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._In Phase 111, the ‘cutting equation.is combined with an empirical jet

G . , .
spreading equation to determine conditions under which stand-off

‘e

) S -distance and feed rate. (multipass catting) can be optimized for

s

= -

@ ¢ maximum debth qf cut, maximhh Yyolume .removal ofimaterial and max- o
‘ imum'cufting efficjenty:' In Phase 'IV the cutting equatipn at very
high feed rates is combined with a revised mode) of material erosgon
> and fracture by liquid drop impact. The combined n;ndimensional "
equatidhs aré solved and p]otfed‘graphically to.give theoretical

valyes of the depth of penetration for tyﬁiéal values of pulsed jet

y lengths and materiﬁl properties. i /Y ‘ o -
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5. ' Dust and heat gene?ationQis reduced and mechanical noiseican be
\ kept at a Tow level if the pumping unit is located remoﬁefyf\A

6. Very narrow kerf cuts can be~§ch%eved. -7 . h s
if. There is good manoeu&engbility for C}ganiné app]icationgf ‘

-- 8, Safety s imppqyed in explosive workiog environmenté.

W
h
Y -

INTRODUCTION . A
P —————————— - A .

_Over the last “en years, ‘the development of jet cutting tech-
nology has been stimulated by ﬁotential applications “in mining, rock
breaking, cleaniﬁé and continuous cutting of relatively soft |

materja]sL The advantagés of 3et cutting over conventional cutting
' N ’ ’ ¢ N i
are: T

-
-

1. Theré is no tool wear in the ordinary sense; nozzle replacement

°

cosits are reasonable.
‘The cut can be started éﬁthere in the workpiece and complex

L4

cpntou} and pattern ch}jﬁ§ are relatively imp[e{ '

3. Programmed control of the cutting pass can be chieved'ﬁy .
numerical control methods. o ” i A\

4, Reaction forces on the workpiece are low-relative to those o

encountered in conventional cutting operations. i ) o

ey -
‘ . )

The study of jét cutting encompasses sévgra] traditional discip-

~lines such as fluid mechanics, ﬂydr&ulics.'physiQQ and solid méch-

-

anics. Past and current work in the U.S.A., U.S.S.R., Japdh, U.K.,

Germany, China, New Zealand, France and Canada can be divided into .
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three| major fields:.

'T.  Development of high pressure equipment for contintious, pulsed,
"osci-llating and‘ rotating high velocity j'ets which involves -
"pmb-]en;s such’ as fatigue, s‘egl‘l’né‘and safety of transmission of

“  the high fluid pressure.

2. a- The study of small diameter, high velocity hqmd Jets, thelr

{

spreadmg behavigur and the quantitative effect of polymer,

-additives; S
"b- The mechanics of d?formatiqn of Tiquid jets (or drops) upon
. impact on a solid surface and cﬁa_ract rization ;)1’5 thé l:{‘té_ral
flow; o , S |

&he, study of the mechanics qf high velocity cavitating jets. ‘

3

3. The study of fracture mechanics of dif*e‘rent matériais under the

impact of continuous, pulsating "or cavitating jets,

Progress in jet cut.tingi technology depe) ds on the s"uccessﬂn. T
combipation of adv;nces in a1l three of the ébove fields. Sus'cessfu;

gatwn also requl res the abﬂlty to optl\mze the cutting para-
meters in a part1cular application and to sel%ct those applications
where jet cutting has te,chnica_] and economic advantages over other

technologies.
1 , e

Th1s thesis studies the jet 1nteraction with solid materials. A

mode] of the cutting process is used to develop a jet cutting equation‘

wha'!ch contains the material properties and jet properties as variables

,and‘can be 'uséd'to“ optimize the cutting prﬁcéss. The: factors con-




Yy, 4
trol‘h'ng the cuttihg mechanisms for continuous end\ pulsating jets are

also considered.

The first chapter reviews existing jet cuttingl.
equations.

Chapter 2 descnbes the expemmenta] apparatus used to
study nozzle charactenstms such as losses, power ‘and efﬁciency

Systematic analysis of wood-cutting data is presented in Chapter 3t

* ‘ Y '\ * * -
Chapter 4. In Chapter 5, the effect{*of- starfd of f distance on depth

of cu\t and volume removal, the analysw of mu1t1pass c\\ttmg and the

effect “of feed rate on «cutting efficiency are presented The flnal

chap’ter presents the theoretical analysis of the effect of feed rate

and pu]satlon on the mode of material fracture.

h)
£
!

'. #
+ . Yl
o M
——

f
°

I i

|
‘ L

The development of the jet cutting penetration model is presented in. .~

.a
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as aluminium, lead, copper and plastics. Little publwshed work is - : \

' avallable for f1broys non- homogeneousnwter1als such as wood. Most of

be determlnedlexper1mentally. Table (1.1) summarizes existing cutting

" equation given in Table (1.1)\which contains density as the only

CCHAPTER T T, y

3

SURVEY OF JET CUTTING EQUATIONS ™ o : g

" The pub]1shed cutting equations developed to date deal mainly

w1th homogenous britt1e materials such as rock and coal, metals such

v

the cutt1ng\ﬂguat1ons rely on character1st1c cons tants that have to -

i

éﬁuations Bnyan (1) suggested that pene%ration during. cutting \ | R
results fnom two separate actions: 1- dxrect pdnetrat1on occurs as a ‘ o
result of extreme stress generated at the p01nt of 1mpact and

2—.secondary penetration\og;deepenlnq of the kerf after initial pene-

tration. Bryan used dimensipnal analysis to derive the cutting

, pnoperty defining the nater1a1 The equatidn contains two terms. The

f1rst term 1s related to the vo me of the jet and the energy dens1ty
at the‘p01nt ofalmpingement ahd the second term i;,re1ated to the N
tota1~ené+gy per ukit length of the jet. —Two experimental constants )
have to be determined for each material, so that tha equgtiOn cannot .
be extended to conditions .and materua]s beyond the scope of the

umﬁmmﬂimmﬁﬁhm.

KtnOshita (2) used dimensional analysis to derive the equation

in Table (1. 1) for rock cutting. He characteri;ed the‘mode ?f.




fracture hy the ratio of the ve]ocity of the w'ater jet (V) to the

o e i
.
{

propagatmg velocn:y (C ) of an elasti¢ waye in the r‘ock‘(V/C ) For

—

\ . o small values o V/C ) penetration is caused mainly by turbulent
erosion resulting fcom the-interaction of the back flow w1th~the Jet . .

flow. When vaTues of (V/Ce) are high (> 0.4), impulsive (water ham-

It e

mer) forces will cause fracture. A strength coefficient f,

EO RPN

and five other characteristics oEO, ags Bys Y 6] (see Table 1.1 )

¢ " the cutting of1mp_ermeah1e materials such as meta]s and p]aStICS, a

- . - ' permeable materials such as vock and coal. Values of two emgirical
) .

o cdeffi cients have been found for a wide range of materials but the -

4

equation does not satisfy limiting cond1 tions such~as_maximum depth
of cut at very Tow feed rates. )
> ) : 1 .
Cooley (4) in 1975, presented an \improved equation which included .
additional variables such as the nozzle coefficient of dis)char'g'ek

i

]

’ ) R P R . ’{

. endurance strength and a stand off distance correction factor. ' ’

. . . ¥
Based on experimental study of the effect of individual para-
meters on d'epth of‘ cut in granite, Matsumoto, et al (5) fomulated”am
equation whn:h is s1m11ar in form.to Kinoshita's (2) _equation, Six. e -

e —

e —n—expeﬂmentaf consféﬁfs'Te needed for each material. The compressive

<L strength was the only material pmpe{ty used to chstingmsh bemeen
/. ) types of granite. '

a4

The equation proposed by Farmer and Attewell (6) gave a relation-

ship begween penetration depth, 'nnpact velocity ’and flow rate which

"’"‘(;‘\- .

o
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‘nenta] 1nvest1gat1on.
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holds above a certain transitional velocity and uses an experi- ‘

mentally determined crater diameter. The material property used is

N B \ L . .
the velocity of .propagation of longitudinal waves in the rock. The
equation excludes the effect of other material properties and cutting

parameters such as stand off distance. The theory from which the

N

equation is developed assumes that fracture results from momentum

trangfer of incremental mass quantities which impihge separately on
the ‘rock target.

The empiri cal equation of Frank and Lohn (7) for copf{er‘ore

" does not contain a~'materiai property and its apph‘cation is therefore

o

]1m1ted to that material and the partlcular conditions of the experi-

-
4

™k
MeHor s ‘equation (8), (9) includes nozzle size, stand off d1s-

v

ltance, pressure and cutting speed. The material properties are .
~Jncluded 1h\phc1t1y in a‘characteristic constant (K) and the depth of

. 'cut,at Zero cuttmg speed. ‘Tt satisfies the 11m1t1ng cond1t10ns of

2 o o .
zero and maximum -cutting depths at infim‘te and zérq cutting speeds

respectwely, but does not contain an exphmt material property. -
- o S
Ze]emm, et al. (10) found that the depth of cut 1n different

rocks s dinect“ly proportiona] to (P ) ‘where P.is a critlcal
pressure whlch increases with feed rate. - The shear strength was used

to characterize the di fferent types of rocks.

£

Crow's equation ('Il) wfnoh is based on the theory of ca\nt‘tion
and brigtle fra}ture of granular materwl uses pemeabﬂity,

L

Y oo

I Py
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'dis tance, material prope?ties and feed rate. Most of the work

//’7'

A

-

porosity, shear s’trength,"é”“characéristic speed, surface average

‘grain diameter and friction coefficient for cavitation drag. Appli-

catmn of - the equatmn is limited’ to porous materials and requires

-

.

experimental detenmnatwn of- severa1 of the equation parameters.

