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MODELING OF THE INFLUENCE OF THE ABRASI\'E
WATEzuET CUTflNG PARAMETERS ON TI{E DEPTH OF

CUT BASED ON FUZZY RULES

Rloovrx Kovrceuct and Mst FAt{c*$

(Receivcd 2O March t9!2)

AbtrC-{urrcntly, thc abrasivc waterjct cttting panmcters_fo1tb9 milling opcration havc to bc dctermincd
by e combination bf prior cxpcricncc and tial snd crror. It is shovn that the sclcctioo of thc abnsivc
witc4ct cutring paranctcn fdr a rcquired deptb of crrt in !!c gl1cn matcrial can bc cffcctivcly donc by
appyng thc principlcs of the firzzy sct ihcory._Thil appryryh will.eliminatc thc nccd for cxtcnsivc crpcrincntrl
wo],i iiordir ro iclect the magnitudcs of thc most inf,ucntial sbrrsive Yatcrict Parsnctcrs 9n thc,{c,nqh
of cut. Fuzzy togic ;rovidcs r mcthodology 8trd imiution of .a human'E way of making dccisions $ich "-
vcry rscful in sricl upplications whcrc thi mathcmatical modcl of thc Ptoccss docs not erist, md one of
sucft processcs is inciced abrasivc watcrjct cutting. A numbcr.of casc studics arc pcrformcd to veri$ thc
vrtidity of thc proprxcd mcthodology for sclccting thc abrasivc waterjet cutting Paramctcn in ordcr to
achicvc thc predctcrmined dcpth of ott.

1. INTRODUCTION

THe NrRoDUcnoN of the abrasive waterjet (AWJ) at a machining method has opened
a new way of mactrining ditficult-to-machine materids. Originally, the AWJ machining
techniqua wa$ used only for linear cutting and shape cutting of difficult-to'machine
materials, such os titanium, superalloys, glass, composites, metal matrix comPosites,
and advanced q,ramics. However, today this technology is used in such machining
applications ali turning, driling of small diameter holes, and milling.-to 

produc€ a cavity with controlled depth is a basic problem of the AWJ milling
operation. The depth of cut is deterrrined by the mechanics of the iet-material
interaction process [tJ. ln the milling operation by AWJ, the depth of cut is a function
of a number of inffuence factors, including: waterjet pre$sure, abrasive flow rate,
abrasiye grain size, stand-off distance, jet traverse speed, angle of impact, AWJ nozzle
wear, etc.

Currently, the AWJ cutting parameters for machining the given material have to be
determineO Uy a combination of prior experience and trial and error. Although there
is a predictivi model [2J, an error will always exist between the calculated and the
addl results because bf tne sirnptification and alxilmPtion of the modeling. If there
is a change in thr: system set up or other operating factors, the existing methods cannot
reliably predict the new parameters which will give accuratc values of the depth of
cut. As a result, the repeatability of the milled surface quality by abrasive waterjet
cannot be guaranteed.

In the silection of the AWJ proc€ss variables for a desired depth of cut we are
interested in the development of the relationship between inputs and outputs. It is
evident that this relationship could be obtained by using a statistical approach. A
statistical approach estimates functions, but it requires that we guess how outputs
functionatlydepend on inputs. Fvny systems dso estimate functions from sample data.
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However, a fuzzy system does not require that we articulate such a mathernatical
model. Thus, it is a model-free estimator.

The objective of this study is to implement a hvzy set theory in the selection of the
AWJ process variables in order to achieve the predetermined depth of cut in the given
material. It is shown that with this approach one can simulate hurnan experience and
experimental information that is norrnally used for controlling the process. It is easy
to introduce new rules and to rnodify the existing ones. By using this approach,
experimentation and computation time can be reduced as compared to the conventional
way of selecting the AWJ cutting parameters.

2. BASIC DESCRIPTTON OF FUZZY SETS

The hnzy set theory has proved to be successful in analyzing uncertain and complex
systems whictr cannot be described mathematically. The fuzzy controller, based on the
fuuy set theory has been successfully applied to a number of industrial processes [31.
The idea ot, a hnzy set allows imprecise and qualitative information to be exprcssed
in an exact way and is a generalization of the concept of an ordinary set whose
membership function only takes two values {0,1}. A frrzzy set has a membership
function which takes all values between 0 and l.

The fuzzy control system consists of three stages: fuzzification, decision making and
defuzzification (Fig. 1). The fuzzification stage converts real number input values into
fuuy values. The decision making stage process€s the input data and computes the
controller outputs. The outputs which are fuzzy values, are sonverted into real numbers
by the defuzzification stage, for example by using the center of gravity method [4J.

