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Na osnovu &lana 64. Statuta Univerziteta Crne Gore (Bilten UCG br. 337 — posebno
izdanje od 13. Februara 2015.godine), i ¢lana 33, stav 2 Pravila doktorskih studija
Univerziteta Crne Gore, Vije¢e Masinskog fakulteta u Podgorici, na sjednici odrzanoj
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kandidate:

Ramiza Kurbegovica,
Vuka Kovijanica,
Borisa Hrn¢ica,
Marka Mumovica.
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Kandidat nije u potpunosti odradio eksperimentalna istrazivanja, zbog nepostojanja moguénosti
w zemlji b okruzenju za specificnom termickom obradom materijala za ispitivasnje. 1z tog razloga
se pristupilo nabavel opreme - peci za termicku obradu koje mogu da odgovore zahtjevima.

Da 2 X3 D4 s

I, Kurbegovic, R, Janji¢, M. i Vukéevié, M. (2019) Engineering economic analysis of water,

‘Ocjene sui | — nedovoljan, 2 — dovaljan, 3 — dobar, 4 — vrlo dobar, 5 — odlican
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clectricity and abrasives costs and their effect on the price of abrasive water jet
machining. 1st International Conference on new rescarch and development in technical
and natural science. Radenci, Slovenija. pp. 32-36.
2 Kurbegovié, R, Janjié, M., Vukéevie, M. i Durovi¢, D. (2020) Uticaj Parametara Obrade
Abrazivnim Vodenim Mlazom na Odstupanje Prednje Linije Reza. 42. JUPITER
Konferencijaa. Beograd, Srbija. pp. 3.81-3.87,
Janji¢, M., Kurbegovic, R. and Vukcevié M. (2020) Engineering Economic Analysis of
Abrasive Water Jet Machining Quantitative Characteristics. The 5th International
Conference on Mechanical Enginering in XX Century. Ni§, Serbia. pp. 279-282,
4. Kurbegovi¢, R. and Janjic M. (2021) Jet Lagging in Abrasive Water Jer Cutting of High-
Speed Tool Steel. 10th International Conference of Heavy Machinery, Vrnjacka Banja,
Stbija. pp. B.17-B.24 1
Kurbegovié, R. and Janji¢ M. (2021) Jet Lagging in Abrasive Water Jet Cutting of Tool
Steel. 14th Internarional Scienfic MMA 2021 - Flexible Technologies. Novi Sad, Srbija.
\ceepted.
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provedenih istraivanj

Dokrorand, mr Ramiz Kurbegovic je polozio sve ispite u skladu sa nastavnim planom
dokiorskih studija. Aktivnost vezane za odbranu polaznih istrazivanja, pripremu uzoraka za
glavin istrazivanja i publikovanje rezultata su vremenski pomjerene. Ovo je nastupilo dijelom
ushijed COVID-19 situacije.

Javna odbrana polaznih istrazivanja organizovana je 09.07.2020. godine na Masinskom
fakulicru Univerzitetn Crne Gore. Kandidat je vrlo uspjesno obmzlozio izabranu  temu
Wstrzivanje parametara obrade abrazivnim vodenim mlazom® 1 zakljucke do kojih je dosao
nakon realizovanih polaznih istrazivanja. Nakon uvida u dostavljeni materijal, javne odbrane
polaznil istrazivanja i odgovora kandidata na postavljena pitanja, Komisija je misljenja da je tema
dokrorske diserracije aktelna 1 disertabilna i jednoglasno predlozila Vije¢u Masinskog fakulteta i
Senatu Univerziteta Crie Gore da prihvat temu ove doktorske disertacije i kandidata.

Dokrorska disertacijn kandidata mr Ramiza Kurbegoviéa zahtjeva qpcclﬁcml rermicku
pripremu uzoraka za gl-lwn istrazivanja. Kako se nije mogao nadi adekvaran nacin za pripremu
uzoraka u Crnoj Geri 1 okruzenju, nabavljena je odgovarajuéa oprema kako bi se prevazislo ovo
ogramicenje i nastavilo sa daljim radom na doktorskoj disertaciji.

Pripremljeni su programi za analizn rezultata mijerenja koji ée se dobit tokom glavnih
istrazivanja 1 na taj nacin ubrzati analiza 1 obrada podaraka istrazivanja,

Dart nci
-pwm;u i

Dfm

'I"l(l’i

(Ako e pluhodm odgovor,,! ili ,,2“ dati obraz.!ozcn;c lprucdlogc za pUlJUl}\dﬂlL)

Obrazac IM: Godisnji izvjestaj mentora o napredovanju doktoranda 2/3



UNIVERZITET CRNE GORE

Obrazac IM:Godisnji izvjeitaj mentora o napredovanju doktoranda

o il b ML E AN s 3 o {

(Ao je prethodno dat odgovor pod ,.b)* ili ,.¢)* dati obrazloZenje 1 prijedloge za poboljsanje)
Uslov je da Kandidat intenzivira rad na zavrsetku cksperimentalnih istrazivanja, obradi rezultate,
dode do zakljucaka koji ¢e potvrdin hipoteze Disertascije, a sve to objavi u radovima koji ée biti
publikovani u casopisima na SC1/SCIE list.
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Ist International Conference on New Research and Development
in Technical and Natural Science,

ICNRDTNS

Mechanical Engineering

Radenci, Slovenia, 18.- 20. September 2019




The organizers of the |st International Conference on New Research and Development in Technical and Natural Science, ICNRDTNS
are expecting you, our dear participants and guests at another traditional gathering of all of those who are interested in the use of
Mathematics, Physics. Chemistry, Biology, Medicine, Computer Science, Electrical Engincering, Mechanical Engineering, Civil and
Geotechnical Engineering and all related high technologies in the felds of Engineering and Science,

During the whole week from 18th until 20th of September 2019 in Radenci, Slovenia, the 1st convention ICNRDTNS offers you a
number of interesting cvents. The first bioclimate health resort in Slovenia, featuring springs of mineral and thermal Radenska water,
invites relaxation that will boost your health and well-being. Numerous regular guests are loyal to this health resort with a big heart,
The conference venue is the hotel Radin. Radenci Spa is located in the northeastern Slovenia, 5 kilometers from Gornja Radgona at
the Austrian border and 12 kilometers from Murska Subota. Legends say that the path for the mineral water in the Radenci Spa is
paved by the diligent clves. Karl Henn was listening to the underground ripples in 1833, when he visited Radenci for the first time.
After detailed water analysis, he came back to Radenci as an acknowledged doctor and filled a first bottle with Radenska mineral
water in 1869. It was later delivered to the imperial court in Vienna and to the pope in Rome. First guests visited Radenci almost 130
years ago, or in the year of 1882 to be more exact. Radenci Spa is known worldwide for its mineralized water. Mineral water
Radenska is sodium-calcium-hydrogen-carbonate mineral water and its CO2 concentration make it one of the most abundant mineral
waters in Europe. It has multiple therapeutic and beneficial effects on our body: stabilizes blood pressure, precipitates digestion,
neutralizes excessive castric acid, lowers the uric acid values, increases urine excretion and strengthens the body and well being in
general. Mineral water helps with different heart and blood vessel diseases: arterial hypertension, stable angina pectoris, conditions
after suffering a heart attack, conditions after heart and blood vessels surgeries, obstructed peripheral arterial and vein circulation.
Mineral water is used in water-intake therapies and mineral baths, The temperature of the mineral bath is 30-33 degrees Celsius, it
lasts from 5 to 20 minutes, depending on the individual. A si gnificant therapeutic factor in Radenci spa is also the sweet water mud.
Peloid compress has « soothing effect, alleviates the pain and has a positive effect on chronic inflammations. As one of the rare true
health resort towns, Radenci boasts as many as four natural healing factors: natural mineral water, thermal water, healing mud
(peloid) and beneficial climate with 250 sunny days per year. Radenci is know as oldest marathon. This is the oldest marathon, not
only in Slovenia but in all of south-castern Europe. All tracks are officially measured by AIMS/IAAF. They are run on flat terrain
between ficlds and villages along the river Mura. As a participant describes the event: “One of the last running events with heart and
soul” Three Hearts Marathon (Slovene: Maraton treh src) is a marathon, organised in Radenci in Slovenia. It has been taking place
since 1981 and attracts several thousand people each year. In addition to the marathon, a half marathon (21 km), recreative running
(10 km) and a course [or juniors and teenagers are organised. The event was the Slovenian national championships race from 1992 to
1998 and has hosted the national race in even-numbered years since then, now sharing the honour with the Ljubljana Marathon.