" Also, the equation-predicts a deeper cut when the liquid v1scos1ty is

reduced, which is contrary. to experimental observations. Another .

limitation is that the model, which uses Darcy's law to relate pres-

N . ' . '
sure gradient in,the cutting direction to. the feed rate, fails when u-

. -

equals ‘zero,

The theory of l'ohaupit and Burns (12) for unreinforced pofymers -

'equates the shear energy of ﬁhje jet ‘to that reqmred for deformatwn,

fracture and friction loss. Three expemmental coefficients and a
threshold pressure must be obtained for each material. The equatmn

is limited to certain feed rate ranges and does not satisfy the .

physical meaning of the assumed energy balance when u = 0.0 since -

constands related to fracture enerdy and plastic deformation will be

eliminated in this case.
oy

Garret, et al. (13) used a hydrodynamic model to lexpress the
penetration depth of a jet of length ¢ in mild steel. The equation
includes the matérial density but excludes nozzle or flow parameters -

such as nozzle size-'and pressure.

) This survey shows that many attenpts have been made to obtain
|

experimental and semi- theorehcal relationships for the depth of .cut

in terms of nozzle diameter jet ve’loc1 ty or-pressure, stand of f

(VIR
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properties and requires characteristic cgefficients which have to be
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CHAPTER 2

EXPERIMENTAL EQUIPMENT, MEASUREMENTS, ~ , N
CHARACTERISTICS AND EXPERIMENTAL DESIGN \ \
R - , —: . 7 - * ' '

2.1 E)iPERIME,NTAL EQUIPNEN} AND_MEASUREMENTS

~ The purpos,e of the expepmental investigation was to study the

_nozzle and Jet behaviour and to obtain cuttmg test data.:

C e
N LA

-, ‘ | — 200" Equipment
‘ - The test equipment consists of four air driven pumps that;are \
< - con;lected in parallel ,_'to provide .flow rates up to 43:5 cc/;éc.
(0.82 in3/sec.)at a pressire of 207 MPa-(30 Ksi) with 2 0.203 mn -
(0 008 inch) diameter nozzle. Thé pumps are manufact:ured by the
Haske1 and Supply Co. Each pump is a s:inglé)‘acting reciprocating ' .
- : - plnston pump "driven by a pilot contrelle;j continuousﬁ[“i/:}ycling double
» apt%ng a}r cylinder. The air reqm rement is abnut 28 standard

* liters/sec. (60 scfm) when dehvering 4 cc/sec (0. 25 in3/sec.) of

* water at 276 Wa (40 Ks:) Nozzles mth sapphire orifices -from -

0.076 mm (0.003 inch) to 0.203 mm (o 008 inch) diameter were used.
Tests were conducted with water containing 0. 25% polyethyleneoxide
(polyox). The feed table 1s driven either pneumatmaﬁy for. h1gh
feed rates (greater than 1 .m/sec.) or mechamcaﬂy wi th a motor and
Teed screw .for: slower feed rates (0.2 - 4 cm/sec.). The experimental
,,\ apparatus 1s shown in Figs. 2.1 and 2. 2. Fig. 2.3 1s 3 schematic

- !

diagram of the system. A 0.45 liter (27. 5 in3) accuuulatnr dampens the

0




) Eh M - N )
~ . = : _ Q‘ )
Pl L d - N ’ ) . B o - : " . ,,
u ‘jusudjnby LRIUNIIIadXT |2 By R o I B
. ) s . i . M“ . ,
] v L . ]
A . -
' ' }
J43onpsued] 6 . o
w Lgﬂseﬂ.ﬂox g . i
w Jdosuas Jupy  °/ - u
W . Jojelnunddy °*g }
- x juey Jajepy  °g ,
: 3lqel paay . .
/‘/,. : Leajueyos ¢
Lk - alqel pasy . .
T Jjjeunauy  °g : '
‘9l2ZZON °2
- - s . QE:;& e
- > ) ?




. N s
e I IO U e i o s st oot e

[ - ’ »

~

¥ . -

JuswapueJduy sdund J0 MALA doy g°z. B4
: ¥

3
o

qouy |043u0)
. aJnssaugd
J33eM 331 U]
- A33 awejoy
qoly [o43uo)
ey pasd
SM030D [puy
" 9JRSSadd
41y J8lUl-
"SIALRA 4}V
- Bupy‘asyey
34nssaugd YbIH .
, diing

h-'_-..‘J xlu‘un.‘._.....-/




Pl
. ©

_ \ *juawdinbl |ejudwiaadxy ayy o .ef%& d1gewayds €2 6ly . g N .

LS

5
.
~

]

. ] ) ,
T * . PlzzoN ’ ) .
. B ﬂ ’ SULTY 48leM 3unssaugd Yb LY ’

, abneg : _ . \_ , _ . -
. . 34nssady 3 , : .
' K{ddng ) yb Ly - . 2 i Jj._ ) o
dly : : o

SnLRA ALY . -

| J3TepM . o
et 4 QE:Q . “ ) !
psllo43uo0) ’ .

1
¥

:

T . 30114 abney . - P

. o
191114, ‘ aunssauy " ) ) 4
- ) e (—_.< nm—.CH ’ . ¥ : : .
< ! ’ . m. K
- - gy W 5 . . o C
- [ - ) e
- ) JULT ALy : . S . -
,, o : Do * JURY JAJJOM W04
40382 pu] . : S~ Yo
. 34nssaUy S - . u
. auLT B ., , . ; - -
i : ! ~ “ ’ o

,\.‘ _ - ] . :




- 18‘:5 N -7

pressure fluctuations of the rec1procat1ng purmps . The nozzles were

provided by the High’ Speed Aerodynamics Laboratory of the National

"Research Council of Canada. The nozzle holder and sapphire ori ﬁce

»

d1mens1ons are shown in Flg 2. 4 1

2.1'.2 Measurement of Cutting Pay

a- Feed Rate. The speéd of the pneumatically driven

table is me.asured' by electridal switches ‘connected to a timer, the

-

switches are set one foot apart and the. timer has an accuracy of
« 4 . ~ \

0.01 sec. The linear speed of the mechanically drivenJ table is set

by the electrit motor speed contrel ‘dial which is calibrated

1

accurately over a wide range of feed rates.
. S ' . . ’ W .
' b - Pressure Measurement. A statically calibrated high

pressure dial’ gauge is used to measure the nozzle supp]y pressure. A

check of the steadiness of pressure supply by a K1st1er high pressure

transducer (Model 607-A with a dual amplifier Mode1 504-E) on an

oscilloscope showed a maximum deviation of + .35 MPa (52 psi).

c - Flow Measurement. A calibrated rotameter connected

4

on the ‘Tow pressure side of the pumps in the water line gives direct
flow readings. In tests where more accurate flow measurements are
required the water vohme drawn from the water supply tank is

measured over time periods of several minutes.

'~ d - Orifice Diameter. " A measuring microscope with 100 ta

hl

500 magnification mounted on a vernier scale was used ta check the

AN

v

L -ﬁ-v W i N DAL e b e
o

2

T A (MR S

N




Bleed Hole

"y

0.602 mm.
IR . 2
0.15 mm,
l _ | J -
— o N
AN
+ 0.005 mm. -
; ~ 7 -0.000 )

~

'JQ "’

_,;,—AA

o




" .

. orifice diameters of sapphires in two perpendicular directions. The

manufacturing tolerance for the orifices is: .

< 1

‘ . £0.0002 inch
' \
- 0.0000 inch.

‘ e- Ijegthf of Cut. Cuttjngﬂ tests were carried out with
di fferent types of wood. These results together with pub']ishea
results. of cutting tests w1th a wide range of other materials were
~uséd in the theoretical analySTS. For each sample of wood, the depth
. of cut was measured at four different locations along the cut using‘a
measuring magni'fying’ lens. equipped‘with-a vernier scale. This
involved mechanically cutting'eacp sample in three pieces after ehe
tests and measuring the dept-h “at th'e’ edges ﬁof each cut. This method
wae adopted after s'e.vera"l other depth géuge'nethods were tried with

less sat?sfacto-ry results.

f - Force Measurerent. DH‘ECt measmrement of the force

exerted by the jet on a target was used to calculate the jet cont-
raetlo‘n coeffiownt ’m the foHow?ng sect1on.- A K1st1er.force trans-
ducer (Model 931-A) with a charge amplifier and oscilloscope Were
used. Force ﬁeasureuen'ts could be obtained wit an 'accuracy of
+0.044 Newton. A 2.5 cm diameter target disc was mounted -on theb
transducer. The transducer and target disc as 41){ were clamped to._

the table with the disc surfaoe exactly no to the jet axis.

N
i -

g - ‘Polymer Characteridtics.. The effect of a‘po1ymer-
.additi ve on.the nozzle performance was inyesi:igated for only one type

e -
4




o

B

of polymeér and fne Concentration was used. Details are as follows:

\

- | > Polymer commercial name: PolyoxX
~ Polymer chemical name: Polyethy_leneoxidé q
- Grade: Qg o Coagulant
" Svoluti'onn concentration: 0.252 ' ‘
Kinematic viscosity: - . 2.5 x 10-5 m2/sec.
at l§°C

" h - Width of the Jet. The jet diameters at distances

greater than 25 mm. were measured from en]arged p tographs for dif-

A

ferent nozzle sizes. y ' .