A fuzzy system associates output fvny set with input fttzzy set and is charactcrized
by a set of linguistic statements based on expert knowledge. The expert knowledge is
usually in the forrn of "if-thenl' rules, which are easily implemented by tuzzy conditional
statem€nts in fuzzy logic. A human operator employs a set of. tuzy if-then rules to
control the process.

Thekeyconceptthroughoutfizzy settheoryisthedefinition of,afuzy set. Afuzzyset
Finauniverseof discourse Uischaracterizedbyamembershipfunction Fr2 U -r [0'1].
The primary ftlzzy sets (linguistic terms) usually have a meaning, such as negative big,
negative rnedium, . . ., positive big. The mernbership function of, a ftizy set in the
continuous universe of discourse is expressed in a functional form, typically a bell-
shaped function, triangle-shaped function, trapezoid-shaped function, etc. The grade
of membership values are assigned subjectively to define the meaning of the labels of
the tuzy sets [5].

The essential problems in designing the htzy logic controller that have to be
addressed are:

r definition of input/output variables
r design of rules/fuzzy labels
o design of the inference mechanism
r selection of fuzzification/defuzzification'methods.

$
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Fro. 1. Functions of fuzzy logic controller.
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3. DEVELOPMEM OF THE NULY ALGORITHMS FOR THE MODELING OF THE
INFLUENCE OF THE AWJ CUTNNG PARAMETERS ON T}IE DEPTH OF CUT

Abrasive waterjet cutting, like orher material procesing me.thods, involves many
factors, as shown in Fig. 2. Ttrc output of the prooess, such as metal removal rate,
surface quallty and dimensional accuracy (depth of cut, width of cut) depends on the
interrelationships of thc abrasive waterjet variables. Most of these variables could be
uscd as control values. However, the limitations of today's available abrasive waterjet
cutting systems reduce on-line control variables to the following four: jet traverse
speed, direction of motion, angle of impingement, and nozzle stand-off distance.
Waterjet pressure, abrasive ffow rate, abrasive grain size, abrasive material, abrasive
waterjet nozzle diameter, and waterjet nozzle diameter could be changed and used as
the control values betwecn individual operations.

The efificiengv and accuracy of applying abrasive waterjets in the milling operation
can be improved considerably by an adequate choice of the nrain process parameters.
In the following sections il wi[ be shown that the selection of the AWJ cutting
parameters for the given depth of cut in the selected material can be effectively done
by performing just a few experiments and applying the principles of the fuzzy set
theory.

In order to use the fuzzy set theory in the selection of the AWJ cutting parametcrs,
it is irnportant to know the boundaries of the universes of the input and the output of
the fuzzy variables, i.e. minimum/maximum values expected of the input and output.
In this study several experiments were conducted in ordcr to determine the value of
the depth of cut for selected cutting conditions. Narnely, while the experiments were
performed, one of the four selected process variables (waterjet pressure, abrasive flow
rate, jet travenie speed and AWJ nozzfe inside diameter) was varied amongst three
levels (minimum, medium and maxirnu.), while the other three variables were kept
constant. The depth of cuts in the block (150 x 150 x 50 mm) made of AISI 1020
were measured by means of a depth gauge at 10 mm intervals along the slot (four
measurements), starting at 10 mm from the beginning of the slot. Thc avcrage of the
measurement values was taken for further analysis. Thc experimcntal results are shown
in Table 1. The depth of cut obtained under the mediurn magnitudes of the AWJ
cutting paranneters (P = 250 MPa, Q = 13.58 g/sec, V = 0.63 mm/sec and

Fro. 2. Abrarivc wrtcrict prcacss paramctcr rclationshipr.
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Cutting conditions
Depth of cut

(mm)

Prersurc
(MPa)

Abrasivc flow rate
(dscc)

Travcrsc specd
(nm/scc)

Nozzlc insidc diamctcr
(mn)

V = 0.63 mm/scc
O = 13.58 g/scc
i.d. = 1"65 mm

P = 250 MPa
V = 0.63 mm/scc
l'.d. = 1.65 mm

P = ?.5O MPa
i.d. = 1.65 mm
Q = 13.58 gl*c

P - 250 MPa
D - 13.58 g/scc
V - 0.63 mm/sec

17.6
t3.7
9.5

15.5
13.7
t0.9

10.2
13.7
20.5

12.0
t3.7
l8. l

300
254
200

18.8
13.58
3.7

l.q)
0.63
0.33

t.2
1.65
2.20

i.d. = 1.65 mm) was taken as a reference magnitude (d6). The other factors were kept
constant, such as diameter of the waterjet orifice (0.33 mm), length of abrasive waterjct
noule (63.5 mm), angle of impact (90'), and the type of the abrasive and its $ain
size (garnet with Mesh No. 120).