The programme of ICNRDTNS includes plenary sessions, core dialogues, debates, discovery demos, knowledge exchange sessions,
knowledge factories. nctworking meet-ups, panel talks and poster presentations on specific topics and informal networking
opportunities in which practitioners share their experiences, ideas, new information and perspectives.

On behalf of the International Program Committee we express our sincere gratitude to our sponsors.

Come to magical, ancient and sunny Radin, participate in ICNRDTNS 2019 and be part of the ICNRDTNS events from September 18
—-20, 2019,

Dr. Matej Babig, Ph.DD

International Program Committee General Chair
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ENGINEERING ECONOMIC ANALYSIS OF WATER, ELECTRICITY AND
ABRASIVES COSTS AND THEIR EFFECT ON THE PRICE OF ABRASIVE WATER
JET MACHINING

Ramiz Kurbegovié, Mileta Janji¢', Milan Vuk&evié
rkurbeg@gmail.com
Faculty of Mechanical Engineering, University of Montenegro, 81000, Podgorica, Montenegro

Abstract

Abrasive water jet 1iachining is one of the non-conventional production technologies, and for its many advantages over
other cutting technologies, it is often used in the industry. However, to find a wider application and improve its
performance, it is nccessary to perceive a number of input and output parameters and their impact on the machining
process.

The aim of this paper is to investigate the effect of water, electricity and abrasives costs, as most dominant operating
costs, on the price ol abrasive waterjet machining and to find the economically acceptable variance of process parameters.
Major significant process factors affecting the price of abrasive waterjet machining were determined. Relationship

between the cost of :brasive waterjet machining and the costs of water, electricity, and abrasives has been formed.
Keywords: Abrasive Water Jet, Engineering economic analysis, Water jet lagging
1. Intreduction

The principles on which the abrasive water jet machining process is based on is erosion. Some authors explain the process
of erosion as a kind of abrasive wear, at which abrasive particles and water jet repeatedly impact the surface, resulting in

flushing of the materal from that surface [1,2].
The cutting front geometry of the workpiece machined by the abrasive water jet is influenced by machining parameters
such as traverse spoodl. operating pressure, abrasive flow rate, standoff distance, depth of cut and angle of cutting [1,3].

Defining the geomeiry of the cutting front, is in fact, the determination of the deviation - lagging, Ylag, of the abrasive
water jet from the vertical line. The line that defines the lagging of abrasive water jet is described by Zeng et al. [4] as a
parabola.

Analyzing and comyaring costs represents the basic aspects of engineering practice [5]. Since there are a large number of
costs that affect the (inal price of the abrasive water jet machining, the analysis of the most dominant operating costs will
provide insight into the justification of the variation of certain process parameters. The cost of water, electricity, and
abrasive, represent 11c most dominant exploitation costs.

2, Experimeut: | details

Experimental rescarchi was realized to define the influence of water, electricity and abrasives costs on the price of

abrasive water jet michining and to achieve better machining performance.

Samples presentcd v Marusi¢ et al. [6], concerning the influence of the water pressure (p), traverse speed (v,) and
abrasive flow (1,1 on the abrasive water jet lagging, were used for creating experimental variants for this work.
Machining paramet: < are shown in table 1.

The system used for machining the samples, is the product of PTV JETS, model 3,8/60 Classic, Czech Republic. Orifice
inner diameter was (.254 mm. Inner diameter of the focusing tube was 1.02 mm with a length of 76 mm. Jet impact angle

! . name of the presenter
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was 90°, Abrasive nuterial was Garnet mesh 80. Work picce material was stainless steel X5CrNi 18-10, thickness of 30
mm. Distance between focusing tube and material was 2 mm.

Maximum installed power of the system is B,q, = 49,4 kW. 3-phase asynchronous motor on the pump has a nominal
power of 37 kW. Ot.cr consumers, with an installed power of Poc = 12,4 kW, are air compression machine,
water treatment sysicni, abrasive supply system, oil cooling system and CNC (Computer Numerical Control) workstation
with automation. Maximum water flow of the system is 3,8 I/min (Q4).

Table 1. Samples and its parameters [6]

Sample 4 Sample 10 Sample 11

Sample 5 Sample 17

mm

mm
=40 —/— =50 — —gn
s 40 min Vs min ¥ 35 min
p =413 MPa p =413 MPa p3 =290 MPa ps = 245 MPa p = 413 MPa
4002 | 7 =200 | w. =400 | # =200-9- | &, =350-9 h = 150 -2
m, = 400 = _ma = 400 == Mg = 400 s m, = 400 — g, = 350 e tigs = 150 e
Measurements for < crmining water jet lagging were performed in ten places (at the same distance) along with the

sample thickness usiiu optical microscope.
For the description of the operation of centrifugal pumps the affinity laws given by Equations (1), (2) and (3) can be used.
They are useful for quick and precise enough analysis.

B M
Qp np 4
n
Pa _ (__{‘.) Q)
I;’B ng 5
n
A= (.i) @3)
P Ny
where: Q — flow, p — nressure, P — power of the motor and n — speed of pump impeller.
Needed Strength of thc pump (and motor) is described with equation (4).
pQ
p=—-—= 4
Ny

2.1. Experinontal Procedure

Variant A of this work will be sample 17 from table 1. For getting almost identical values of water jet lagging, as in
sample 17, linear interpolation was used on water pressure parameter on samples 10 and 11. Calculated value of water
pressure is p, = 265 MPa and that will be the Variant B of this work. Both variants and its parameters are presented in
table 2.