2.2 INVESTIGATION OF NOZZLE AiNlD JET CHARACTERISTICS
The purpose of the investiAgption fis; to determine nozzle effi-

ciency and jet spreading characteristics and the effect of the polymer
‘additive. 'Thehefficiency with which a particular nozzle oonvc'a:rts
pressure energy to kinetic energy can be expressed as a nozzle dis-
cﬁargé cdefficient whi;h is affected by viscosity, 63mpr~essibﬂity
and polymer add.itives. The litér;ature contains. Tittle ‘quantitative"
information on these effects at pressure:; above 60 H’a (10 Ksi).

- S1nce this investigation is only indirectly related to the objective
of the thesis, a limited number of experiments were conducted to N
-obtain the neoessar:y quantitative informatinn on speci‘fic energy,

stand off distance and mdlti pass’ cuttfng. * These equations are used

in. the thearetical analysis 6r‘ are _pr'ehicte'd from the theoretical‘

= et

o T

cutting equation.

ﬁj ~ The experimental {nvestigation consisted of the following:

"'\' e
LN

o
.
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B i IR TDREOFRUIR A WV oy
- ’

T om mmm e g e s




Group (1): Flow rates and jet thrusts were measured for three dif-

ferent nozzle sizes h_a"’t-different pressures using water with and

without polymer additiVe'; The measuréd' quantities are compared with

calcu1ation; including and.excluding compressibility and the results

4

e v+ s

“are presented as nondimnsipnal plots of discharge coefficient versus

Reynold S nunber

‘Group (2): The w1dth of the jet at d1 fferent stand off dlstances
v;ei‘e,neasured for three nozzlle sizes at a supmy pressure of 103.5 MPa
(15000 psi). Experimental results for Group (1) are ;}\own 10 Figs.
‘2.7, 2.8, 2.9, 2.14 and 2.15 and for Group (2) in Fig. 2.18.

» o 2.2.1 Nozz]e Flow Ooeff1c1ents

¢ The nozzle assembly used for the tests is shown in Fig. 2.4,

The sapphire orifice is mounted with the conical e facing dom- -

T
—

stream, so that flow'-occuf‘s through a sharp edge orifide. For incom-

*

pressible frictionless” flow mth zero approach velocity, the

—theoretlca? velocity and flow at the vena contract are

o

y;th-.:'/ZPO/p I | . , (2.1)

»

ch = A 2P /p =C, A,/ 2P/ (2.2)

—

——

. where p is the water density at standard conditjons\,‘,A;.;“is the vena
coatracta area and C, is_the contraction coefficient. The actual
,ﬂow‘is léss."than .the theore'tical,\.flon,_ and-.coefficients of xe]ocity
and discharge are used to relate experime/ntal to t‘heorhtitca'l values -




o Vex-= Cyo//2Po /o | o (23

v Qe = Cpo/TPle Ay ~(2.4)

1S

The. overall coefficients of velocity(Cvo) and discharge (CDo) can’
be éxpmssed in terms of frictional coe_ffi.ci;ents (CV, CD for velocity
and discharge r'especti“vely) and a compressibility coefficient,(Ye) |
which is frequently called an expansion coefficient. Eqns. (2.3) and

(2.4) then take the’ forms

A

(2.5)

<
It

CV-Ye ZPo/p

Qex
. j _

The expansion factor Y, can be eliminated from the equations if the
compressibility -is faken into account in calculating the.’theore‘ticeﬂ
velocity. Bermoulli's equation for inviscid éteady compressibie flc;w
is

2 - . ,
ALy §£= constant - ) (2.7)

From Eqn. (2.7), the theoretical compressible velocity Vin.c “can be,

“determined if the equation ‘of state. p = f(P) of water is given. The

Bryan (1) used the re®ationship:

pP = 100 (o] *‘ (2.8)
10002312 P -0.00187 P2 ‘

"Po = density at pressuré P, '~

Co¥e /2Polo + Ave - * (2.6)

Htevature contains several empirical forms for the equation of state.




< ————— en b s e

- ' N - 24_ - . . ° !
' N . ‘ ' ’ ' .
Solving Egns. (2.7) and<12.8) gives T
A' ’ N N i 1 .
= - 2 3 (
Ven o, (fes) = /1485(100P -0.0156 P2-0.0062 P} (2.9)
) In Ref. (5),’ano,ther form of the equation of state is s
‘ P, - o
‘ /’ - 'y = 318.6 (TQ_S" + 2942) (2.10)
/ ' Y = épeciﬁ'c Qeight in kg/m3 3 '
/
Po upply pressure in psi \
’ "y
' The theoretical cumpressible yelocity calgulated from Eqns. (2.10)
and (2.?) is | |
Vel frs) = /843100 /18,5 + 2942) 17 - 9ag (2.11)

/

Vin.c/ can also be calculated from the arithmetic mean density yalue,

/
pm / o
/ S Vthoc. </ 2 o/Pm
! | : 0 +op o (2.12)
o = 0 . N

m 2

where values of PPy CanN be:,oﬁ%ained from tables such as Bridgman's .

- “Tables (14), - ‘ : -
The expansion factor Yg can be calculated for arly pressure range -
from the equation < VA
) ? N ,' ) . — ' - .
Ye = Vth.c.”Vin ‘ ! ‘
using Eqns. (2.9), (2.11) or (2.12) for Ve, cr . SRR

\
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The results aie shown in Fig. 2.5 as a plot of Yé vs. nozzle pressure

I
S i N 0 i

up to'414 MPa. Eqn. (2.8) represents an average of the other two

LT T

equations and it is used further with Eqn. (2.9) to calculate the
Jjet flow Mach number, ‘ ‘ ™ | o)

_ 3P
M= vth.C. / p ]3?
“

These equations enable the calculation of the quantitative effect of

“compressibiljty on the coefficient of discharge. The effect of com-

pressibility expressed in terms of/either M-or Y, on the pertentage
/ - 4 .

.'change of the coefficient (of ,disché~rge if compressibility were neg- C T -3

O o o b sk 05

lected, is plotted in Fiyg. 2.6. An error of 3.68% in the coefficient
of d;'s‘charge would have resulted if compressibility were neglected at

M= 0.54 or Yo = 0.9633 and P_ = 207 MPa (40 Ksi). If the maximum

error . allowed in flow calculation (or CD) is 1%, then the exbansian

‘coefficient should be used in Eqn. (2.6)-if the Mach number exceeds

—— o

0.29 (i.e. Po > 138 MPa). Below this pressure, neglecting compres- A
sibility-will cause a maximum error of 1% in flms calculated from

nozzle pressures.

- ' - . ’ ’ — ' 4
- A comparison of experimental and theoretical flow rates is ‘

shown in Figs. 2.7 to 2.9 for three nozzle sizes. The effect of poly-

mer (polyox 0.25%) on impré'ving)the flow is also shown. The results s

are presented as dimensidnal plots of pressure and flow rate, l”igs. ’

\  2.10, 2.71 and 2.12 are plots of the 'pressure and coef%cients of dis-

charge. The frictiéna] coefficien&t of discharge CD = Qex/dth c. tends

to have a constant value at h"igh pressures for all three nozzles,
while the overall coefficient of discharge Cpo = Qe*/ch =Yy Cp

first increases arid then decreases slightly because of the effect of

° !
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| Equation (2.12). k ]

Fig. 2.5 The Co

~ .

T

- Ref. (14)
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2 0.97 -
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e

' ® 0.96- Equation (2.8) _
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the expansion coefficie;;t#e which decreases with increasing pres- ~
e ~ , oo

sure, Consequentlé CDo tends to have a maximum wvalue over the pres-

sure range of 140 MPa to 200 MPa. The existence of maximum values

’

is more pronounced for the smaller nozzie ‘sizes. The polymer

additive increases the values of Cp by about 18%5-14% and.'ﬁ.gi for .
the 0.1016 mm, 0.1524 mn and 0.2032 ‘mn nozzle diameters respectively
but “the trezfd/i's‘ similar to that with water a]EJne. The over:a'll dis-
charge coefficients CDoi_are presented as nondimensional functions of

Reynold's number in Fig. 2.13. ‘Some pub]ishéd$ data are‘also pre-

sented. The in-house data with water and data published by\\Harris (17)

display maximum values of cDo for Reynold's number between 40,060 and
70,000, The higher viscosity of the polymer; solution decreases the '
Reynold's nunbe\r ‘range for maximum values of CDo to between 5600 and

/3500, . .

. TR
2.2.2 Force Measurement and Contraction Coefficients

~The hydrodynamic jet force Fex'was measured as close to the -

nozzle exit as was practically possible {4 mm from sépphire exit sur-

face). Fex

flow (Qex) using the equation

was compared to the expected value Fth from the measured

, Gex ‘
fuTmeR” - ey

" Figs. 2.14 and 2.15 show the results of plain water and water with
polymer. In all cases, fex was greater than F.th’ The explanation is

that for the same mass flow rate oQ ., the forces are inversely pro-

. ex’
portional to the\areas of flow and that the actual area. of fiow is”

N - - - v
*, \ - [ ' N
. v \

- l
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Comparison of the values for water and polymer clearly shHow ‘the

less than the nozz‘le'exit area A,(1 due to jet contraction in the . “ .
vicinity of the vena contracta. The conversion of pressure to .
kinetic ene'rgy is maximum at fhe ven-a contracta, so, that the total
momentum of the jét near the vena contracta‘must be related.to the
measured force by - | co