The effect of the AWJ cutting parameters on the depth of cut is expressed with
rcpect to the reference depth value. From the experience and obtained exp€rimental
data it is cvident that the depth of cut will increase with increasing waterjet prcssure,
abrasivc flow rate and AWJ noule insidc diameter, and will dccreasc with incrcasing
the jer uaversc spced (Fig. 3), In the AwJ cutting system an op€rator has to adjust
thc waterjet pressurc, abrasive flow rate, jet traverse speed and stand-off distance
based upon the type of material to be cut, depth of cut, surface quality, AWJ noule
wear, etc.

Since the main objective is to illustrate the use of the fuzzy set theory in selecting

AWI Nozzlc lddrDlrreer 0D)
Wlbrlt Plelltn G)
Abill". FlorRrE(Q)
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Flc. 3- Tbc trends of thc changcs of thc dcpth of ant with respect to thc AWJ cutting par:rmctcrs.
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the AWJ cutting parameters for the grven depth of cut, only the single hput-shgle
output cases will be considered in the interest of simplicity. The changes in the depth
of cut with respect to the reference depth value caused by the change in the AWJ
noule inside diameter, wateriet pressure, abrasivc flow rate and jet traverse speed
wcrc selected as the univcrsc of the input, and the soffesponding abrasivc waterjet
cutting variables were selected as the universe of the outPut.

The total depth of sut for the given AWJ cutting variables will be

1

d = d a f l f t , ,

where O, *;. reference depth (d = L3.7mm) obtained under the following sutting
coaditions: P = 250 MPa, Q = L3.58 g/sec, i.d. = 1.65 mn andV = 0.63 mm/sec; R1
are the changes in the depth of cut with respect to the reference depth caused by the
changes in the ortting conditions & = dtldt, i = t,2,3,4i and n is number of the
selected cutting'variables; in this study four variables were sclected.

Universes of discourse for AWJ nozzle inside diameter, waterjet pressure, abrasive
flow rate, jet raversc speed and the change of the depth of cut are discretized into
17 levels with 5 tenns (primary fuzzy sets). The selected primary fuzzy sets are named
as follows: NB-negative big, IVS-negative small, ZA-zero, P.9-positive small, 8trd
P8-positive big. Thc results of the discretization of the inputs and ouputs are given
in Tables 24. lt should be noticed that due to discretization, thc performance of a
hrzr.ly togic controller is less sensitive to small deviations in the values of the process
state variables.

A triangular shape which was found to be the best shape for this application was
selected for the membership function (Fig. a). Overlapping was set only betwcen any
two adjacent variables. It should be noticed that the corect choicc of the memhrship
functions of a term set which is associated with a linguistic variable, plays an essential
role in tle success of an application"

The knowledge extracted from the operator may be organized into a logic control
rules forurat which describes the behavior of the skilled opcrator. Suppose that the
AWJ operator has made a manual control of thc process according to his own hypotheti-
cd verbal descriptions:

IF depth of cut is high THEN waterjet Pre$ure is high OR

Terur"r 2. QummzrnoN Al.rD pilttAnl rtuz;Lt ssTs oF i.d.

Furzy sctr

Lcvcl No. Rangc PS

-8
-7
-6
-.5
-4
-3
-2
-.1

0
1
2
3
4
5
6
7
8

s 0.76
0.76-l.(B
1.09-1.17
r.l7-r.?6
1.26-1.35
1.35-1.44
t.4+t.52
r.52-r.ffi
1.6s.1.69
r.69-t.77
Ln-t,&4
1.84-1.92
t.92-t,n
r.99-2.9t
2.W-2.t4
2.14-2,3

z 2.3

1 0 0 0 0
0 . 7 5 0 . ? 5 0 0 0
0 . 5 0 . 5 0 0 0
0 . 2 5 0 . 7 5 0 0 0
0 1 0 0 0
0 0.75 0.8 0 0
0 0 . 5 0 . 5 0 0
0 0.25 0.75 0 0
0 0 1 0 0
0 0 0.75 0.25 0
0 0 0 . 5 0 . 5 0
0 0 0.25 0.75 0
0 0 0 1 0
0 0 0 0 . 7 5 0 . 2 5
0 0 0 0 . 5 0 . 5
0 0 0 0 . ? 5 0 . 7 5
0 0 0 0 1
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TrsEt.g 3. QurmzenoN AND lnlilAnY flrr;zl srrs or Rl