33|



Table 2. Variants for the analysis

Variant A Variant B
D b i - Y
min min
P =413 MPa Px = 265 MPa
ity s =150 2 e = 400 —2—
min min

Costs will be analyzcd for a year of machining, with a straight line machining of 30 m/day, 20 working days/month.
Water price will be (/7 = 1 €/m3 and price of abrasive Garnet # 80 will be UP, = 4001 €/t. Electricity price will be
calculated in accordince with the Price List of Elekroprivreda Crne Gore A.D. Niksic [7] for a basic model consumer

with a single tarifl 1:.ter connected to a 10 kV line, measuring the average 15-minute load, active and reactive power.
3. Results
According to the ¢iven length of machining (Ipw) and the speed of cutting head (v) we can get daily machining time

tpy = 857,14 min/lay, which is same for both variants.
Using the tpy, number of working days (Nyp), abrasive mass flow for variants A (Mg s) and B (m,) and price of
abrasive (UPy), we can calculate abrasive grand total for A (PA,) i B (PAp):
PA; = tpy " Nyp ~tig5-UPy - 1078 = 12.342,82 €/year 3)
PAg = tpy * Nyp -m, - UP, - 107 = 32.914,18 €/year (6)
Conditions for eleciiicity cost caleulation: np 4 = npg = Np = 80 %, Ngma = Nemz = Nem = 93 %, neN.A =NpNB =
Men = 98%, n14 = 7115 =N =90 %, cospy = cospg = cosp =1, and ny = 1480 rpm, where: np, N, Npns M —
efficiency of pump. motor, pipe network and intensifier, cose — power factor, and n, — rotation speed of motor. Total
system efficiency (7, ) is 65,621 %.

Using affinity laws (1), (2), (3), and equation (4), we can calculate pump impeller speed (ng = 1186rpm) and
flow for variant B ((/; = 3,05 [/min), required power for electric motor for variant A (Py = 23,92 kW) and B (Pg =
12,28 kW). Total 1cuired power of A (Pr 4 = 30,12 kW) and B (Prp = 18,48 kW) variant will be a sum of required

powers of electric motors with a half of installed power of other consumers (Pyc). Price of the electricity, for variants A
and B, are shown in tabs 3,4 and 5.

Table 3. Monthly price of the electricity for a variant A

Name Unit of Unity price Consumption Price
' measure [€c/KWh] [KWh] |€]
Active electricity kWh 4,4932 8605,69 386,67
Reactive electricity kVArh 0,8986 0,00 0,00
Engaging transmission capacity kW 9,3632 30,12 282,02
Laosses in the distribution system kWh 0,1113 8605,69 9,58
Compensation to the market operator monthly 0,0175 8605,69 150,60
Price w/o VAT (21%) 828,87
Tabela 4. Monthly price of the electricity for a variant B
N Unit of Unity price Consumption Price
measure [€c/kWh] [kWh] [€]
Active electricity kWh 4,4932 5279,98 237,24
Reactive electricity kVArh 0,8986 0,00 0,00
Engaging transmission capacity kW 08,3632 18,48 173,03
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Losses in the distril

wilion system kWh 0,1113 527998 5,88
Compensation to the market operator monthly 0,0175 527998 92,40
Price w/o VAT (21%) 508,55
Table 5. Price of the clectricity
N Price
) [€/year]
Price of the electriciiy for variant A (PE,) 9.946,44
Price of the electriciiv for variant B (PEg) 6.102,60
Total price of water consumption (PW),) and (PWp) is calculated using equations 7 and 8.
PWA = UPW ' QA -60- tDM 'NWD = 781,95 €/year (7)
PWg =UPy - Qg+ 60-tpy * Nyp = 627,62 €/year )
Total price of the machining for A (MP,) and B (MPg) is calculated using equations 9 and 10.
MP, = PE, + PA, + PW, = 23.071,21 €/year 9
MPg = PEg + PAp + PWp = 39.644,40 €/year (10)
Relationship between total price of the machining for A and B is shown in equation 11.
CKp
K, 1,7183 (11)

Calculating the pricc difference, we can improve productivity of the variant A for the given difference. Improvement in

abrasive flow of the

Sample 13 have sin:
improvement, linca
value is v; = 41,71
Improvement in pr

4. Conclusions
Total price of the m
parameters from va
Prices of water and
variance of pressurc
improve productivi
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variant A (I4) will be:
Iy

_ (MPs—MPy)
UPy - Nwp * tpy

= 201 g/min

ar machining parameters for economically identical and improved variant A. To get the productivity
mterpolation was carried on samples 4 and 5 (shown in table 1) to get traverse speed value. That

nm/min.

ictivity of the abrasive water jet system will be:

v
- =11914
v

(12)

1chining, using parameters from variant B, is 71,83% higher than a total price of the machining using

ant A, with a same productivity and quality if the machining.

clectricity influences less on a total price of the machining than a price of abrasive. From this we can
conclude that the variance of abrasive flow, as most dominant cost, represents an economically sound approach, while
-lowering working pressure, represents an economically wrong approach.
Machining speed o/ variant A could be improved to 41,7 mm/min, for the same quality and price as in variant B, and

of the system by 19,14%.
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Kurbegovié, R., Janji¢, M., Vuk&evié, M., Burovié, D. V

I PARAMETARA OBRADE ABRAZIVNIM VODENIM MLAZOM
NA ODSTUPANJE PREDNJE LINIJE REZA ?

Rezime

civirim vodenim mlazom je jedna od nekonvencionalnih proizvodnih tehnologija koja se sve vise

wstrifi. Medutim, da bi se unaprijedile njene performanse, neophodno je bolje razumjevanje
ih i izlaznih parametara ove obrade i njihova medusobna zavisnost. Cilj ovog istraZivanja je

uticaja ulaznih parametara obrade (radnog pritiska, brzine kretanja rezne glave, protoka

stojanja rezne glave od predmeta obrade) na odstupanje prednje linije reza od svoje upravne
‘nanja do kojih se doslo ukazuju da primjenjeni parametri obrade uticu na odsupanje prednje
svoje idealne upravne linije.

Olrada abrazivnim vodenim mlazom, Obrada materijala, Odstupanje prednje linije reza

n na kom se zasniva postupak obrade abrazivnim vodenim mlazom je erozija. Neki autori
iroces erozije kao vrstu abrazivnog habanja, pri kojem abrazivne Cestice i vodeni mlaz uzastopno
poviinu, $to rezultira ispiranjem materijala sa te povrsine [1,2].

.oliko radova koji se bave geometrijom reza i faktorima koji uti¢u na njegov konacan izgled.
seometriju reza koji je obraden abrazivnim vodenim mlazom uti¢u parametri obrade kao §to su
brzina kretanja rezne glave, protok abraziva i rastojanja rezne glave od predmeta obrade [1,3].
> geometrije reza je zapravo utvrdivanje odstupanja - zaostajanja, Yia, abrazivnog vodenog
¢ vertikalne linije. Linija koja opisuje zaostajanje abrazivnog vodenog mlaza, Zeng i ostali [4]
a0 parabolu.

ada je odrediti uticaj parametara obrade abrazivnim vodenim mlazom, kao $to su radni pritisak,
rezne glave od predmeta obrade, X, brzina kretanja, ve i protok abraziva, ms, na zaostajanje
denog mlaza.