2
F.o=p —Ag)-(- ‘ (?.IS)

where Avc is, the reduced area of the jet due to contractign.‘ The

coefficient of contrac';ion,‘cc, .can be calculated from ﬁ’\\{J
. ,
N g =£l’£’=%:—- - (2.16)
Typical values of C. at 241 MPa (35 Ksi) are listed in Tablelé.l
following, together with values of Cp for water with and without
polymer, | ‘ ‘ ‘
dy Water Polymer _ / ’
| inch | mm Co ¢ [ ¢ GIlC TS |
{o.008 [0.1016 [0.728 0.961 {0.7575 ] 0.8 | 0.94 |0.915 )
0.006 0.1524“ 0.7803| 0.97 6.804 0.89 { 0,951 0.;726 .
0.008 |0.2032 | 0.845 | 0.985 | 0.858 | 0.9 {0.97 |0.928

a N - - A

Table 2..] Va]ues of Flow and Contractmn
: Coefficients at Pressure.241.5 MPa (35 KSI)

-effect of the polymer at a fixed value of the nozzle pressure. Com-

‘ pam‘sog of. Cv shows that polymer increases the velocity by 17%. Com-

parison of CC shows .that polymer increases jet contraction by about

fect is that polymer increases the flow rate by a

Y




"J

maximum of 13%. These values are used in the folldwing section to ~

determine nozzle efficiences and headﬂhsses, \ f |
2.2.3 Nozzle Efficiency and Head Los$ : - | S
fhe efficig_néy witt;‘ which a nozzle converts prjessﬁrfe ’eneréy into ’ ‘ : |
 kinetic eﬁergy is given by ' . s “
powér output E0 3
) M = availabTe pawer E,
' |
where - 0o~ ;—p Ave v\alé i ! l
: - ' C' X
Ea = 21' e Ay vih v A\ i
Y. - N ' | ' ‘\
a_nd_ | vyc=Cerv_th ‘ e . : \
then =G (C, ¥o)3 (2.47) |
~ Which is a‘ffecteq by c;on‘t'rdct‘ion,‘ fri'ct'im\l \ai‘td:\cgi!lpressiblﬂiity. The"
pressuré Toss in the nozzle is a frequently used term which is given |
b.)-'~ ‘ o V2. L ’; : \\\\.\\'\o
- A P =R - Zc A o \\\\

where : " VVC=C.Y~Y9',§/ZPO/9 , .' o RS

& —_
»

Substituting v, . fron the second equation in theffirst equation and ‘

~d1'v1d1'ng by P,. gives . - o '

- . PL - ‘ o . ) ' ‘
- B L U AL S (2ae)

0
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A1l the terms on the right hand side of Eqns. (2..17) and {2.18) are
‘fqnctions of pressure as presented in Sections 2.2.1 and 2.2.2

~ Figs. 2.16a, 2.16b and 2.17 show‘the effect of pressure on
the efficiency, power delivered and coefficient of pressure

loss. Figs. 2.16a and 2,16b show an optimum efficiency at pressures

from about 140 to 200 MPa However, nozzle size has.a far gr'eater -

effect on efficiengy which increases from 40% to 60% when thé nozzle
di ameter increases from 0.1 to 0.2 mm. Polymer addition (0 25%

* . polyox) improves the effic1ency by maximum values of 72% 60% and 25%
for the -three nozz]e sizes 0.1016.mm, g. 1524 mm and 0.203; m res-

1

. . pectively. The efﬁciency range when us1ng wativ(?ig. 2.]6@) is
n

from 30% to 60% whﬂe the efficiency range whe Tymer .
(Fig. 2.]6b) is from 50% to 75%. Fig. 2.17 shows the cpefficient of
pressure loss (Eqn. (3.18)) which has the values of 0.3 to 0.55 when

'us\ing water alone and from 0.1 to 0.35 when using polymer.

) 2.2.4  Spreading Characteristics of the Jet

F1g ‘2. 1y compares the exp9r1mental resul ts obtained with the

e three nozzle sizes w1th the re]atlonsmp proposed by Yanaida (15):

) ‘ - w= 0,335 /dn’_x | \ | ( (2.19_)
T ' There is réasonablq aéreement between ‘Eqn. (2,19) and the .

" experimental valves. Better agreement is obtained when . the vena con-

tracta diameter is used in Eqn. (2.19). Yanaida's equation was

. derived for low pnessure water jets (up to 30 MPa), and the agreement
: 5 4 NN
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with the present h1gh pressure data indicates, that polymer counter-

. acts the rapid Jet d1sperswn that occUrs vnth mgh pressure

&/water jets. These high pressure Jetsr with polymer have spreading -

characteristics similar to the low pressure water jets which are

adeqdately represented by Eqn. (2,19), ©fig. 2.19 shows the difference -

between the physical appearance 'of the jets with and without polymer,

~ 2.2.5 Conclusions

In summary, the findings of the invesltigation of nozzie and jet

i

PR

charactemstms are:

.

i '3.

Typical nozzle flows have Re‘gnold s numbers of 20,000, to 80 O,QO

and Mach numbers of 0.25 to 0.5 so that the1r performance is

‘ affected*by both viscous and compressibility effects.

Frictional characteristics are conveniently quantified by

* numerical values (of the ve]oci‘ty'coe?‘ﬁéient"cv and the flow

coefficient C, while the expansion factor Y, quantifies compres-

sibility effects. Eqns. (2.5), (2. 6) (2‘17) and (2.18) gi've

) the reqmred relation betweén these coefficients and the Jet

LA

values of the appropriate coefficients are known:

veloc1ty. Jet ﬂow, nozzle power efﬁciency and- pressure loss 3 M
coeffl cient. The equations are useful because the nozzle flow char-

K

acteristics can be calculated at any particuiar.pmssure if the

Ly

»
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_ yalues of these\coefﬂcients. Typic'e‘l values ‘of L‘Do at Co

Re = 60,000 are 0.69, 0.75 and 0.83 for O‘.I‘, 0.15 and 0.2 mm

nozzle diameters respectively using plain water.
v\ A .

The maximum values of the .6verall coefficients of discharge ar:fl
velocity oceur in the .pressure rénge 1-40 - 200‘ MPa and

R, = 40,000 to 65,000. Typical maximum values of CDO are 0.7, _
0.76 and 0.83 for nozzle diameters 0.1,°0.15 and 0.2 m res- = -

pectively. ’ . : e

‘The use of polymer (5.25% polyox) has the following effects:
a - Increases the flow rate at 276 MPa (40 Ksi) by 17.6%, 12.7%

’ _and 6.6% for nozzle diameters 0. 'I 0.15 and 0 2 mm respectively;

) b - The percentage pressure 1oss in the nozz'le improves from the

~

-The width of the Jet mth pol ymer has been found proportiimal\to the

: range of 30% - 55% for water, t0.10% ~ 35% when using polymer.

¢ - The momentum delivery is improved when using polymer because

of the increase in flow rate and the lower contraction coef-

ficient yalues. _The reduction in the jet cross-sectional area

is 2%, 1.9% and 1.5% for nozzle diameters 0.1, 0,15 and 0.2 mm - “
respectively when using polymer, '

d - Th\ncrease in the nozzle efﬁc1ency when using po1ymer is

72%, 60% and 25% and the 1ncrease in the overall coefficient of
discharge ‘s 17%, 14% and 6.5% for nozzle diameters 0.1,.0.15 -

andho 2 nm respectively. ‘ o )
; ~

. s%re root of distance from nozzle exit as suggested fn the reference

. data for low pressure values,
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2.3 INVESTIGATION OF THE CUTTING PROCESS.
SCOPE “AND SOURCE OF DATA. ‘

2.3.1 Cutting Variables

; , :
The variables that describe the cutting process are:

1. Jet parameters, Jet veloc1ty (or nozzle pressure and Cc, C., Ye),

. \

w

nozzle d1am3ter and stand off distance. -

TN * L4

2.- Cutting parameters; feed rate, number of passes, .depth of cut,

volume of material removed and specific.energy (or cutting

efficiency). ‘ ' <
3. Material propertieS' densit:i/, porosity and strength para-

meterg such as compr‘esswe, y1e1d sh/gr other streggth
properties. . : “ j

-
“ \ {

2.3.2 Scope and Source Of Data -

Because of the large number of variables involved and the com-
plexity of the cutting broces_s. the investigation enc'ompassed high

§peed photography to physically observe the cutting process, in-house

/

o
of the work are sum-
a - 2

marized below and the sources of the data usgd are listed in Table 2.2

cutting datla‘ and analysis. The different phases
fol]oweqlby a detailed Hsting of all the experimental data in Tables
2.3 to 2.22: '

¥
Phase [.
| ﬁxperinlental 1nvesf,igatio\n‘ and digrnensiohafl analysis with one type
of material (wood) to detemﬁne the dominant matériai properties and

to develop an empirical equatfon which rvelates the depth of cut to tl)e

nozzle and-material parameters.




Formulate a model of/the cuttfng process\and.deve1opfa géhera]

theory which is used &ith in-house daéa and published test results

>

to determ1ne the material properties that dominate the cutting pro-

° cess and- that are also conmon to the different types of material.

&

nvestigate-the effect of stand off d1stance and multipass
tlng on cuttxng resu]ts. Combine the genera] cuttmngtgquat1on
\ ; T with the empirical jet spreading equation of section 2.2.4 to

determine the conditions under which §tand of f distanpe can be -

4

3 . . optimized for maximum depth of cut and maximum volume remdval of .