Frrzzy scts

Levcl No.
Rangc
(mm) zo PSNB

0
0
0
0
0
0.25
0.5
0.75
I
0.75
0.5
0.25
0
0
0
0
0

-8
-7
-6
-5
-4
-3
-t
- 1

0
1
7

3
4
5
6
7
I

s 0.68 I
0.M.74 0.75
0.74-|A.78 0.5
0.78-0,82 0.25
0.82-0.86 0
0.8H).90 0
0.90-0.94 0
0.94-0.98 0
0.98-1.03 0
1.03-1.f, 0
Lm-t,12 0
L.r2-r.16 0
L,t6-r.m 0
1.20.t.25 0
1.2s-1.30 0
1.30-1.36 0
z 1.36 0

0
0.25
0.5
0.75
I
0.75
0.5
0.25
0
0
0
0
0
0
0
0
0

0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
9.25 0
0.5 0
0.75 0
1 0
0.75 0.25
0.5 0.5
0.25 0.75
0 1

Ternrr 4. Qu*mzrnoN ANn PrnaAnY Fvazu snrs or P

Fuzzy scls

Lcvcl No.
Range
(MPa) zo PS PBrVSNB

-8
-7
-6
-5
-4
-3
-2
- l

0
1
7
3
4
5
6
7
8

< 160
160-l9r
191-200
2W-20B
zfp,-2r8
xhu
n7-237
237-2r5
245-254
254-262
262-270
nuns
278-286�
?#294
294-.92
w2-330
> 330

0
0
0
0
0
0
0
0
0
0
0
0
0
0.25
0.5
4.75
I

I
a.75
0.5
0.25
0
0
0
0
0
0
0
0
0
0
0
0
0

0 0 0
0.25 0 0
0 . 5 0 0
0.75 0 0
1 0 0
0.75 0.25 0
0.5 0.s 0
a.E s.ls 0
0 1 0
0 0.75 0.25
0 0.5 0.5
0 0.25 0.75
0 0 1
0 0 0.75
0 0 0 . 5
0 0 0.?5
0 0 0

IF depth of cut is small THEN wateriet pressure is small, etc.

A set of linguistic statements based on expert knowledge will form a\tzzy algorithm.
In this study, five rules are employed for four process variables (AIVJ noule inside
diameter, waterjet pressurc, abiasive flow rate and jet traverse speed), as shown in
Table 10.

After establishing the control rules and partitioning the universe of the inputs and
output$ using the triangle-shaped membership functions it is neoessary to establish the
relationship between ne iaput and the output of the analyzed Process by applyinq tlt
fgzzy relationships. Each frt*y oontrol ruIe is represented by a furzy rclation and the
behivior of a hizzy system is charactedzed by the fuzzy relations. The relationship
betwecn input and output can bc found using Cartesian product expressions of the two
sets [3] as follows:

R input* outPut
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TerLs 5. QurmzrnoN Al{D PruxAlY f,ta:LY sen or R2

Fnzzy scts

Lcvcl No. Raagc NB NS zo PS PB

-8
.?
-6
-5
-4
-3
-2
-1

0
1
2
3
4
5
6
7
8

0.59 I
0.59-0.67 0.75
0.674.72 0.5
0.724.n O.?S
a.n-g.&, 0
0.&4.r, 0
0.914.92 0
0.v24.n 0
0.97-r.v2 0
Lm-L.w 0
LW-1.12 0
r.t2-1.17 0
t.t7-1.22 0
r.n-l.n 0
l.n-l.n 0
t.32-r.39 0
> 1.39 0

0 0 0 0
0 . 2 s 0 0 0
0 . 5 0 0 0
0 . 7 5 0 0 0
1 0 0 0
0.75 0.25 0 0
0.5 0.5 0 0
0.25 0.?5 0 0
0 1 0 0
0 0.75 0.25 0
0 0.5 0.5 0
0 0.25 0.75 0
0 0 1 0
0 0 0.75 a.25
0 0 0.5 0.5
0 0 0.25 0.75
0 0 0 1

Traulr 6. QummzrnoN AND PRIMARY r.tazr srrs or Q

Fuzzy scts

Lcvcl No.
Range
(g/scc) NB PSzoNS PB

-8
-1
-6
-5
-4
-3
-2
-1

0
t
2
3
4
5
6
i
tl

s l.fi
1.04-5.45
5.454.72
6.72-8.0
8.0-9.2
9.2-rs.42

n.a-n.71
fi.71-12.%
12.96-14.08
l4.m-$.$
15.08-16.08
16.08-17.08
17.08-18.08
18.ffi-19.08
19.ffi-20.08
m.06..23.58

> 23.58

1 0 0
0.75 0.25 0
0.5 0.5 0
0.25 0.?5 0
0 1 0
0 0.75 0.8
0 0.5 0.5
0 0.25 0.75
0 0 1
0 0 0.75
0 0 0 . 5
0 0 0.25
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0

0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0.25 0
0.5 0
0.75 0
l 0
0.75 A.?5
0.5 0.5
0.25 0.75
0 l

where * represents the Cartesian product.
A membcnhip function of this relationship is

Pn : min{P;rro,rt, Poutpo,}'

In the following analysis, the procedure of applying the fuzzy set theory in calculating
the necessary AWJ cutting parameters in order to achieve the desired depth of cut by
abrasive waterjet will be illustrated in detail. Namely, in this analysis the desired depth
of cut is the input variable and the outputs are AWJ cutting variables.