IMENTALNA ISTRAZIVANJA

je uticaj radnog pritiska, brzine kretanja rezne glave, protoka abraziva i rastojanja rezne glave
brade na zaostajanje abrazivnog vodenog mlaza. Istrazivanje je obavljeno na masini za obradu
adenim mlazom proizvodaca WIS, Svedska, model NCX 4020. Koristeni pre¢nik vodene
254 mm, a abrazivne (fokusirajuce cijevi) 0,768 mm (ROCTEC 100). U svim eksperimentima
rnet # 80.

ijal na kom je vrieno istrazivanje je brzorezni alatni Eelik EN HS6-5-2 (JUS ¢.7680, AISI M2),
PT (Elektro pretapanje pod slojem troske) metodom u kalupu okruglog oblika, normalizvan,
n na ploge debljine 42 mm, zatim maSinski obraden na mjeru 40+0,05 mm. Iz diskova su
ydenim mlazom dobijeni uzorci dimenzija 40x40x110 = 0,05 mm. Strana koja je obradena
sdenim mlazom maginski je obradena na 38 + 0,1 mm za potrebe razlikovanja.

‘asijecani do duzine od 30 mm. Na toj duzini reza zaustavljan je dotok abraziva, a odmah zatim

! mr Ramiz K

Gore, Masins!
(milanvui ue:
2 U okviry
slstrazivanjo

begovic, Univerzitet Crne Gore, MaSinski fakultet, (thurbea(@email.com), prof. dr Mileta Janjié, Univerzitet Crne
Jultet, (mileta@ueg.ac.me), prof. dr Milan Vukéevié, Univerzitet Crne Gore, Masinski fakultet,
e ), Dusan Burovié, AD Mehanizacija i programat, (admip(@t-com.me)
: rala saopStavaju se rezultati istrazivanja koja se sprovode na projektu doktorskog istraZivanja
ramctara obrade abrazivnim vodenim mlazom® koji finansijski podrzava Ministarstvo nauke Crne Gore
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i madina. Nu 4 nacin je ocrtana linija koja pokazuje putanju po kojoj se kretao abrazivni vodeni mlaz. Nakon
toga, uzorci . do kraja rasijecani erozimatom. Napravljeno je sedamnaest uzoraka. Dobijeni uzorci i koristeni
parametri obinde prikazani su u tabeli 1.

Tabela 1. | corci rezanja i koristeni parametri
8
|
I \j_’] : y 11 " TN
pi= 1999 MPa p2=251,7 MPa p3=299,9 MPa ps=351,6 MPa | ps=413,7 MPa
[Rasiojunje rezne glave od obradnog materijala x =2 mm
Broina kretanja rezne glave ve = 20 mm/min
Proiok abraziva me = 395 g/min
I . . i
=3 mm X2=4 mm X3= 6 mm
[aind pritisak p=413,7 MPa
Br7 ma kretanja rezne glave ve = 20 mm/min
Protok abraziva mg = 395 g/min
m Lt : e A e
| v Som/min | Ve =10 mm/min | ve=30mm/min | va=40 mm/min | ves= 60 mm/min
[Ladni pritisak p=413,7 Mpa
Rasiojanje rezne glave od obradnog materijala x = 2 mm
Protok abraziva mg = 395 g/min
my= | 60,5g/min ma>=229g/min m=331,5g/min
[adni pritisak p=413,7 MPa
Rasinjanje rezne glave od obradnog materijala x = 2 mm
[+ ina kretanja rezne glave ve = 20 mm/min

Kako b+ odredila linija reza, uzorci su istrazeni uz pomo¢ opti¢kog mikroskopa, a odstupanje mjereno na
dvadeset 7 12 po dubini reza. Princip mjerenja odstupanja abrazivnog vodenog mlaza je prikazan na slici 1.

Yo

YI: = a'hh

x — debljina uzorka

r

Slika 1. Mjerenje odstupanja abrazivnog vodenog mlaza [5]
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3.REZUI | \i'1 EKSPERIMENTALNIH ISTRAZIVANJA
U tabela 3.4 1 5 su date izmjerene vrijednosti odstupanja prednje linije reza od svoje idealne upravne
linije, a u v snosti od promjene parametara procesa obrade (radnog pritiska, p, brzine kretanja rezne glave,
Ve, protolca «raziva, My i rastojanja rezne glave od obradnog materijala, x).
Tabela 2. |-inierene vrijednosti Yi,, u zavisnosti od p
! Uzorak
1 2 3 4 S
D, Mpz 199.9 251.7 299.9 351.6 413.7
h, m Yise. M
{ 0 0 0 0 0
2 0.0978 0.0774 0,0693 0.0590 0,0453
4 | 0,1473 0,1294 0,1277 0,0804 0,0906
G 0,1554 0,1534 0,1661 0,1531 0,1359
8§ 0,2108 0,2133 0,2104 0,1865 0,1811
10 0,3152 0,2726 0,2436 0,2198 0,2264
1z | 0,4381 0,3314 0,2608 0,2537 0,2717
14 0,5450 0,4058 0,3066 0,3042 0,3170
16 0,6765 0,5350 04178 04162 0,3623
18 0,8117 0,6642 0,5569 0,5385 0,4076
20 1,0111 0,7969 0,6451 0,6536 0,4786
22 1,2282 0,9297 0,8191 0,7461 0,5329
24 1,4628 1,1341 0,9932 0,8241 0,6382
26 1,7640 1,3384 1,1247 0,9159 0,7434
28 2,0834 1,5427 1,2561 1,0661 0,8487
30 2,5039 1,8170 1,3876 1,2163 0,9539
32 - 2,0914 1,6424 1,4484 1,1120
34 - 24332 1,8973 1,6805 1,2701
36 - 2,8380 2,1376 1,9127 1,4282
38 - 3.2731 2.4666 2,1448 1,5863
49 - 3,8638 2,7958 2,3769 1,7445
bela 3. | njerene vrijednosti Yo, u zavisnosti od ve
Uzorak
- 9 10 5 11 12 13
Voo i il 5 10 20 30 40 60
h,1 1 - Yiaes mm
- 0 0 0 0 0 0
B 0 0 0,0453 0,0926 0,0926 0.0926
0 0 0.0906 0,1852 0,1852 0,1852
- 0 0 0,1359 0.2777 02777 0,2777
0 0 0,1811 0,3703 0,3703 0,3703
. 0 0,0329 0,2264 04351 04351 0,5809
) B 0 0,0658 0,2717 0,5232 0,6626 0,7997
0 0,1023 0,3170 0,6245 0,8925 1,1137
o 0,0393 0,1389 0,3623 0,8342 1,1718 1,4497
B 0,0786 0.2365 0,4076 1,0439 14512 1,7856
B 0,1179 0,3342 0,4786 1,.3387 1,8412 2,3621
- 0,1572 0.4319 0,5329 1.6336 22312 2.9387
0,1965 0,5532 0,6382 1.9633 2,6259 3.4368
0,2359 0,6744 0,7434 2,2930 3,0207 4,0273
0,2752 0,7631 0,8487 2,7636 3,5046 4,6854
0,3289 0,9202 0,9539 3.2342 3,9984 5,3470
B 0,3826 1,0672 1,1120 3.7047 4.4723 6,0086
- 0,4363 1,2141 1,2701 4.1753 4,9562 6,6703
- 0,5485 1,3298 1,4282 4,6183 54635 7,5399
B 0.6608 1,5612 1,5863 5.0612 59708 8.4366
0,7730 1,6769 1,7445 5.5042 64779 9,3471
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Tabela .