~

material,

Phase [V. .
Combine the steady state cﬁtting»equatioﬁ at very hfgh feed
rate with existing mode]§ of material erosion by drop impact\}o
* @

- develop cutting equations for pulsed jets.

v

=

e

ot




. Phase |No. Material Ref. Variables and Purpose
I 1 | Poplar author Depth of cut as a func-
| 2 | Maple author tion of nozzle diameter,
31EIm - _ author jet velocity and feed
4 | Douglas Fir . (1) rate. Determine dominant
5 | Red 0ak (1) material properties.data
used in Chapters 3, 4.
~IT .1 1°] Phase I - 1,2,3 .| author Depth of cut as a func-
2 | Sugar Maple (n tion of nozzle diameter,
3 | Indiana Limes tone (18) Jjet velocity and feed
4 | Coal (20),(21)| rate. Development of
g\ Red Woolten 225; | theoretical cutting model.
Concrete 22 ‘ ) :
7 | Polycarbonate - (12) :
8 | White Granite .| (23) Data used in Chapter 4.
9 | Wilkéson S.S. (23)
10 | Limestone (19)
11| ILce (24) DR
12 | Plastic author High speed photography.
I11 1 | Poplar author Effects of stand off dis-
' 2 | Maple . uthor - .| tance, -feed rate and
r 3 1Elm - - author muttipass cutting on
4 | Limestone 19 {depth of cut, volume re-
5 '] Aluminium (v6 moval & specific energy~..
6 | Coal . (27 Data used in Chapter 5.

Tab]e 2.2 Data used in Different Phases
of the Investigatich.

|/
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Table 2.4 Results of Cutting of Douglas Fir - -
' and Red Qak Ref. (1).

: - ; ‘ Depth of Cut
No. d, Po u Douglas Fir | Red Qak
inch mm pst. [MPa fin/secl cm/sec Jinch .| cm inch [ cm
1 [0.005] 0.127]10000 | 69 }0.25 {0.6125 [0.06 [0.1524 [ 0.05[0.127
2 10,0051 0.127120000°}113810.25 [0.6125 {0.19 10.4836 {0.16 |0.4064
310.005] N.1271 30000 {207 | 0.25 J0.6125 |0.35 {0.889 }0.33)}0.8382
4 10.005]| 0,127 40000 | 276 | 0.25 {0.6125 {0.45 [1.143 [0.45}1.143
510,005 0.127 50000 | 345 ] 0.25 |0.6125 |0.7 |1.778 |0.65|1.651
. {
PHASE II CUTTING DATA FOR DIFFERENT MATERIALS.
AN
No. dn\ P u \ B
inch m psi MPa |in/sec| cm/sec | inch cm
110,005 [0.127 135000 {241.5{ 0.25 | 0.6125 | 0.23 |0.5842
2 |-0.005 }0.127 } 35000 |247.5] 0.5° | 1.27 0.2 0.508
310.005(0.127 {35000 {241.5] 1.0 2.54 0.16 10.4064
410.005]0.127 { 1000Q | 69 0.25 | 0.635 0.01 |0.0254
.5 10.00510.127 120000 | 138 | 0.25 ] 0.635 0.13 |0.3302
6 {0.005]0.127 | 30000 {-207 0.25 | 0.635 0.62 |1.5749
7 10.0051.0.127 | 40000 | 276 0.25 | 0.635 0.47 11,1938
810.005]0.127 {50000 {345 4| 0.25 | 0.635 10.24 |0.6098 ;

«Table 2.5

'
A

>
-

LY

Cutting Results of Sugar Maple Ref. (1).
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Y
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No. dn P ‘ u Z :
inch . psi MPa_ lin/sec ] cm/sec ] inch cm '
’ 1 10.008 |0.02032 | 20000 | 138 | 0.264 | 0.6706 | 0.3 0.762
2 |0.008 |0.02032 | 20000 138 | 2.28 5.7912 | 0.175 | 0.4445 B
. 3 10.01 0.0254 20000 | 138 | 0.264 | 0.6706 | 0.4 1.016
4 10.008 |0.02032 | 40000 § 276 | 0.264 ] 0.6706 | 0.625 | 1.5875
5 |0.008 10.02032 | 40000 ] 276 | 2.28 5.7912 | 0.3 0. 762
6 |0,001 |0.0254 40000 ] 276 | 0.624 | 1.5849 | 0.82 2.0828
7 10.008 |0.02032 | 60000 | 414 | 0.264 | 0.6706 | 1.1 2.794 ;
s 8 10.008 |0.02032 }60000|( 414 } 2.28 5.7912 | 0.5 1.27
. 9-10.008 |0.02032 | 60000} 414 {1 0.612 | 1.5545 ) 0.8 | 2.032
_____iiiif;;?B Cutting Results of Indiana Limestone Ref. (18). v
. . .’q ' )
No. d ) P3 u ‘ z
inch mm pgi A4 MPa lin/seclcm/sec] inch |° cm
1 10.0197 | 0.5001 | 124000 | 855.56] 16 [40.64 | 1.87 | 4.7498
> 2 ] 0.0197 | 0.5001 | 139000 | 959.1 4 110.16' | 1.68 | 4.2672
3 10.0197 }0.5001 | 132000 | 910.8 4 .}0;16\~~1£§§\\ 3.937
4 10,0197 10.5001 | 151000 }1083.3 4.110.16 | 1.43 6322
5 10.0197 |0.5001 } 112000 772.8 4 110.16 | 1.75 | 4. ™~
"6 | 0.0197 | 0.5001 42000 | 289.8 4 110.16 | 1.37 { 3.4798
7 | 0.0197 | 0.5007 87000 | 600.3 4 110.16 | 1.3 3.302
8 | 0.0197 | 0.5001 89000 | 614.1 4 110.16 | 1.0 ]2.540
9 10.0197 | Q,5001 § 150000 §1039. }. 4 }10.16 | 1.87 | 4.7498
10 § 0.0197 | 0.5001. 126000. ﬁ§9.4 4 110.16 | 1.81 | 4.5974

+  Table 2.7 Cuiting Results of Limestone Ref. (19).

%
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No dn ( P0 u z 5
. inch mm psi MPa | in/sec|cm/sec j[inch Com !
1.1 0.0196 { 0.500 5000 34,5 3.28 1 8.3312 1 0.39 | 0.9906 P f
2 ] 0.0196 | 0.500 }10000 69 3,28 8.3312 | 0.93 | 2.3622 | - !
3 10.196 0.500 |15000 |103.5] 3.28 |.8.3312 |-0.97 | 2.4638 ;
4 10.023 0.5842 | 10000 | 69 3.28 § 8.33 “0.98 | 2.4892
5 10.023 0.5842 | 15000 103.5] 3.28 | 8.3312 | 1.56 | 3.9624
6 | 0.026 | 0.6604 | 5000 34.5] 3.28-} 8.3312 | .0.425] 1.0795
7 | 0.026 0.6604 } 10000 69 3.28 ] 8.3312 | 0.846] 2.1945
8 | 0.026 0.6604 | 15000 103.5} 3.28 | 8.3312°} 1.93 | 4.9022
9 | 0.026 0.6604 | 20000 138 .3.28 | 8.3312 | 2.7 6.858 L.
10 | 0.03 0.762 5000 34,51 3.28 | 8.3312 | 0.56 | 1.4224 . 5
11 | 0,03 0.762 10000 69 3.28 8.3312 | 1.27 | 3.2258 i
12 | 0.03 0.762 15000 | 103.5] 3.28 |.8.3312 | 2.44 | 6.1976 :
13 | 0.035 . ] 0.889 {10000 69 - 3.28 | 8.33121-2.34 | 5.9436 -
- 14 1 0.0397 | 1.0084 | 5000 34,51 3.28 ] 8.3312] 1.24 | 3.1496
Stand of f distance = 3.8 cm (1,496 inch) . o - !

\ B " Table 2.8 Cutting Results of Coal Ref. (20).

~| No. P Su |z,
psi | MPa [in/sec| cm/sec [--- : S

2940 120,286 | 11.79 | 29.95 | 50
2640 | 18.216 | 11.79 | 29.95 | 36,
2940 {20.286 | 29.47f 74.85 | 28.
2640 |18.216 | 29.47 ] 74.85 |, 15,
2640 |18.216 | 78.6 199 64 | 19

B i \ ‘ - Stand off distance = 2. 54 ot (1 inch) oo /‘/
: ~ " - Data were given as z/d, values. ' ' ‘

O P N —

D)

‘ Table 2.9 Cutting Results of Coal Ref. (21).

N
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_| No. dn LPO Un z
inch mm ps1 | | MPa [cm/sec|cm/sSec [inch. cm p

"1 10007 }0.1778 | 30000 | 207] 16 }40.64 1.0.04 0.1016

2 {0.007 {G.1778 { 3000¢ | 207} 8.5 {21.59 [0.05 (0127

3 | 0.007 |0.1778 {30000 | 207} 2 5.08 |0.065]0.1661 |

4 10.007 {0.1778. | 50000 | 345} 16 40.64 ] 0.075 10.1906

5 10.007 {0.1778°| 50000 | 345} 8.5 [21.59 }0.09 |0.2286

6 ] 0.007 [0.1778 | 50000 | 345} 2 5.08 | 0.15 ]0.381 . §
7 { 0.007 {0.,1778.1 70000 | 483] 16 {40.64 } 0.1 0.254 .

8 | 0.007 {0.1778 | 70000 | 483} 8.5 |21.59 }0.13 ]0.3302

g | 0.007 }0.1778 | 70000 .| 483] 2 5.08 10.2 0.508

TabTe 2.10 Cutting Results of Concrete Ref. (22)..