As was already stated (Table 10), for every AWJ variable five rules were developed,
bascd on the obscryation of the AWJ milling proc€ss. The AWJ nozzle inside diameter
is taken as the first variable to show the procedure for determining the rnagnitude of
the AWJ cuttiog variable for the given depth of cut. The input to the system is the
change in the depth of cut with respect to the reference depth (13.7 mm) and the
outprrt is the magnitude of the AWJ nozle inside diameter. The fuzzy variables in the
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Trrlrs 7. Quelmzrnor AND Prlltllr sttuz! sm or R3

Fnzzy scu

Level No. Rangc N8 PBPSzoArs

-8
-7
-6
- (
-4
-3
-2
-1

0
I
2
3
1
5
6
7
I

s 0.79 I
0.79-0.83 A.75
0.83-0.85 0.5
0.85-0.87 0.25
0.87-0.91 0
0.91-{'.94 0
0.944.96 0
0.96-0.99 0
0.99-1.0t 0
1.01-1.04 0
t.oFt.u 0
r.07-1.0 0
1.@-1.11 0
1.11-1.14 0
l.14-1.17 0
t.17-t.2 0

> t . 2  0

0 0 0 0
0 . 2 5 0 0 0
0 . 5 0 0 0
0 . 7 5 0 0 0
1 0 0 0
0.75 A.E 0 0
0.5 0.5 0 0
0.?5 0.7s 0 0
0 1 0 0
0 a.1s o.25 0
0 0.5 0.5 0
0 0.25 0.75 0
0 0 1 0
0 0 0.75 0.25
0 0 0.5 0.5
0 0 0.2s 0.75
0 0 0 1

Terr-e 8. Qurmzrnor AND PltxAlY wazv scts or.t

Fuzzy scB
Rangc

Lcvel No. (rttn/sec) PBPJzoivsN8

-8
-7
-6
-5
-4
-3
-2
- l

0
I
2
3
4
5
6
7
I

s 0.18 I
0.18-0.34 0.75
0.3,1-0.38 0.5
0.38-0.43 0.25
0.43-0,47 0
0.{74.52 0
a.52-0.57 0
0.57-0.61 0
0.61-0.66 0
0.66-0.72 0
o.T2-4.78 0
0.78-0.84 0
0.84-0.90 0
0.9(H.y' 0
0.v/-1.ut 0
1.03-1.23 0
> t,23 0

0
0.25
0.5
0.75
I
0.7s
0.5
0.25
0
0
0
0
0
0
0
0
0

0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
a.25 0 0
o 5 0 0
0.75 0 0
1 0 0
0.75 0.25 0
0.5 0.5 0
0.25 0.75 0
0 1 0
0 0.75 a.25
0 0.5 0.5
0 0.25 0.75
0 0 1

€ . 7 4  - 5  1 € A  - t  0 + l + 2  € + { + t $ + 7 + 8

Frc. 4. Thc mcsrbcrship frrrnion of ttzy scr ia unircnc of dircoursc.
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Trrr-e 9. Quumzenorr AND P$rrrnY wz.zr srrs or rR4
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Fuzzy scts

[*vel No. Rangc PB tv8Ar5PS zo

0
0
0
0
0
0
0
0
0
0
0
0
0
0.25
0.5
0,75
I

-8
-7
-6
-5
-4
-3
-2
-1

0
1
2
3
4
5
6
7
I

s O.7l I
0.7t4.76 0.75
0.?6-0.80 0.5
0.$-0.84 0.u
0.84-0.8? 0
0.rt-0.91 0
0.914.9f 0
0.94-0.98 0
0.98-1.(B 0
1.03:-1.10 0
1.10-1.17 0
t.r7-r.25 0
1.25-r3l 0
1.31-1.39 0
1.39-1.45 0
1.45-t.56 0

> 1.56 0

0 0 0
0.25 0 0
0 . 5 0 0
0.75 0 0
1 0 0
0.75 0.25 0
0.5 0.5 0
0.u 0.?5 0
0 1 0
0 0.75 0.2:i
0 0.5 0.5
0 0.25 0.75
0 0 1
0 0 0.75
0 0 0 . 5
0 0 0.2s
0 0 0

