1 and Figs. 6, and 7, is grouped by material type and
then representative values are given in Table 2. Next, the
actual configuration of the part undergoing grinding is used
to determine the area and depth of removal (mm?).

There appear to be four general groupings of the work-
piece material for which the specific energy is available,
Table 2. In addition, for most metals (Fig. 6) and alu-
minum (Fig. 7) roughing thickness (0.4—0.8 mm/pass) and
finishing thickness (0.05-0.3 mm/pass) provide a break-
down of these different specific energies. Thus we can use,

1. Brittle materials like glass or ceramics—about 4 J/mm?.
2. Aluminum and composites—about 20 J/mm? for finishing
and 10 J/mm? for roughing.

Table 2 Summary of specific energy of grinding (Table 1; Figs. 6, 7)

Material being ground Roughing, Finishing,
specific energy, specific energy,
J/mm? J/mm?®
Brittle materials like glass or 4
ceramics
Aluminum and composites 10 15
Most metals 20 40
Sintered hard cutting tool 150
materials

All metals, steel, tool steel, high-speed steel, castiron, stainless steel,
titaniumalloy, and high-temperature alloy

E 120
£ ° y =12.515x041
= 100 R?*=0.9131
5 )
g 30 %
a hod
g © e
2 "' °
5 | Te§.....
20 | O
g $ T P Sy (]
£ o
& 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Depth per pass [mm/pass]

Fig. 6 Specific grinding energy for a variety of metals as a function
of material removal rate (mm/pass) with roughing in the range of
0.4-0.8 mm/pass and finishing in the range of 0.05-0.3 mm/pass [19]

3. Most metals—about 30 J/mm? for finishing and 15 J/mm?
for roughing.
4. Sintered hard cutting tool materials— about 150 J/mm>.

The active or tip energy for grinding is thus based on
the workpiece material being processed and the volume
removed.

2.2.1.2 Volume removed For flat surfaces of length 1, the

volume removed (mm?) in a single transect of the grinding
wheel is

@ Springer
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Aluminum
= 120
E 8.59230363
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~
S 100 R?=0.9276
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Depth per pass [mm/pass]

Fig. 7 Specific energy for aluminum grinding as a function of
material removal rate (mm/pass) with roughing in the range of 0.4—
0.8 mm/pass and finishing in the range of 0.05-0.3 mm/pass [19]

Viemova = 8, X @, X 1, X N (surface grinding), )

where a, is the width of cut (Fig. 2), a, is the depth of cut, 1,
is the length of the cut, and N, is the number of transects to
cover the whole area being ground.

For cylindrical surfaces to be ground, the workpiece start
diameter, d,, (mm), and end diameter, d,, (mm), are use to

calculate the volume removed (Eq. 3).
Vremoval = ((dWO2 - dwz)/4) XX 10’ (3)

2.2.1.3 Time The active time or grinding time (tyyipging) i
needed to help calculate the idle and basic times (Fig. 4).
For surface grinding, the grinding time is calculated from
the workpiece speed, v,,, (see Table 3), workpiece length, 1,
and numbers of grinding transects N, and passes N, (Eq. 4).

torinding = Lo X Ny X Ny /v, (surface grinding), )

For cylindrical plunge grinding, the grinding time is cal-
culated with the radial feed rate, v, (Fig. 3) (Eq. 5)

t = <(dw0 - dw) /2)/"& (external cylindrical plunge grinding).

&)

The specific cutting energy for grinding is about 30—40
times higher in grinding than in turning, milling and drilling,
which can be explained by the smaller chip thicknesses and
the negative rake angle of the abrasive grits [22].

Thus with only the material to be ground, the tool mate-
rial, the dimensions of the ground feature, and the represent-
ative processing parameters, one can calculate the UPLCI
grinding energy for a variety of parts and materials. This
then must be added to the idle and basic energies, see below.

grinding

2.2.2 Idle energy

Idling characterizes the machine state when there is relative
movement of the tool and the workpiece without changing

@ Springer

the shape of the body (e.g. rapid axis movement, spindle
motor start, start of cooling lubricant, tool change), Fig. 5.
The idle power (P,y,.) of automated grinding machine tools
can be between 1 and 10 kW depending on machine size and
tool spindle power.

To calculate the idle energy, the idle time, tidle(s), is the
sum of the grinding time, t,, 4, from equations 4 or 5;
sparkout time, t,, 0, @ir travel time, t,;, (8); and dressing
time for 1 part, tyeeing/Npares (Fig. 4).