njerene vrijednosti Yigg u zavisnosti od my

Uzorak
- 14 15 16 17 s
i, g/min 166,5 229 274,5 3315 395
h, mm Yieg, mm
0 0 0 0 0
0,0926 0,0926 0,0834 0,0410 0,0453
0,1852 0,1852 0,1668 0,0820 0,0906
0,2777 0.2777 0,2503 0,1229 0,1359
- 0,3703 0,3703 0,3439 0,1639 0,1811
J 04715 0,4715 04175 0,2962 0,2264
0,6278 0,6278 0,4691 0,4284 0,2717
0,8224 0,7458 0,5187 0,5606 0,3170
2 1,0830 0,9277 0,7437 0,6928 0,3623
1,4235 1,0865 0,9907 0,8251 0,4076
1,7762 1,3359 1,2030 0,9909 0,4786
- 2,1288 1,5853 1,4153 1,1748 0,5329
i 2,5145 1,8378 1,7352 1,3876 0,6382
- 2,8689 2,0485 2,0485 1,7095 0,7434
8 3,2476 2,3667 2,3667 2,0332 0,8487
3,6263 2,6848 2,6848 2,3569 0,9539
4,0051 3,0029 3,0029 2,6806 1,1120
- 4,3838 3,321 3,3210 3,0043 1,2701
4,9571 3,8172 3,6890 3,3133 1,4282
- 5,5929 4,3531 3,9815 3,6340 1,5863
- 6,1071 4,8004 4,1935 3,9440 1,7445
Tabela njerene vrijednosti Yig u zavisnosti od x
Uzorak
5 6 7 8
nm 2 3 4 6
A Yiagz mim
0 0 0 0 0
2 0,0453 0,0651 0,0709 0,0703
4 0,0906 0,1303 0,1418 0,1407
6 0,1359 0,1954 0,2126 0,2110
8 0,1811 0,2309 0,2571 02813
10 0,2264 0,2754 0,3016 0,3517
12 0,2717 0,3198 0,3329 0,4220
1 0,3170 0,3643 0,3708 0,4923
16 0,3623 0,4087 0,4087 0,5627
18 0,4076 0,4624 10,5130 0,6330
24 0,4786 0,5160 0,6173 0,7033
22 0,5329 0,6443 0,7217 0,8407
2 0,6382 0,7726 0,8260 0,9782
2 0,7434 09107 0,9803 1,1337
0,8487 1,0489 1,1346 1,2892
3 0,9539 1,1871 1,2890 1,4448
32 1,1120 1,3642 1,5121 1,6671
34 1,2701 1,5414 1,7351 1,8894
36 1,4282 1,7185 1,9582 2,1116
1,5863 1,8957 2,1813 2,3339
1,7445 2,0729 2,4045 2,5563
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Na osiio 1 ovili rezultata su nacrtani dijagrami koji pokazuju na slici 2. uticaj promjene reZima rezanja i
dubine rezi o na odstupanje prednje linije reza od svoje idealne linije, odnosno realan izgled prednje linije
IcZa.

Ylag, mm
4 3 2

—0— v =5 mm/min
-4:— ve = 10 mm/min
—g— vp = 20 mm/min

s - vg= 30 mm/min

=

—o— v = 40 mmn/min
[

-

Ve= 60 o/ an

h, mm

Slika 2. L' o1 narametara procesa obrade abrazivnim vodenim mlazom na odstupanje prednje linije reza od
svoje idealne upravne linije: (a) p, (b) vc, (c) m, i (d) x.
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Yhag, mm
6 5 4 3 2 1 0
| |
|
|

7

i }
=o= m, = 395 g/min
—o— m, = 331,5g/min
—o— m, = 274,5 g/min
-4~ m, = 229 g/min
—'.l m, = 166,5 g/min -

lc)
1y, mumn
3

1d

Iy, mun

L 40
g

Slika 2 (1 :taval). Uticaj parametara procesa obrade abrazivnim vodenim mlazom na odstupanje prednje
linije reza od svoje idealne upravne linije: (a) p, (b) vc, (¢) m, i (d) x.

hL4

4, ZAKL. | CAK
Sadijuo e se uoCava da sa porastom dubine rezanja raste i odstupanje prednje linije reza od svoje idealne

linije. Tali o porast brzine kretanja rezne glave i rastojanja rezne glave od obradnog materijala ima za
poslijedicu novecanje odstupanja prednje linije reza od idealne. Sa povecanjem vrijednosti parametara obrade
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¢ waterjet machining (AWJIM) is one of
ional manufacturing technologies of recent
ider application in the industry and to
nance, it is necessary to understand the
L output machining parameters and their
nuchining. This paper aims to investigate

purameters such as traverse speed and
on the abrasive water jet machining
wwvisties — productivity and price. All
luring the investigation indicate that

of the machining influence its
ristics.

ve Water Jet, Engineering economic

Inguing, Quantitative characteristics,

[NTRODUCTION

n which the abrasive water jet
i based on is erosion. Some authors
ol erosion as a kind of abrasive wear,
riicles and water jet repeatedly impact

12 i {lushing of the material from that

: dealing with the formation of cut
he factors that influence its final
the cutting front geometry of the
v the abrasive water jet is influenced
nicters: such as operating  pressure,
erse speed, abrasive flow rate [1,3].
metry of the cutting front, is in fact,
“the deviation - lagging, Ylag, of the
rom the vertical line. The line that
i abrasive water jet is described by
11 [4] as a parabola.
aper is to analyse the influence of
ing parameters, such as traverse
rusive mass flow rate, ma, on the
stics of the machining — productivity
previous work [5], we concluded that
i pressurc represents an

serating
rach.
ring costs represents the basic
n ctice [6]. Since there are a large
i affeet the final price of the abrasive
. \ht analysis of the most dominant

water, electricity, and abrasive

II. EXPERIMENTAL WORK

To  achieve better machining quantitative
characteristics, productivity and price, influence of
machining parameters such as traverse speed and abrasive
flow rate were analysed.

Samples presented by Kurbegovic, Janjic, Vukeevic
and Durovic [7], concemning the influence of the water
pressure (p), traverse speed (vc), abrasive flow rate (ma)
and stand-off distance (x) on the abrasive water jet lagging,
were used for creating experimental variants for this work.
Samples and its machining parameters are shown in tab. L.

The system used for machining the samples is the
product of WIS, model NCX 4020, Sweden. The diameter
of the water orifice was 0,254 mm and the abrasive nozzle
(focusing tube) diameter was 0,768 mm (ROCTEC 100).
The abrasive material was Garnet mesh 80.

The material used for the experiment is high-speed tool
steel EN HS6-5-2 (JUS ¢.7680, AISI M2), produced with
the Electro Slag Remelting (ESR) method in a round-
shaped ingot, normalized, bandsawed to 42 mm thick discs
and lathe cut to 40+0,05 mm. Material is then water jet
machined to a 40x40x110+£0,05 mm specimens. The side
which is water jet machined is milled and flatten to
380,05 mm for distinction purposes. The material was cut
to a length of 30 mm. Then the flow of abrasives was
stopped and then the machine was stopped. After that, the
specimens were cut till the end with Wire Electric
Discharge Machining. Cutting with Wire Electric
Discharge Machining was done to avoid damaging the cut
front line and that it could be possible to measure the jet
lagging.