Trrle 10.'IF-TIIEN' lut"Es

For hc AWI mzzlc hsidc diameur (i"d.)
Rulc 1: IF ftl - /VA THEN i.d- - NB
Rulc 2: IF Rl = /VS THEN id. = rV.f
Rulc 3: IF Rl = ZO THEN t-d. ' ZO
Rulc 4: IF Rl - P.t THEN i.d. = PS
Rule 5: IF Rl = P8 THEN i-d- = PB

For kc water ict Prcsarc (Pl
Rute l: lF n2 = N8 THEN P = NB
Rulc 2: IF R2 = iVS THEN P - JVS
Rulc 3: lF K2 = ZO THEN P = ZO
Rule 4: IF n2 = P.l TIIEN P = P.I
Rule 5: IF R2 = PB THEN P = PB

For thc abrasive fiow rotc (Q)
Rulc l: IF R3 = M THEN A = NB
Rutc 2: IF R3 = JVS THEN A - IVS
Rufc 3: IF R3 = ZO THEN O - ZO
Rulc 4: IF R3 = P.S TIIEN O = PS
Rule 5: IF R3 - PB THEN A = PB

For tlp iet travase sPccd (S)
Rulc l: IF R4 = IVB THEN 5 = PB
Rulc 2: IF R4 = Att THEN S - PS
Rulc 3: IF R4 - ZO THEN S = ZO
Rulc 4: IF R4 - PS THEN S - i/J
Rulc 5: IF R4 = P8 THEN .t = NB

form of negativr: big, negativc small, and positive small and positive big are specified
with respect to the reference points that are described as zeno Polnts"

In the case of rule I (IF Ri = NB THEN i.d, = NBr, the firzzy relation will be

FRl : (Rl)NB+ (t.d.)NB

which has a membersbip function of

Frnr = min{p,,"r(Rl), Prva(i.d.)} .

The firzzy set for a negative big change in the depth of cut {RI(AIB)} is defined
from Table 3 as
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Trru 11. Tns nEt^noNsrut oF rHE rwo Fl zzY sms {Rl(tt',) and r:.d.(NB)}

Rt universe I
i.d. universc

-8 -7 -6 -5 -4

0.?s 0
a.?s 0
0.2s 0
0.25 0

0 0

I
0,75
0.5
0.2s

0FRl

-8
L 7
-6
-5
-4

0.75 0.5
0.7s 0.5
0.5 0.5
0.25 A.25

0 0

0
0
0
0
0

0

R1(i l8) = 1/-8 + 0.751-7 + 0.5/-6 + A.251-5 + Ql-4+ .. .  + 017 +018 .

The fuzzyset for the negative big AWJ nozzJeinside diameter {i.d.(NB)} is defined

from Table 2 as

i .d . (NB)=  1 / -8  +0 ,751-7  +0 .5 / -6  +0 .81-5+01-4  + . . .  +  017  +018 .

The relationship between these two fitzzy sets {RL(IVB) and i.d.(NB)} in the first

mle is shown in Table 11.
Using the same procedure, the other four relationships of $9 yc91d, third, foutth

and fifth rules wer! developed and the results are shown in Tables l2-t5.
An inference mechanisrn is used, in conjunction with the rules, to determine the

proper acrion during the operation. By combining tle fuzzy relationships an input will

be attoweO to be anfof theielected linguistic values (either'negative !ig" OR "negative

small', OR . . . OR '.positive big'). The combination operator "gRl rePresents the

maximum of the mem-bership values of all of the involved fri?z'l relations.
T\e finzy algorithm for the modeling of the induence of the AWJ nazzle inside

diameter on the depth of cut is obtained by combining all five fuz:zy relationships with

thc "OR" operator as follows:

IFRI : NBTI{EN i.d. = NB OR

IFRI = NSTHEN i.d. = ilSOR

IF Rl = ZO THEN i.d. = ZO OR

IFRl = PSTHEN i.d. = PSOR

IFR1 = PB THEN i.d. = PB.