Here, we define the air travel time as the air time of the
tool moving from home or zero position to approach point,
approach, overtravel, retraction after grinding, and traverse
motion, if needed to other features on the same workpiece.
For reciprocating grinding, the air travel time includes also
all overtravel between grinding passes. Time for air travel is
calculated with Eq. 7.

air

tidle = tgrinding + tsparkout + tair + (tdressing/ Nparts)’ (6)

t,i;; = Home position to operating point + Approach/overtravel times

+ retraction times. )

The dressing time tg.,, can be calculated from the
dresser speed, travel distance, and number of dressing
passes. Since the number of parts N, between dressing
operations impacts the idle time, we can conservatively
double the grinding time ty,4;n, and eliminate the separate
calculation of tyeging /Npars- In addition, improvements in
spark-out have shortened this time and the power during
spark-out is very low since little material is removed by the
grinding wheel [23, 24]. Thus the spark-out energy is very
small. So the idle time is approximated by Eq. (8).

tidle = 2X tgrinding’ (8)
From these calculations the idle energy for a single fea-
ture is given by Eq. (9).

E (J/feature);g = tge X Pigie- ©))

Thus with just the dimensions, the information used in
calculating t;4., and the idle power (1-10 kW), one can cal-
culate the idle energy for a grinding unit process. The exam-
ple illustrates a reasonable estimate for idle power.

2.2.3 Basic energy

The average basic power Py, ;. of automated grinding

machines is between 1 and 20 kW. The largest consumers

are the hydraulic power unit and the mist collector [25].
From Figure Fig. 4, the basic time is given by Eq. (10).

thasic = Uoad /unload + Gl (10)
Loading time is the time to bring in a new part into the

machine tool and remove the machined part at the end. For
a universal chuck and workpiece weights between 0.5 and
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Table 3 Recommended processing parameters
Application Variant Workpiece material ~ Grinding tool v, (m/s) v, (m/min) Depth of cut, a, References
Surface grinding Recipro-cating, slot Tool steel Alumina, A220, 26 25 5 pm (per pass) [12]
vitrified bond
Recipro-cating Tool steel CBN, B126, vitri-  28-45 10-20 (per pass) [12]
fied bond
Carbon steels, Alumina, A46JV 28-33  15-30 0.013 mm (finish) [20]
wrought, over 50 0.05 mm (rough),
HRC crossfeed max.
1/10 of wheel
width
Tool steels, cast, Alumina, A60IV 15-20 15-30 0.013 mm (finish) [20]
over 58 HRC 0.25 mm (rough),
crossfeed max.
1/10 of wheel
width
Creep-feed 25-50 0.1-1 [7]
Application Variant Workpiece material ~ Grinding tool v, (m/s) v, (m/min) Allowance on diam- References
eter (mm)
Cylindrical grinding Roughing Soft steel Conventional 35-50 3040 0.3-0.6 [21]
Finishing Soft steel 35-50  20-30 0.2-0.3 [21]
Roughing Hardened steel 35-45  20-25 0.3-0.6 [21]
Finishing Hardened steel 3545 15-23 0.2-0.3 [21]
Precision finishing Hardened steel 3545 8-12 0.01-0.02 [21]
Roughing Tool and high speed 35-45  15-20 0.3-0.6 [21]
steel
Finishing Tool and high speed 3545 12-16 0.2-0.3 [21]
steel
Application Variant Workpiece material ~ Grinding tool v, (m/s) v, (m/min) Infeed ondia.and  References
traverse feed
Cylindrical grind- Carbon steels, Alumina, AGOKV 28-33  21-30 0.013 mm, 1/8 [20]
ing, transverse wrought, over 50 wheel width per
HRC rev. of work (fin-
ish), 0.05 mm,
1/4 wheel width
per rev. of work
(rough)
Tool steels, cast, Alumina, A60JV 20-28  18-30 0.01 mm, 1/8 wheel [20]
over 58 HRC width per rev.
of work (fin-
ish), 0.05 mm,
1/4 wheel width
per rev. of work
(rough)
Polishing 25-40 [7]

30 kg, the load or unload time is about 10 s. Other holding

systems are given in [26].

Thus the basic energy, E, ;. (J), is given by Eq. (11).

Ebasic = tbasic X Pbasic’
where t;, ;. 15 10 s+ tjgje.

Basic energy is significant because the time is the full
cycle time in which all the basic components (Fig. 5) remain

at normal power.

2.2.4 Summary on unit process life cycle energy

cycle energy for grinding can be estimated:

an

L=

Material of part being manufactured,
Feature dimensions,

Table 3,
Machine power.