No. dn, o P0 u ‘ z .
{inch. mm bsi | MPa fin/sec | cm/sec] inch | cm
1 10.003 10.0762 | 30000 }207 § 0.4 1.016 ] 0.05 | 0.127
. 2 |0.003 0.0762‘&40000 276 0.4 1.016 { 0.1 0.254 '
‘ 3 |0.003 | 0.0762 | 50000 | 345 0.4 ] _.1.016 ] 0.13 | 0.3302 =
4 |0.003 } 0.0762 | 60000 ‘| 414 0.4 1.016- | 0.78 | 0.4572
5 10.005 | 0.127 | 60000 | 414 0.8 2,032 | 0.3 ¢} 0.762
| 6 [0.605]0.127 | 50000 | 345 1.2 3.048 | 0.2 }0.508
7 10.005 | 0.127 | 30000 | 207 0.8 2.032 | 0.1 0.254 :
-1 8 10.007 | 0.1778 | 30000 | 207 | 0.4 1.016 | 0.19 | 0.4826 o
-1 9+}0.007 | 0.1778 | 60000 |-414} 0.8 2.032 { 0.5 }1.27 . :
10 10.007 | 0.1778 | 50000 |} 345 1.2 | "3.048 | 0.3 | 0.762
4 - 3 %

Table 2.11 Cutting Results of Po]y‘c,ar'bonat;e Ref. (12)‘. ‘

v e




@ | No. d. P you .2
inch cm psi ] Mpa in/sec cm/sec [-inch cm

1 {0.03 {o0.762 | 19000 | 131.1} 0.13 0.3302 | 1.51 |3.8354
2 |0.03 {o0.762 | 19000 | 131.1 | o.21 0.5334 | 1.45 |3.683
3 {0.03 {o.762 | 19000 | 131.11 0.33 0.8382 | 1.26 |3.2
4 |0.03 |b.762" | 19000 { 131.1.} '0.53 1.3462 | 1.06 |2.6924

-5 {0.03 |o0.762 |19000 | 131.1} o0.85 2.159 | 1.01 |2.5654
6 |0.03 |o7762 | 19000 | 131.1] -1.33 3.3782 | 0.91 |2.3114

Table 2.12 ' Cutting Results of Wilkeson Sands tone Ref.'(%B).

. o
H kfa/\

No.' ‘d& P7 . u z
“inch mm psi MPa | in/sec | cm/sec]inch cn .
1 }0,014 | 0.3556 | 60000 | 414 0.6 1.524 | 0.77 | 1.9558
2 | 0.014 | 0.3556 | 60000 | 414 1.0 |2.54 | 0.74 | 1.8795
3 § 0.014 | 0,3556 {60000 { 414 1.6 4.064 § 0.7 1,778
4 ]10.014 | 0.3556 | 60000 | 414 .| 2.5 |6.35 0.51 | 1.2954
5-0.014 | 0.3556 | 60000 { 414 4.0 {0.16 0.44 | 1.1176
6 | 0.014 | 0.3556 | 60000 | 414 } 6.0 [15.24 0.37 | 0.9398
AR P N g N

_Table 2.13 Cutting Results of White Granite Ref. (23).
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i
No. \.dn P U z
inch |° tm psi ~ | MPa Lin/sec | cm/sec { inch cm
1 ]0.02 |0.508 |100000 690 [ S50 127 3.75 | 9.525
2 |0.02 |0,508 }100000 | 690 | .51.4 [130.56-16 | 15.24
3 10.01270.3048 | 60000 | 414 | 37.8 96.01 | 2.75 6.985
4 10.01210.3048 | 60000 | 414 | 16.66} 42.32 | 3 . 7.62
5 10.01210.3048 | 60000 | 4144 11.78] 29.92 | 4.5 | 11.53
6 | 0.016}0.4064 | 60000 | M1 18.4 46.75qﬁ 5 12.5
7 10.016§0.4064 | 60000 | 474 | 13.92] 35.36 | 6.5 | 16.51
8 10.016]0.4064 | 60000 | 414 13.2 33.53 }1-6.5 16.51
‘ - \ o
~ 'Table 2.14 Cutting Results of Ice Ref. (24).
A v p ) ' ) \
- W .
/? ~.
" No. ' '/u . z
‘inch mm psi MPa in/sec cm/sec | inch cm
1] 0.039 |]0.9906 | 28000 | 193.2 19.68. | 49.784 1.‘%5 4,19] |
210.039 }0.9906 ‘| 43000 | 296.7 | 19.68 49,784 | 2.55 | 6.477
3 10.039 }0.9906 | 51000 | -393.3 19.68 49.784 |13.34 | 8.436 |
4 10.039 |0.9906 | 72000 | 496.8 | 19.68 | 49.784 | 3.93 |.8.6106}
5 | 0.039 {0.9906 | 39000 | 269.1 | 15,7 39,878 | 2,75 | 6.985
6-] 0.039 }0.9906 } 49000 | 338.1 47 119.38 | 1.96 ] 4.064 |
. Cutting Results of Red Woolten Ref. (25)%




PHASE 111 EFFECT OF STAND OFF.DISTANCE MWD,

* MULTIPASSES ON CUTTING RESULTS. '\

Depth of Cut

/o
[ /
Wi 7
X . f " Poplar -
c inch

J

Maple

4
O«

ch cm L

8

‘anErpocoo

o *

PPN ot ot et s —~ O OFf
BN S o

-
QOO WN -

]
—
r
o

]

—
~N
N
(o]

1.504

2.Q32
2.p4

3,048
34556

1064.
- 572
.08

¥5.558

6.096
%.604
7.112

¥

0.46
0:41
0.385
0.338
0.315 |
0.303
0.29
0.267
0.263

0.24 -
0.232

0.2447-

OO0 OCOD ——

0. 295
0.275
0.259
0.236
0.228
0,208
0.204
0,189
0.185
0.177
0.165

o & o

.

8

.

10.326

0.83
0\- 75
0.70
0.66
0.60
0,58
0.52
0.48
/0.47 ,
- 0.45
0.42

L b

L]

cooooocoo

“HE

NN
A

d, = 0;1016 m (0.004 inch)

Py =24

-

-

’ / Tab]e~-2.]6

L. .

6 MPa (40,000 psi)
u =02 cm/sec. (0.074 inch/sec.)

|
t

-

T

Effect_of Stand 0ff Distance on Déﬁth of Cut
. for Wodd (Poplar, Maple, Elm).

P, = 241.5 MPa (35000 psi)

o

Po~

= 172.5 MPa (25000 psi)

X

Y4

X

*

Z

_1nch

cm’

. inch

Y
. &M

bl

cm

inch

Tem

1.0
2.0

2,54 .
5.08
7.62
10,16
12.70

15.24:

0.0145
0.02
0.018
0.0145.
0.009
0.003 "

- 0.02

0.0368(| . 7
0.0508] 8
0,0452}1 9
0.03a8l} 10
"

0.0076y 12

‘inch |

6.0

2.54
0| 5.08
0l 7,62
-0 1.6
0-112.70
15.24

-0

0.007
0.011
0.01
0.007
0.0045
0.001

0.0178
0.0279
0.0254
0,0178 ,
0.0114.1
0.0025

| Tes%lcond¥tions§ dy =lO.254 mm (0.01 1nqh)
: ' u =2.54 cm/sec. (1 inch/sec.)

Table 2.17

-,

Effect of §

nd Off Distance on

~ -Depth of Culgof Aluminium Ref, (26).




Poplar .

Maple -

Elm .-

Feed Rate*

Feed Rate

Feed Rate

3

3

4

11
14
15
16

.51°4 0.2
3

. .
-

2
5
7
9
.2
J
0
3

0
0
0
1

3.05
a3

« o s « o @
VP — 00 W) —
(oo No R, Wa W) ]

el O OO O
-

0.05

-t

0.25
0.45

0.8

0.18

0.86 10.2

*,

(1) u=0.198 cnfsec. (0.078 in/sec.) -
(2) u 0.396 cm/sec., (0. 156 in/sec.)

(3).

\792 cn/sec.’ (0..312 in/sec.)
(fl)( u= 1,884 cm/sec. (0.624 in/sec.)

Po

dn
X

= 345 MPa (50,000 psi)

0.1524 mm (0.006 inch)’
6.35 mm (O.ﬁ{?inch)-

‘o '
1

?
o

Table 2, 18 Number of PaSSes and. Accumulated Depth
of Cut of Wood at Differ%nt Feed Rates.-

*
P




b
o

u Number of Passes /
No. in/sec. 1 2 4 8 16
-] 1 2 2.8] 4,72 6.38 11.54 14.33
2 4 -- 4.16 5.1 . 6.988 | 11.77
3 10 1.44 2.53 3.6 4,86 6.53
4 20 1.03 1.64 2.72 4,34 | 6.3
5 132, |1.78 | 0.83 | 3.09 1.91 | 4.6
Depth of cut is in inches (1 inch = 2.54 cm)
Po = 69 MPa (10,000 psi)
d, = 1 mm (0.0393 inch)

" Table-2.19 Effect of Multipass Cﬁtting on Depth

of Cut of coal Ref.

Poplar

~ Maple

X Wy

inch cm

WZ‘ .
cm

AV
cm3

Wy Wa
cm cm

Av

W, W, av

cm

.« . g

4
o
o

0.108
0127
0.129
0.15

0.163
0.16

0.168
0.176
0.189
0.189
0.19

.10.194

o
[~}

. e

O NN

.

-

0.034
0.038
0.044
0.045
0.047
0.05

0,05

0.053
0.056
0.059
0.059

0.084

0.087
0.085
0.084
0.084
0.081
0.081
0.078
0.081
0.077
0.076
0.075

'0.106 | 0.033
.13 | 0038
0.146 | 0.042
0.137 | 0.042
0.141 | 0.045
0.115 | 0.047
0.152 | 07051
0.126 | 0.05
0.158] 0.05
0.155.] 0,053

0.164'} 0.053

0.058
0.063
0.066
0.059
0.056
0.055
0.054
0.051
0.05’

0.049
0.049
0.046

0.165 | 0.054

0.13 |0
0.13 j0
0.136{0
0.136]0
0.16 |0
0.176}0
0.163}0
0.157}0

10.176}0

0.169]0

0.198}0
0.167}0

.03 }]0.048
0311 0.045
.036 | 0.044
.039 ] 0.042
.04 10.04

.04 10.04

.042] 0.037
.0431 0.035

.04510.033 "

.045-1'0.03

.046 | 0.033
.048] 0.028

Depth of cut is given in

Table’2.16.

dy = 0.1061-mm (0.04 inch} - _ .
Po = 276 MPa (40,000 psf)”

U =2 onfsec, (0.07341n1%gc.)