Tert.e 12. T[s BErrnoNsHrp oF rnE Two n:r;lY sErs {fiI(tVS) and r'.d.(tfS)}

Rl universc -7 -6
i.d. univcrsc

-5 -4 -3 -Z -1 0  . . .  I

-8
-7
-6
-5
-4
-3
-2
- l

0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0

0 0 0 0 0 0 0
o.75 0.25 0.?.5 0.8 O.25 0.U A'25
0.25 0,5 0.5 0.5 0.5 0.5 0.8
o.E 0.5 o.7S 0.75 0.75 0.5 0.25
0.25 0.5 0.75 I 0.75 0.5 o.zs
o.25 0.5 0.75 0.75 0.75 0.5 0.25
0.25 0.5 0.5 0.5 0.5 0.5 o.zt
a.25 0.25 025 0.25 0.25 0,25 0.25

FF.z

0  . . .  0
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TrsrE, 13. Tns lElrrloNsgt? or tttE relo Fl1tzzr sers {RI(ZO) and i,d,(Z0ll
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Rl univcrsc -8 -4 -2-3
i.d. univcrc
- l  0 1 4 8

0 0

- 4 0
- 3 0
- 2 0
- l  0

F R 3 O O
l 0
2 0
3 0
4 0

0 0
0 0.2t
0 0.25
0 0.25
0 0.25
0 0.?5
0 0.2s
0 0.25
0 0

0 0 0
a.25 0.25 0.25
0.5 0.5 0.5
0.5 0.75 0.75
0.5 0.75 I
0,5 0.75 0.75
0.5 0.5 0.5
0.25 0.25 0,25
0 0 0

0 0
0.8 025
0.5 0.5
0.15 0.5
0.75 0.5
0.75 0.5
0.5 0.5
0.25 0.u
0 0

0 0 0
a.25 0 0
a.E 0 0
0 . 2 5  0  . . ,  0
a.?5 0 0
0.25 0 0
0 . 5 0 0
0.25 0 0
0  0  . . .  0

TABLE 14. Tns nEltltroNsHr? oF rHE TetO su?.zr]lsrrs (81(PJ) and i.d.(PS))

Rl univcrsc -8
i.d. univcne

2 3 4

-8

FR4

TesLE 15. TnE rEurfloNsHtp oF n|E rwo FUzzY srrs {il(PB) and ,.d.(PB)}

Rl univcrsc -8
i.d. univenc

4 5 6

FRs 0 0 0 0
0.?s 0.25 0-?5 0.25
0.25 0.5 0.5 0.s
0.8 0.5 0.75 0.75
0.?s 0.5 0.7s I

The membcrship function of this combined fuzy relationship is

Fr',t = m&x I PaRt, Ilrxz, Prnl, Frnr, lrrns)

The combined tuzzy relationship is given in Table 16. This relationship describes the
a6ion of the AWJ operator. Namely, using this relationship it is possible to determine
the needed AWJ nozzle inside diameter in order to achieve the desired depth of cut.

0
0
0
0
0
0
0
0

I
2
3
4
5
6
7
E

0 0.8
0 4.25
0 0.25
0 0.2s
0 0.25
0 02s
0 0.25
0 0

a.?5 a.25 0.25 0.2s 0
0.5 0.5 0.5 0.25 0
0.75 0.75 0.5 0.25 0

I 0.75 0.5 0.25 0
0.75 0.75 0.5 0.?s 0
0.5 0.5 0.5 0.?5 0
0.25 0:5 0.2s 0.8 0

0 0 0 0 0

0.8 0.25
0.5 0.5
0.5 0.75
0.5 0.7s
0.5 0.75
0.5 0.5
a.25 0.25

0 0

-8

0
0
0
0
0

4 0
5 0
6 0
7 0
8 0
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Abrasivc Watcrjct Cutting Prrameters 6l

Contrary to this, it is possible to predict the depth of cut based on the known AWJ

nozzle inside diameter'
As an example, assume that the required depth of cut is 12 mm. What will be the

corresponding AWJ noule inside dianreter knowing all othcr AWJ ortting pararnetcrs
(waterjet prert*e is 250 MPt, abrasive flow rate is 13.58 glsec and jet travers€ speed
ir O.O3irr/sec)? The ratio of the required depth of cut with respect to the reference
depth of cut is 0.88. From Table 16 the colresponding fuzzy set is

p{Rlto.esr} = (0 0.2s 0.5 a.75 0.75 0.75 0.5 0.25 0.25 0.U 0.25 A.?5 0 0 0 0 0} .

Since the machine docs not undenitand fuzzy variables, it is necessary to perform
defuzzification by using, for examplo, the center of gravity method"

The required AWJ nozzle diameter will be

i.d..".,

d.d.""r,

Based on Table 16, the defuzzified relationshiP between the change in depth of cut

088 0J5 1.0 1.0t,

Rl -dr/dr

l,l8 l.tt rg

( t 7  |  l r 7= 
tT i.d. x ]L(i.d.)lf }v{i.a.)