Measurements for determining water jet lagging were
performed in twenty places (at the same distance) along
the sample thickness using an optical microscope.

Measured values of jet lagging for samples shown in
table I, are shown in Table II.




LIS ANDITS PARAMETERS [7] TABLE Il MEASURED VALUES OF JET LAGGING

Sample 3 h 5 11 12 | 14 |cae| 15
0 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
ma1 = 395 g/min 2| 0.045 | 0.093 | 0.093 | 0.093 | 0.093 | 0.093
p=413,7MPa
4 0.091 [ 0.185 | 0.185 | 0.185 | 0.185 | 0.185
x=2mm
o= 20 A 6 0.136 | 0.278 | 0.278 | 0.278 | 0.278 | 0.278
8 0.181 | 0.370 | 0370 | 0.370 | 0.370 | 0370
= 10 0.226 | 0.435 | 0435 | 0472 | 0.472 | 0.472
Sample 11
12 0.272 | 0.523 | 0.663 | 0.628 | 0.628 | 0.628
14 0.317 | 0.625 | 0.893 | 0.822 | 0.766 | 0.746
m, =395 g/min
p=4137 MPa 16 0.362 | 0.834 | 1.172 | 1.083 | 0.969 | 0.928
Xx=2mm 18 0.408 | 1.044 | 1.451 | 1.424 | 1.175 | 1.087
Vez = 30 mm/min 20 0.479 | 1.339 | 1.841 | 1.776 | 1.452 | 1.336
22 0.533 | 1.634 | 2231 | 2.129 | 1.729 | 1.585
Sample 12 24 | 0638 | 1.963 | 2.626 | 2.515 | 2.016 | 1.838
26 0.743 | 2293 | 3.021 | 2.869 | 2.265 | 2.049
ma = 395 g/min 28 0.849 | 2.764 | 3.505 | 3.248 | 2.599 | 2.367
p=413,7 MPa 30 | 0954 | 3.234 | 3.998 | 3.626 | 2.933 | 2.685
X=2mm 32 | 1112 | 3705 | 4472 | 4005 | 3.267 | 3.003
Ves = 40 mm/min
34 1.270 | 4.175 | 4.956 | 4.384 | 3.602 | 3.321
— 36 | 1.428 | 4.618 | 5.464 | 4957 | 4.118 | 3.817
_sample 14
38 1.586 | 5.061 | 5.971 | 5.593 | 4.680 | 4.353
40 1.745 | 5.504 | 6.478 | 6.107 | 5.145 | 4.800
ma1 = 166,5 g/min
p=413,7 MPa The maximum installed power of the system was
=2 iy Pmax =494 kW. _Oil pump is driven by asynchronous
s motor with a nominal power of 37 kW. Other consumers,
Ve = 20 mmv/min with an installed power of POP=12,4 kW, are: air
compressor, water treatment system, abrasive supply
system, oil cooling system and CNC (Computer Numerical
“Samplc 13 Control) workstation with automation. The maximum
- water flow of the system is 3,8 /min (QA).
Conditions for electricity cost calculation are:
Maz =229 g/min + Np=90%- efﬁcie_ncy of the pump, _
+ Nem= 93 % - efficiency of the electric motor,
p=4I3,7MPa * Nem= 98 % - efficiency of the pipe network,
x =2 mm + Nme= 90 % - efficiency of the intensifier,
- . + cos @ =1 - power factor, and
Ye = 20 mm/min + k=0,5 - other consumers simultaneity coefficient.
Variant A of this work will be sample 14 from table 1.

== For getting almost identical values of water jet lagging, as
in sample 14, linear interpolation was used on traverse
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conditions for electricity cost

sfficicncy (nU) is 73,823 %,
n the obrasive water jet system, for

=

Fop = 27,49 kW ®)

aciricity. for variants A and B, are
d VI

TABLE IVV MONTHLY PRICE OF THE ELECTRICITY FOR A VARIANT A

Unity Consum, Price
. price
Name Unit
[€c/kWh] |  [kKWh] (€1
Active High | kWh 5.5340 4124 228.22
Active Low kWh 2.7670 4124 114.11
Engaging kW 7.3224 27.49 201.29
Losses High | kWh 0.5645 4124 23.28
Losses Low | kWh 0.2822 4124 11.64
Enc.Sus.En. | kWh 0.9439 8248 77.85
Price w/o VAT (21%) 656.39
TABLE V MONTHLY PRICE OF THE ELECTRICITY FOR A VARIANT B
U“.ity Consum, Price
price
Name Unit
[€e/kWh] [kWh] [€]
Active High | kWh 5.5340 2253 124.68
Active Low | kWh 2.7670 2253 62.34
Engaging kW 7.3224 27.49 201.29
Losses High | kWh 0.5645 2253 12.72
Losses Low | kWh 0.2822 2253 6.36
Enc.Sus.En. | kWh 0.9439 4506 42.53
Price w/o VAT (21%) 449.92
TABLE V PRICE OF THE ELECTRICITY
Price
Name
[€/year]
Price of the electricity for variant A (CKgg,) 7876,68
Price of the electricity for variant B (CKggg) 5399,04

The total price of the machining for variants A (CKA)
and B (CKB) is:

CKy = CKyp + CKgga + CKy 4 = 23083,08 ;‘:—d ©

CKy = CKyp + CKggp + CKyp = 2049157 == (10)
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between the total price of the
A and 1 is shown in equation 11.

= 1,061 (11)

wice difference, we can improve the

ariant A for the given difference.

ubrasive llow of the variant A (mal')

~10% +m,, = 183 g/min (12)

identical values of water jet lagging
v rate, linear interpolation was used
Caleulated values of Ylag are shown

improvement, linear

rried on samples 5 and 11 (shown in
we speed value. Caleulated value of

28,8 mim/min.

oduetivity of the abrasive water jet

1,44 (13)

.CONCILISIONS

e machining, using parameters from

figher than the total price of the

ameters from variant A, with a same

ol the rjachining,

i variant A could be improved to
same jei lagging and quality of the
price as in variant B. Improved
tem will be 44%.
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‘2 in Abrasive Water Jet Cutting of High-Speed Tool Steel

Ramiz Kurbegovic'*, Mileta Janjic'
I of Mechanical Engineering, University of Montenegro, Podgorica (Montenegro)

jor machining is a very efficient unconventional method for contour cutting of different types of
Cnuain characteristics of the quality of surfaces machined with this method is curved lines that appear
o lines are a consequence of the deviation of the abrasive water Jet from its ideal vertical line, jet
cause af machining errors.

waork

¢Is to investigate the influence of machining parameters on jet lagging. The samples of high-speed

¢ 7680) were machined with an abrasive water jet under varying working pressure, traverse speed,
and stand-off distance. The jet lagging was measured at twenty places along with the depth of cut,

ilts, the relationship between the jet lagging and machining parameters has been formed.

il seleet the process parameters, an empirical model for the prediction of jet lagging in abrasive
peed vicel EN HS6-5-2 was developed using regression analysis. This developed model has been

niental results that reveal high applicability of the model within the experimental range used.