. "Table 2.20 Effect of Sgand Off Distance on volume:

.




. x- - -
l g ]
} X
- 61, -
| Ed AN
1 k .
.
':(No. y Poplar Maple _ Elm
- - z Wy SE 1z AT w, SE | z . Wy SE
in/sec lin/sec| cm . em | gcclGm | om J/¢C | cem om J/CcC
110.2032({0.08 }1.05 [0.127]935%4 {0.75 | 0.13 1279481 0.56 } 0.13 (171359
210.406410.16 {0.53 ]0,126} 93407 }6.47 | 0.12 }123759} 0.3 0.129 161175
©310.812810.32 }0.26 }0.13 | 92274 O.Z-T,. .0.12 | 123759} 0.15 | 0.13 [159935
4 11.6256|°0.64 10.145 1 0.127] 84683 |0.1 0.12 | 118134} 0.073{ 0..123 {173669
513.2512]1.28 }0.072 | 0.13 | 83299 |0.055] 0.119 { 1191271 0.04 | 0.129 151102
6 16.5024] 2.56 |0.036 | 0.13 {83299, 10.03 § 0.117 1111066 | 0.022 0.119 148908
X =2.032 om (0.8 inch) - T ' .

dn =0.1016 mm (0.004 inch)
Po =276 MPa, (40,000 psi)

Table 2.2} Effec:c of Feed Rate on Speci fic Energy ~of Wood.

é«.

o

Ref. (19)

*

i

N4

~a

. P0 Z Wy E N ' SE  |Volume
No. [Tipa T Ksi- an - cm Joules | J/cm3| cm?d
1 | 959 | 139 | 428 | 0.317 66338 | 6030 | 1
2 911 132 ] 3.96 0.317 61724 5143 12
3 11083 157 4,44 | 0,396 47669 3666 13
4 290 42 .1 3.3 -0.317 | 32695 ' | 4086 8-
5 614 89 2.54 0.317 " | 34146 | 4878 A
. 6 (1035 150 4.76 0.396 74771 52?7/\ 14
\ 1 7 869 126 4,6 0.317 57451 ) 4419 '] 13,
u = 10.16 cm/sec.’ (ﬂ inch/séc. ﬂ |
X. =2.54 cm (1 inch) C{‘ </\/ -
d, = 0.5 m (0.0197 inch) ‘
) Table z, 22 Effect of Pmssu -
Specific Energy of Limestone,
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N IR CHAPTER 3

~ " INVESTIGATION OF JET CUTTING PROCESS WITH WOOD - PHASE I - 1

| i
¢ 3.1 INTRO , - O

I‘niorder to evaluate the potential of jet cutting in. a ;;articuia.r
appﬁcation, it is neces3ary to relate the depth of cut thgt can be
achieyed with different nozzle size; and pressures to the cutting
speed and to the known pfropertiesn of tf)e material. _LhThé literature
4 i ‘f contains many examples of cutting theories that apply.t"o ﬁartic‘u]ar
. types of materiqf's. Most theories contain coefficiénts that have, to
,be determined experimentally for each type of mate.rial. ‘In general,
these values cannot be related to_known material propert'ies such as _—
compressive; shear and tensile stren‘gths Th1s Chapter describes in’ L L‘.,"
expeﬂmental 1nvestigat1on of jet cutting qf-different types of woods T
- used ir_u the” furniture manufacturing industry. ' The objective 1s to ~—,
' determine the most important phﬁigal properties of wood that affect -

the depth of cut at different cutting Speeds and the hydrauJic power

//—'—d\n&ed to dchieve these cutting depths. ) S o

N - : . - !'

-~

B ©© 3.2 PHYSICAL PROPERTIES OF WOOD ‘
e : . "published data for wood (28) Hst 14 different properties as

shown in Table 3.1 for g_hree types.of wood.commonly used 1¢“ di fferent\

‘furniture manufac turi ng'operati ons. 'Moisture conteut gffects'the

.

‘ ) . valves df wood proper-tfes. ‘As shown in Fig. 3.1, the compressive
oy L strength changes from 78.28 MPa (11400 ps{) to 39. L m (5700 psi)

~
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d1fferent types of wood at different cutt1ng spee

power 1eve1s\and the changes in depth that.are caused by variations

-are constantl

- 64 -

4

¢
when moisture contents‘phange from 8% to 20% (29). Wood properties

are usuelly specified at a staanrd moisture content of 12%." Consid-
erable variation exists in the value of a property for one type of
wood as shown in Table 3.1,; The properties further depend on the
difection in wpich‘the wood is stresseﬁ reiative to the grain direc-
tion. Electron-microscopy of waod -fibres cut by water jets (30)
suggests that the cutting action is a comp]ex mechanism which 1nvo]ves
compress1on-, shear- and tens1on fa11ure of the wood fibres.

Bryan (1) suggests that cutting results from direct penetration as a
result of extreme stresses at the point of impact fo]lowed by second— "

ary deepentng of _the kerf which is d1rect y related to the otal
energy’ per unit length of the jet.

R )
3.3 \EXPERIMENTAL INVESTIGATION

To et}Lu&fE—t;;Vpotential‘

is requ1 d to pred1ct the cutting depth_that can be obta1ned with

N
jets for cutting wood, 'ag;equation

. s
in the propérties of one wood. type when the cutting speed agd power

/
~ /
. /
N .

. . % K

As & first step towards\developing such an equation. experiments
were conducted to del¥rm1ne whfth wood properties are dominant in

their effect on cutting depth and speed. Prey1ous work b&,Bryan'ﬁl) I
1dent1fied specif‘ic weight of wood as an important factor' Hi's experi'-

mental constants (a], 8y 1n Table 1. 1) cannot be relateéd to particular

‘wood properties. - T o e

-3

-
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B L E Ty [ep—

NON-FROZEN
il A 1

-

COMPRISSIVE STRENGTYN

facturing 'operati ons,

sisted of 81 tests with %
feed rates as listed in Tah

- measurement procedire “aré

40 [}
MOISTURE CONTENTY = PERCINY OF OVIN DAY WEIGHT "

[] a0

s

-«

(1000 psi = 6.9 MPa)

perpendicmar to the grain; the avera

(212 psi) for Poplar to 5.58 MPa {8

¢ orifice sizes, three pressures and three

R .2-31

Effect of Mo1sture Content on
Compress‘lve Strength Parallel to Gram (29).

o

range normally classified as "soft to me 'um hard",

'psi) for Maple.

.cutting direction ‘are perpendicylar to the grain.

Detatls of the depth of cut
eribed in Setion 2.1,2e,

" Tests were conducted with @e‘ types of wood, namely: Poplar,
Maple and E19\ that.are corimonly used in différent furniture many-
Their properties, Hfsted in Table 3.1, cover a
" The property
showmg the gr‘eatest variatior between the }hree woods is compression
values vary from 1.45 MPa
Samples were
prepared for "cross—outting" tests where both the A‘et axis and the
‘ ‘ Edth sample was A
2,54 cm_x 2.54 cm by 15 ‘t':mw long. -The ex"perimenfa‘ldinvést.;i gation con-

R T




"~ 66 - . { |
| ﬁ . : . The effect of moisture content on the depth—ofTUt-was inves-"" 1
\ ,\ A B ‘ . ) I . .
B ¢ " tigated first. Fig. 3.2 shows ‘results obtained with wood cured \at

room humidity and 'samples that were submerged in water fer 48 hours

The results show that the.effect of moisture content mchgases with
the cdt;ting speed. At 0.76 cm/sec. (0.3 ingh/sec.) cutting speed,
the wet wood depth of cut is 0.038 cm (0.015 inch.) or 34 greater than
‘the dry wood dépth of cut. This indicates that the wetting process

during cutting may be an important.parameter for some wdod types at

..higher cutting speeds. A choice hdd to be made ir~planning the

‘experiments. The first .choice 1 and/standardize «the
mois ture of the samples before testing’ and then to measure the mois- .-
tuhe content of the kerf area aFter the tests. -The‘second choice is
to try to minimize .ithe effects 6f initfa] motisture content of the
sample and wefting during the cutting procesé'by perfom\ing'tests on -

~  saturated sambles. This represénts wood in the "green" condition : 1
The second method was adopted for this study to avoid the practical - -
difficulties associated w1th,measuring the loca1 moisture content and

! e
its variation during the cuttmg process. The resu1t‘s with saturated

(3.1)

-

where oq'1s the strength pmperty at air dry cond1t10n (1 ‘% moisture .

content), a and g are constamts for each matema1 and mc i§ the

mmsture content in the range up to and 1nc1ud1ng saturati om

‘e




- (67 - <
\I l
(inch) (cm)
z ' ; ' Paplar ) '%
. ‘ - ‘ " Py = 50,000 psi (345, MPa)
) 0.6f 1.59 o ( d, = 0.006 inch (0.178 m.) -
0.5 1.27 :
! . S {
0.4 1.016 _
: mc = 12%
1 : L4
0.1 . ' 0.2 U inch/sec, ‘
0.254 (a) 0.508 cn/sec. [, ~ |
‘ ,
' g T | T T T
(inch)
‘ Poplar
R ' Po = 35,000 ‘psi (241.5 MP,)
¢ 0.4 , d, = 0.005 inch (0.127 mm.)"
(cm)
: 0.3}-0.762 ' ~
. 0.2}-0.508 ~
* i ] R 1 1 1. “
0.2 0.4 0.6 0.8 . v inch/sec. -
. 0.508 . 1.016 ~ 1.524 2.032 _cm/sec.
(b) . '
ey - *
. Fig. 3. 2 Effect of Mo1sture Content (nm) on
: : R gepth of Cut (2). at Different Feed , T
‘ SN ates e G o B

’ -
' . .
N - 2 . -
P— . . - ﬂ 4 "
. - ] . X N .
f .5 4 . "
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3.4 ANALYSIS OF EXPERIMENTAL DATA

The depth of cut (z) can be expressed as a function of the jet
diameter (dp), velocity (V) (or pressure], stand off digtangé (x),
angle of incliderfice (e), the flui’d density (p), the cutting speed (u)
and the woczd properties which, in tﬁe most general case, includes
seven,strength properties and the density (or specific gravity) whic!}
is obtained under three drying cond{itions."The purpose of lthis |
jnveftiga\tion 1’; to find one strength property which i{s QOminant in
determining the depth and speed of jet; penetration, This strength

pro;krty. g, must be identified from analysis of the experimental

AN results, Tﬁe required functional relationship for cons tant mois ture

“cantent is: sl - .
o~ z -——vf{idn, vV, 0, X, 6, u, Py al (3.2)

where o is the wood density.