With only the following information the unit process life

@ Springer
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2.3 Method of quantification for workpiece material
loss

The workpiece material loss after grinding can be specified
as chip mass (m,). The chip mass (m,) can be calculated by
multiplying the volume of material removed (Vg ova, EGS. 2,

3) by the density of the workpiece material, p (kg/m?) (Eq. 12).
Density of the material can be obtained from Table 4.

mg = Vremoval X p. (12)

2.3.1 LClI for cooling lubricant waste calculations

For grinding operations, cooling lubricants are important to
reduce friction and cool the workpiece. Common fluids are
grinding oil or water-based emulsions. The coolant supply
system consists of nozzles, pumps, and a filtering system.
The cooling lubricant usage per workpiece is commonly very
small, because the fluids are filtered and reused. Cooling
lubricant losses are not considered here, but can be included
if removal of cooling lubricants through workpieces with
undercuts or porous surfaces occurs.

Table 4 Density of workpiece material to be ground

Material Density (g/cm?)
Glass 2.5
Aluminum 2.66
Titanium 4.55
Aluminum bronze 7.46
Copper 8.82
Copper—nickel 8.33
Hastelloy X 8.22
Haynes 188 8.98
Inconel 625 8.44
Magnesium 1.71
Nickel 8.72
Rene 80 8.16
Silicon bronze 8.36
Stainless steel 300 7.87
Mild steel 7.85
Stainless steel 400 7.60
Cemented carbide (10% Co) 14.5

2.3.2 LCI for grinding tool mass loss calculations

The grinding tool wears during grinding on a microscopic
level (sharpness loss) and a macroscopic level (profile wear).
Both wear effects make tool reconditioning necessary. The
grinding ratio or G-ratio, G, is an accepted parameter to relate
the volume of workpiece material removed, Vo, (MM?), to
the tool wear volume, V, (mm?>) (Eq. 13). Table 5 gives
example values.

tool_wear

G = Vremoval/ Vloolfwear' (13)

A conservative value for G is 10. The grinding abrasive
waste is then estimated by the material of the grinding media
used to remove product material. To calculate the grinding
tool mass m,, the tool density has to be measured or calcu-
lated from the weight and volumetric composition of bond
and grits (Eq. 14). Example values from [27] for vitrified
grinding wheels with representative volumetric structures and
bond compositions are p=2.6 g/cm? for an alumina wheel and
p=2.4 g/cm® for a CBN wheel.

mg = Vtoolfwear Xp. (14)

3 Case study on grinding

The machining process is performed on a representative
cylindrical grinding machine tool in a high production mode.
The relevant machine specifications are listed in Table 6.

3.1 Product and process details

A case hardened bearing steel is the workpiece material for
a cylinder with 80 mm diameter and length of 200 mm,
where the circumferential area is ground with a width of
cut a, = 50 mm (cylindrical plunge grinding). The product
dimensions are shown in Fig. 8. The workpiece material has
a density of 7.85 g/cm?, Table 4. The process conditions
and parameters are listed in Table 7. The right edge of the
workpiece is considered as the origin (reference point). All
dimensions are considered with reference to the origin.

Table 5 Example values of the

orinding ratio Application Material Grinding tool G-ratio (mm>/mm?) References
Precision grinding Steel Alumina Max. 50 [16]
Precision grinding Steel CBN 10,000 [16]
Precision grinding Polycrystalline Diamond Max. 0.02 [16]
diamond
Surface grinding Conventional 5-10 [12]
Creep-feed grinding Conventional 10-50 [12]

@ Springer
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Table 6 Specifications of example cylindrical grinding machine

Machine type

Cylindrical grinding

Tool spindle speed

Tool spindle power

Tool dimensions (D X T X H)
Workpiece spindle power
Workpiece spindle speed
Motor power (Z)

Motor power (X)

Speed (Z)

Speed (X)

Air pressure needed

Coolant pump power

Additional power needs (including con-

trols, drives, etc.)

Total max. power

Max. 3200 rpm

10.5 kW (motor spindle)
500%50%203 mm

2 kW

1-1500 rpm

2 kW

2 kW

0.001-20,000 mm/min
0.001-10,000 mm/min
5.5 bar

4 kW

5.5kW

24 kW

Table 7 Parameters for example case

Grinding conditions
Workpiece material
End diameter
Removal on the diameter
Feed rate vy,
Grinding wheel speed v,
Grinding wheel rotational speed ng
Workpiece speed vy,
Workpiece rotational speed n,,
Speed ratio
Specific material removal rate Q’,,
Material removal rate Q,,
Spark-out

Dressing process
Dressing tool

Dressing frequency

Overlap ratio, Uy

Wheel speed during dressing, ng
Overrun length during dressing
Number of dressing strokes, N
Dressing depth of cut, a4
Loading and unloading time