1
HHAKEY

‘ovessing variety of materials and has
cations in industry [2]. However,

backs and limitations. It creates
especially when cutting at high
nerate loud noise and a messy

walel

\brasive waterjet, Empirical model, High speed tool steel, Regression analysis
(TRODUCTION

t Cutting [AWIC] has various
t the other non-conventional cutting
» thermal distortion, high machining

esses on the work piece, high

ng forees and has been proven to
for processing various
It Is superior to many other

af U

jet cutting, the tool is the

High pressure
wiiler

A Water jet

siream

Abrasive

water jel

~ Abrasives

Workpicce

rdasive water jet cutting [5]

The abrasive water jet is a narrow, high-speed water
jet stream, formed by highlighting the small diameter water
orifice. Downstream from the orifice, in the mixing
chamber, abrasive particles are added in the high-speed
water jet. They are accelerated by momentum exchange
with the high-speed water jet in an abrasive nozzle. From
there, the abrasive water jet is directed to the work piece.

The principles on which the abrasive water jet
machining process is based on is crosion. Some authors
explain the process of erosion as a kind of abrasive wear, at
which abrasive particles and water jet repeatedly impact the
surface, resulting in flushing of the material from that
surface [2,6].

There are several papers dealing with the formation
of cut front geometry and the factors that influence its final
appearance. Mostly, the cutting front geometry of the
workpiece machined by the abrasive water jet is influenced
by machining parameters such as operating pressure, stand-
off distance, traverse speed, abrasive flow rate [2,7].

Defining the geometry of the cutting front, is in fact,
the determination of the deviation - lagging, Yiag, of the
abrasive water jet from the vertical line. Momber and
Kovatevi¢ [2] explained the deviation of the cut front
geometry from ideal as a consequence of energy loss during
the cutting process, Figure 2.

Theoretical cutling geometry =—Cutting direclion  Real cutting geometry

h Cutting front
Cutting front '
? : =B, h=Az)
1 A:
i
o ]

Figure 2: Deviation of the cut front geometry from ideal
2]

The line that defines the lagging of abrasive water
jetis described by Zeng, Heines and Kim [8] as a parabola.

“hegovic, Faculty of Mechanical Engineering, University of Montenegro, Podgorica, rkurbeg@gmail.com



B.16

Thew
of machini;
standoff dis !
flow rate, "/
model for th -
cutting of b

M. Clil
[9] observe:
parameter [
water jet m.
found that v !
of cut and 111
is associate;

in surface roio !

surface roug! -
nozzle trave:
but depth ¢!
speed shoul
smoothness
This experin
has no appa.
smoothness |
regression
the depth o
of the mod.
machining |
representcd
hma
whe!
mass flow 1
diameter, p.
material mo
the stand-o!
workpiece,
diameter of (|
This
experiment: ||
for experim
process par: |

Sam)
and Durovi:
water press
(Ma) and st
lagging, we:.
mathematic:
parameters

Table I
Sampl

P =1990
U=20m
Ma= 395

1l

ol

e
I
Preasi

n felvani
i cutting depth, hmax, as @ main

Interiational Conference "Heavy Machinery-HM 20217, Vmjagka Banja, 23~ 25 June 2021

Is (o nvestigate the influence
uch a5 operating pressure, p,
cespecd. U and abrasive mass

ieoing and to make an empirical
o1 jet lagaing in abrasive waterjet

‘N HS6-5-2,
. Mohana Sundara Raju

o applicability of the abrasive
« lor u particular material. They

lis the most effect on the depth
(sss Atimicrease in water pressure
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(e, surlace roughness increases
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< more depth of cut and surface
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Ihg pressure, Ma is the abrasive
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I'the abrasive particles, E is the
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the cutting head from the
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lagging.

NTAL WORK

Kurbegovie, Janjic, Vukcevic

meerning the influence of the

ipead (U), abrasive flow rate
1Sd1 on the abrasive water jet

g relationships and adopting a
lienee of the machining process

wachining parameters {107
nple:2 Sample 3

i e

(7MP | pi=299.9 MPa
winin | U=20 mm/min
| Ma =395 g/min

i) I 5d =2 mm

Sample 4 Sample 5 Sample 6

p4 =351,6 MPa

ps=413,7MPa

p=413,7 MPa

U =20 mm/min U = 20 mm/min U =20 mm/min

Ma =395 g/min Ma = 395 g/min Ma =395 g/min
8d =2 mm 8d =2 mm

Sample 8

===

p=413,7 MPa p=413,7 MPa

U =20 mm/min U =20 mm/min

Ma =395 g/min Ma = 395 g/min Ma =395 g/min
Sd2 =4 mm Sd3 =6 mm Sd=2mm
Sample 10 Sample 11 Sample 12

p=413,7 MPa

p=413,7MPa p=413,7 MPa

Uz=10mm/min | Us =30 mm/min | Us =40 mm/min

Ma =395 g/min Ma =395 g/min Ma =395 g/min
Sd=2 mm Sd=2 mm Sd =2 mm
Sample 13 Sample 15

Sample 14

p=413,7 MPa p =413,7 MPa p=413,7 MPa

Us =60 mm/min U= 20 mm/min U =20 mm/min
Ma =395 g/min | Ma1 = 166,5 g/min | Ma2 =229 g/min
Sd=2mm x=2mm Sd=2mm

Sample 17

Sample 16

p=413,7 MPa p=413,7 MPa

U =20 mm/min U =20 mm/min
M =274.5 g/min | Mas =331,5 g/min
Sd=2mm Sd=2mm

The system used for machining the samples is the
product of WIS, model NCX 4020, Sweden. The diameter
of the water orifice was 0,254 mm and the abrasive nozzle