= (0.25 x (1.03 + 1.56 + 1.65 + 1.72 + 1.8 + 1.87)

+ 0.5 x (1.12 + l.4l)+0.75(L21 + 1.3 + 1.34))10.25 x 6

+ 0.5 x2 + 0.75 x 3 = 1.38 mm.

1a

g
$
5g
E
o

E
2e

3m

al

s z n
!i
* 

2{o

!i
ll 2ro
33

1.0 L
0.72

a.n
180.L
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0.s 1.0 1.0t

R?-&/dt

1.{r 13tt ul:l 1.0 0.93 offi ora 0.72
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o'e ros

Q
E
5 ozs

E
3tt

$ o o
,g
E

o25

t2(t86
6 -
0.84

1.0

R{-drldr

Frc. 5. Thc rclations betwccn thc AWJ artting paramctcr and thcir contribution ratios to thc depth of cut-

and the AWJ nozzle inside diameter can be rePresented graphically as shown in

Fig. 5(a). Using the same procedure, the deftuzified relationships betwcen the change

in-aep'tti of cul and wateriet presure, abrasive flow rate and jet traverse speed are

obtained and presented graphically in Fig. 5(b)' (c) and (d)'

4. DISCUSIIION

The fuzzy algorithms developed for rnodeling thc influence of the AWJ cutting

par:rmete6 on ih" depth of cut, presented graphlfUy in Figt-S, could be effectively

used for the off-line selection of ihe magnitudes for the AWJ cutting Paramcters in

order to achieve the desired depth of cut. It is evident that the ftrzy dgorithms could
be easily processed by computeiand thereby make the AWJ cutting Pammeter selection
procedure mors convenient for thc operator.' 

Figure 6 illustrates the procedure of selccting the AIVJ cutting parameters for the
t"qut"d depth of cut. tnl nnt stage of the procedurc is to determine thc requqg{
Oeitn of sui and then, throug[ the iterations procedure, select the most suitable AWJ
cgiting parameters whose combination will pioduce tbe rcquired depth of cut- With
this a[pi:oaclr the op€rator can sisrulate all possible combinations of the AIMJ cutting
parameters before the cutting starts.

Among the four selected psrameter, thc magnitude of the AWJ nozzle inside
diameteiis known in advaocc. The opcrator can measure it and input its value into
thc program in order to detennine the ratio Rl, which represents thc contribution of
tne AWf nozzle inside diameter to the required depth of cut. The combination of the

d

d)



Abrasive Watcrjet Cutting Paramcters

Frc. 6. Thc procedurc of sclectiag thc AWJ cutting parametcn for the required dcpth of cut.

remaining three parameters-waterjet pressure, abrasive flow rate and jet traverse
speed-will continue until the difference between the required depth of cut and esti-
mated depth of cut is less than the predetermined value e.

The following example shows how this proposed procedure could be used in the
selection of the AWJ ortting parameter$ in order to achieve the required depth of cut.
Assume that the required depth of cut in the milled steel AISI 1020 is 15 mm. lVhat
will be the combination of the AWJ cutting parameters in order to achieve this depth
of cut? The operator will measure the inside diameter of the AWJ noule outlet.
Assume that in this case this diameter is 1.3 nm. The contribution ratio R1(0.83) of
the AWJ nozzle inside diameter to the depth of cut is obtainable from Table 16 or
from the corresponding diagram shown in Fig. 5. The values of the remaining three
AWJ artting parameters will be selected through the iterations satisfying the condition
that the absolute difference between the required depth of cut and estimated one will
be less than or equal to the selected magnitude. In this case th€ difference is selected
to be 0.2 mm. 'fhe selected values of these three AWJ ortting parametexr with their
corresponding contribution ratios to the depth of cut are: wateriet pressure, 231 MPa
with R2 : 0.89; abrasive ffow rate, 16.34 g/sec with R3 : 1.07i and jet traverse speed,
0.42 mmlsec with R4 = 1.37. The reference depth of cut, as already mentioned is
13.7 mm. Then the estimated depth of cut will be

4

d = d u f l n r = 1 4 . 8 m m .

The experJ"n, was performed in order to obtain the actual depth of cut aod to
veri$ the validity of the proposed methodology. The average actual depth of cut
obtained under the following conditio$-wat€rjet pressure, 23t MPa; abrasivc flow
rate, 16.34 g/sec; jet travene speed, 0.42 mrn/sec; and AWJ noule inside diameter of
1.3 mm-was equal to 14.3 mm. Table l7 shows the results for thc otber two examples.

From the obmined results, it is evident that the proposed methodology, based on
the fuzzy rules, for selecting the AWI cutting parameters in order to achieve the

69
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logic controller for the new generetion of the AWJ crrtting systems, whictt could insure

the achievement of the uniform depth of cttt.
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