Stainless steel 300
79.8 mm

0.2 mm

1 mm/min

63 m/s

2407 rpm

0.53 m/s=31.5 m/min
125.4 rpm

q = vdv,, =120
42 mm¥/mm s
210 mm’/s

10 rev

Stationary single-grit diamond,
effective dressing width by =
0.12 mm

N« = 15 workpieces

4

2407 rpm

0.5 mm

3

0.01 mm

10 s each

parts

3.2 Time and energy calculations

3.2.1 Grinding energy

The time for grinding the feature is calculated from Eq. (5)

in Eq. (15).

t ((dyo = dy)/2)/vg = ((80 mm

—79.8 mm)/2)/1 mm/min = 0.1 min = 6.
(15)
The volume of the material removed is calculated in
Eq. (16) from Eq. (3):

grinding =

Viemowt = (dyo” = dy) /4) X 7 X a,

((80 mm/2)* — (79.8 mm/2)*) X 7 X 50 mm
(1600mm* — 1592.01mm*) X X 50 mm
1255.1 mm”.

(16)
Grinding tip energy (Table 2) is =20 J/mm?. Therefore,
grinding energy is stated in Eq. (17).

= 1255 mm?> x 20 J/mm? = 25 kJ.
17

E \"

grinding = removal X €¢

3.2.2 Idle energy

Idle time can be estimated to be twice the grinding time
(Eq. 8) since it includes air travel and dressing time per
part. For this case study this leads to Eq. (18).

Gge =2 Xt 12s. (18)

Idle power of the machine can be calculated based

on the individual power specifications of the machine
(Eq. 19).

grinding —

Pidle = Pspindle + Pcoolant' (19)

The assumed values are as follows from Table 6 (80%
of maximum value as a conservative estimate):

P =10.5 kW,
Pcuolant, max — 4 kw’
Pigte = Popindie T Peootant = (8.4 + 3.2) kW = 11.6 kW.

spindle, max

Total energy during the idle process is therefore given
by Eq. (20).

Eige = Pige X tige = 11.6kWx 125 = 140KJ.

(20)
3.2.3 Basic energy

We assume the basic power includes axes and controls.
Therefore, the power consumed during the basic process is
given by Eq. (21).

Praic = Pas + P = 5.5kW. ¥2))

Basic time is given in Eq. (22) and total basic energy in
Eq. (23).

axis controls

tbasic = tl()aui/unload + tidle = 20s + 12s = 32 S,

(22)

EbaSiC = PbaSiC X tbaSiC = 5.5 kW X 32 S = 180 kJ. (23)
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Fig. 8 Dimensions of the 430 mm |
workpiece and tool positions Top view < =|
(not to scale) n,, V, 1 —zero position
‘‘‘‘‘‘‘‘‘‘‘‘‘‘ T 2 — safety distance position
3 — grinding position
1
®
|
! 20 mm
- 2 ¥ Y
0.1mm % 3
V4
80 mm | > 4 Ny Vi l_,
| X
>
50 mm
) 200mm
< .
I 200 mm ‘

Total energy per unit is then given in Eq. (24).
Etolal = Ebasic + Eidle + E /Npart
=25kJ +140kJ + 180kJ + 0 = 345kJ. (24)

grinding + Edressing

3.3 LCI material mass loss calculations

The volume of the material removed is calculated in
Eq. (25). The resulting chip mass is then 9.88 g (Eq. 25).

Chip mass (mg) = Vipmeva X p = 1255 mm’
x 7.87 g/ecm® = 9.88 g, (25)
Vtoo]_wear = Vremoval/ G = 1255 mm3’ (26)

My, = Vil wear Xp = 125.5mm’ 2.6 g/em® = 033 g.
27
The abrasive waste is given in Eqs. (26) and (27) for
the assumption of a G-ratio of 10 and p=2.6 g/cm? for
a standard vitrified alumina wheel. Here we neglect the
material loss through cooling lubricants and greasing oils,
but this could be a substantial amount of coolant for a
smaller job shop application.

4 Conclusions

This paper presents the reusable calculation models,
approaches, and measures used to analyze the environmen-
tal life cycle of common grinding unit operations in a sim-
plified way. The three major environmental-based results

@ Springer

are energy consumption, metal chips removed, and tool
debris. In some cases, cooling lubricant drag-out should
be considered as well as it impacts cooling lubricant waste
and additional cleaning operations.

With only the following information the unit process
life cycle energy for grinding can be estimated:

Material of part being manufactured,
Workpiece dimensions,

Dimensions of feature to be ground,
Tables above.

e e

The life cycle of grinding is based on a typical high pro-
duction scenario (on a CNC grinding machine with large
series production) to reflect industrial manufacturing prac-
tices. These results can be linked to other UPLCI to evaluate
larger processes for making products.
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