R. Kurbegovic, M. Janjic
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(focusin: 1t was 0,768 mm (ROCTEC 100). Sample 5 | Sample 6 | Sample 7 | Sample 8
The abra : Garnet mesh 80. h,
1 [ for the experiment is high-speed mm Yizg, mm
tool stee IS ¢. 7680, AIST M2), produced 0 0 0 0
with the wliing (ESR) method in a round- 0,0453 0,0651 0,0709 0,0703
shaped 1 e bandsawed to 42 mm thick discs 0,0906 0,1303 0,1418 0.1407
and lathc mu. Matcrial is then water jet 0.1359 0,1954 0,2126 02110
machine:! W E0.05 mm specimens. The side 0,1811 0,2309 0,2571 0,2813
which is cd1s milled and fatten to 38+0,05 0,2264 0,2754 0,3016 03517
mm for ses. The material was cut to a 02717 0,3198 0,3329 0,4220
leI:iglll: ol ¢ [low of -1'1!1';mvusiwas stopped 03170 0.3643 03708 04923
and the 1opped. After that, the specimens 2 . A :
were cu vith. Wire  Electric  Discharge g’iggg g’:ggj g’g?% g’ggi;
Machinin ting with WEDM was done to 0.4786 0'5160 0,6173 0’7033
avoid d: ftont line and that it could be 5 . 2 :
possible . 0,5329 0,6443 0,7217 0,8407
M termining water jet lagging 06382 0,7726 0,8260 0.9782
were pei v places (at the same distance) 0,7434 0,9107 0.9803 1,1337
along th w5 usitg an optical microscope., 0,8487 1,0489 1,1346 1,2892
Measurc: jet laguing is shown on Figure 3. 0,9539 1,1871 1,2890 1,4448
1,1120 1,3642 1,5121 1,6671
1,2701 1,5414 1,7351 1,8894
b r 1,4282 1,7185 1,9582 2,1116
Z 1,5863 1,8957 2,1813 2,3339
= 1,7445 | 2,0729 | 24045 | 2,5563
, = Sample | Sample | Sample
\:] s Sample 9 10 1 12
.. ? I:ll;n Yiag, mm
/S L 0 0 0 0
A v 0 0 0,0926 0,0926
0 0 0,1852 0,1852
v 0 0 0,2777 0,2777
neat il jetiagging [} 0 0 03703 | 03703
[ jet lageing for samples shown 0 0,0329 0,4351 0,4351
in Table thie 2 0 0,0658 0,5232 0,6626
ple2 | Sample3 | Sa .03 B! : 1,17
. — el | Sampled | 0.0786 | 02365 | 1,0439 | 14512
mni Vi, mm 0,1179 0,3342 1,3387 1,8412
0 0 0 0,1572 04319 1,6336 2,2312
5 T L0693 0,0590 0.1965 0,5532 1,9633 2,6259
4 | 204 0127 0.0804 02359 0,6744 2,2930 3.0207
6 534 | 0.1¢ 0.1531 0.2752 0.7631 2.7636 3,5046
. 153 0.1865 03289 [ 09202 | 32342 | 39984
10 o _g | 0.2198 0,3826 1,0672 3,7047 44723
n 4 0.2537 04363 | 12141 | 4,753 | 49562
14 ™ 0.3042 0,5485 1,3298 4,6183 5.4635
16 <0 04162 0,6608 1,5612 5,0612 5,9708
13 02 0.5385 0,7730 1,6769 5,5042 6,4779
20 969 0.6536 Sample Sample Sample Sample
22| 297 0,7461 L. L 13 L
24 I 34 !_ 0.,8241 Y"B’ mm
} g 0,9159
gg 137 | 1,0661 0 0 0 4 £
30 0 [ 12163 2 0,0926 0,0926 0,0926 0,0834
5 R 4434 4 | 01852 | 0,852 | 0,1852 | 0,1668
34 2 | 18973 | 16805 6 | 02777 | 02777 | 02777 | 0.2503
36 0 ) 1371 19127 8 0,3703 0,3703 0,3703 0,3439
38 | 4666 | 2.1448 | 10 0,5809 04715 04715 04175
40 i3 e 5 | 23769 | 12 0,7997 0,6278 0,6278 0,4691

L Lagaing in Abrasive Water Jet Cutting of High-Speed Tool Steel
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0,5187

1029 | 3.0029
| 33710
72 | 3.6890
| 3.9815
4,1935

I | 43004 |

—e—p=413.7 MPa

Ylag. mm

0,7437 4 3 2 0
0.9907 « : s 20
1,2030 d 5
14153 . 4
25145 | 18378 | 17353 | —e—p=199.9 MPa [
REX9 | 20485 —W +P=25l'7 MPa =
476 | 23667 | 23667 —&-p=2999 MPa [
nE 2,6848 —=-p=351.6 MPa 5

v
(@
Ylag. mm
9 8 7 6 5 4 3 2 1 0

1) and shown en figure 2 that
s. the deviation of the front

;. jet lageing, also increases.
sroed and the distance of the
wchining  material, stand-off
se of the jei lagging. As the

' working pressure processing
creases, This clearly
ation betwveen the jet lagging

iging de
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3. PREDICTIVE MODEL FOR JET LAGGING

AWIC process involves a large number of variables
that affect the cutting performance. Dimensional analysis is
a powerful analytical technique in describing the
relationship between physical engineering quantities (such
as jet lagging) and independent variables. This technique is
used to develop mathematical model for the jet lagging
based on the experimental data for high-speed tool steel.
The constants in the models were obtained by the regression
analysis technique. These constants were statistically
determined at minimum 95 % confidence level, This model
relates the jet lagging to four process variables, namely
water pressure, nozzle traverse speed, abrasive mass flow
rate and nozzle stand-off distance.

Mathematical model adopted for this research work
will be as follows:

Yiag=a'h®p¢-Ud-Ma®-8d" @)

where a, b, ¢, d, e, f are regression analysis
coefficients.

The above model is valid for the operating
parameters in the following range for practical purposes and
machine limitations:

e Water pressure: 199,9 MPa <p <413,7 MPa,
e Traverse speed: 3 mm/min < U < 60 mm/min,

®  Abrasive mass flow rate: 166,5 g/min < ma < 395
g/min and

e Stand-off distance: 2 mm < Sd < 6 mm,

The mathematical model that describes the impact of
the corresponding machining parameters on the jet lagging
was given for each diagram.

Ylag=1-347 S, p -1.251 3)
Standard deviation of (3) is R = 0.9948869.
Y15g=0.0001017 - h 1945 .  1.046 @
Standard deviation of (4) is R = 0.986002.
Ylag=l.022 -h 1.821 , Ma -0.9575 (5)

Standard deviation of (5) is R = 0.9948869.

Ylag=0'001864 . h 1.789 , Sd 0.352 {6)
Standard deviation of (6) is R = 0.9943339,

It is shown that the model predictions are in good
agreement with the experimental data with the deviations
less than 3 %. Also, using the MATLab software package,
multiple regression analysis was performed on the
measured values of jet lagging, Ylag, and given in a 3D
representations in figure 5, within the experimental range.

Langing in Abrasive Water Jet Cutting of High-Speed Tool Steel
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2 a
(d)
Figure 5: Influence of (a) operating pressure, (B) traverse

speed, (c) abrasive mags flow rate and (d) Stand-off
distance on jet lagging

Based on the measured values in Table 2, the
relationship between the Jet lagging and operating pressure,
stand-off distance, traverse speed, abrasive mass flow rate
and depth of cut, is formed. This relationship is represented
by a mathematical model described in (2),

hlADDﬂ_SdO,IUBG,U!.NM
Y1,s=3.4656-

pO40s3.\ 1,1 1316 ™

Standard deviation of (7) is R=10.9702062.

Figure 6 shows the observed values of the jet
lagging versus the values of the Jet lagging predicted by the
model presented in (7).

S S S o S M i
L
B - —— — — —_—l. e SE——
| | -
.
-
5 = 1
b -
- LN )
54 LI .
8 - .
o, Frria s L s
o 8 " .
(A LN
LI .’ ’
2 | s - 3
10 o |
0 ; i . } i ; i
Ot 2 3 4 5 & 7 § o
Observed
Figure 6: Observed versys predicted values of the Jet
lagging

4. CONCLUSIONS

Experimental investigations have been carried for
the jet lagging in abrasive waterjet cutting of high-speed
tool stecl. The effects of different operational parameters
such as: pressure, abrasive mass flow rate, traverse speed
and nozzle stand-off distance on Jet lagging have been
investigated.

. Kurbegovic, M. Janjic
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NOMENCLATURE
d. Mean diameter of abrasive particles
d; Diameter of water jet
h Depth of cut
Ma Abrasive mass flow rate
p Working pressure
Traverse speed
Sd Stand-off distance
E Materials Young's modulus
Y iag Jet lagging
Pa Abrasives density
Pw Density of water
S Sample thickness
a,b,c,d,ef Coefficients of regresion analysis
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