<

For a fixed stand off distance and incidence angle and water with -

rconstant density, X, o and p can be eliminated and Eqn, (3.2) becomes: i

Ex}

z=frd, V, u, sp, o] (3.3}

~

in which sp i the wood density and s is the wood specific gravity.
Dimensional analysis reduces ‘the relationship between these six para-
) . ryt - .
\ meters to

- : 2 .
C . .az-—-=ft-“},§9—v—3 o (3.4)
~ n g C - R

A
b
?
o
3
|
E

in which both the mathematical form of the equation and the property o.

»

must be obtained from the test results. In this équation. iz/dn is a. ; i

\ ’ : N ‘
. { , o , IR
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cutting depth number, u/V is a cutting speed and pV2/o represents the
ratio of cuttmg force per unit area‘to material strength, A system-
atic substituhqn for o was carried out using each one of the seven
‘s?ren‘gth properties and each one of the three densities listed in
Table 3.1. The Vresults indicated that none of the compressive-,
shear-; or tensile-strength pmpérties taken by themse1ves resualts in

a consistent ‘mgthematjca] function for E'qn. (3.4). Typically, noh-

" dimensional resultsk‘;’re shown in Figs, 3.3, 3.4 and 3.5 in which the
cleavage strength (‘EcL) is Qsed for ¢ and the. basic (green volume
weight over dry) d,ensify is used. This praperty.may be chnéidered to
bg representative of a.corppl‘ex failure nnchan‘;sm similar to the jet
cutting action. A]thqu'gh the. results for each mhteria] have similar
mathematical forms, there is no consigtenc_y{ in the numerical values of

the non-dimensfonal parame ter orcL/s{ﬂl2 for different materials at cor-

responding values o% v /u and‘(z/dn)ex; For instance, at fixed values

. 0
of ¥/10000u of 10 and (d/dn)ex of 50, the values of (_l_(\;g.ﬂi_) are
. Sp’

0.041 for Poplar, b.063 for Maple and 0.049 for Elm. The corresponding
= 70 are 0.041, 0.074 and 0.049 for -

values at ¥/1000u = 30 and (2/d,),
Poplar, Mapﬁ"e and Elm re‘spe.ctively,\in whi ch the "softer" Maple djs-
- plays a higher s\trength to jét cutting force ratio- than the "harder®
Elm. Similar inconsistencies exist for each of the other strength

i

Q
characten stics.

The next step in the ana]ys1s of the data was to choose the ,‘
mathematical form of the functional m]ationship. find the coef-
" ficients' from the test data and then determine the combination of

\

)




“

Fig 3.7 Experimentnl vs. Theoretical Prediction
of. Depth of Cut Nuuber (2/dn). . .
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r

in wh1’ 'ch"it, is. assumed that the kerf width equals the nozzle Width._

from Eqn.

dmenswna] equatwn for the spec\ﬁ‘ic energy ,

The effect of moisture. content may be incorporated in Eqn

by substituting from Eqn. (3.1) S

_ a-,B.mC‘
o, =0y 10

—_—

. a

This leads to the final form of Eqn. (3.10)

- 2 2ym N
.z cSp(v -V ) V4

- = a=5,mc
4 d(m ) Ve

AY

— - re?33 ( )0 7%) 0425

(3.10) resu]ts in the following non-

(3.i2)\

. (3.1)

(3.13)

Y

LG

The consténts" 'R sqhave t'b be determined ang thé stféngtht.

propertIes at two different moisture contents, the values are cal—

culated based on the pubhshed data of Ref (28)

A ~

[

Material a B
‘ Poplar 0.15 1,25
R | Maple 0.1 .| 0.924
| €mm 0.143 | 1.9




3.5

CONCLUSTONS

ws

S
The following conc]usions are drawn.

-

The dominant propefties that affect the depth of ut of wood

are the densﬂ;y, the porosity and a root-mean-square value of

‘the compressive,shear and tensile strenaths normal and parallel

to the grain .

The exponential Equation ( .14) with a threshold velocity below

which no cutting occurs gives the best agreement with experi-

mental results.

The nondimensional specific energy Equation (3.12) should be

useful in estimating the energy requirements for .othér wood




i' " CHAPTER 4

THEORFTICAL AND EXPERIMENTAL INVESTIGATION OF
CONTINUOUS JET PENETRATION OF SOLIDS - PHA_SE I1.

4.1 INTRODUCTION - : oo ~
The process of material cutting and“fr.ac_fure'by'high velocity

1 ' ’ E water jets 1's_a i:omplexlseries of phenomena which ’may involve com-

| ' pression, tension, shear, erosion ,ﬂ cracking, wave propagation, cayi-

tation damage and wear. An exact analysis of the j’et cutting process

would be impossible bécaiuse of the complexity of the 1ntef‘act'-ion of

theée factors In a part'icular application the dominant mechanism

depends on the fo]]owing factors:

a

1. . The type of load apph’ed' water jets may be continuous- or pul-
sating, the target may be moving or statwnary and it cou1d be
a4 - o \ very close to the nozzle exit or far, from t. Fracture and

‘ . 'cutting in each case may involve different mechanisms.

.’ 2. "'Type of material: , cavitation may be an ﬂrportant mechanis_m‘in

cutting granular materials with steady continuous jets. -Tensile

-

fracture may occur in cutting f-ﬂ':rous. materials.
LR . ' ' *

. ‘ ’ '
3. ° Feed rate- erosion and shear fracture may be the mst important

~

factors at fast feed rates while penetration at very s’low feed

rates my also involve other mechanisms su;h as compressigu

" failure ;and cavitation.




\experimental data are sumarized in Table 4.1. .. L

The purpose of this work fs to find analytically the relationship

p between the parameters of a cohtinuous jet, the. material properties

and the feed rate. The me thod' used in the gnalysis involves the
. 37 : .
following: : . ‘ -

1.. Formulating a suitab]e control volume to deten*ﬂne the effect of

ad

the jet on the target. PR N ,\
2. 'Determining the hydrodynamic’ forces acting between the jet and
| the target. C ) ‘m . .

3. Formu]'aﬂng models that describe the sfress-s\train:reiationships

of the.target materials when subjected to the hydmd}namfc

In each one of the ‘steps, the particular method usedmust be
adapted to suiqt the gdnstrainﬁ- of the other-s teps.
4.2 MALYSIS . | |
‘4.2.1 The Control Volume :

—— . <

Fig. 4.1 shows the "control volume which-surrounds the jet in the-
kerf As the Jet hits the target, it starts penetrating the mat.e‘r'lal.
The jet 1s¢resisted by the friction on the side.walls of the cut and

by. the reﬁstance of the material to’ JFracture. The control volme is

considered ‘to be st.ationary in the hori zontal p'lane because the depth |

of penetration in a small time interval is much greater than the
horizontal displacemnt for most cutting appHcations. Typical
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Resylts with wood (1), (31), rocks (18), (19), (23), (25),
coal (20), (21)"and ponlyme'rs (12) show th&t the mean velocity of”

/

’ penetration varfes from 60 - 500 cm/sec. as compared to the lower

»

feed rate range of 0 215 - 50 cm/sec.

Analysis Gf the cutting process the.mfo‘n‘e consists of Qefer- '
;‘mining the -velocity W y_ith which the-control surface A.c advances fntp
the mai:eﬁ-ial. The horizontal feed rate 1s@pprox1inaied by a series

. of steps equa“\ in size to the‘\“nozzle diameter which occur during the
time required to reach the total .depth of “cut. Y]“h'i‘s physical q\pgie\l’ .
.of the cutting process was 'c.onﬁrmed by high s;!)eed movie photographs

taken during.cutting tests in trensparent plastic. - .-
VA
A typica? fﬂm taken at a feed rate. of 1 27 cm/sec. with 2

[
.,

0. 0127 cn. diameter nozzle confirms the existence of a distinct
cutting step A which deflects the jet through approximate'ly 900,
The cutting step moves vertically 1ntqa“the mateﬁal with a'quasi-
steady downward velocity W' dﬁring the time intervat 0'to 10 micro-
seconds. This" physical observatio;i su;;po’r"ts the choice of a horizon-
-tally stationary control volume vgi_th'one ‘moving boundary A to mode]

!

the cutting pmcess.

LY

Iancit in this model 1s the assumption that the cutting mech-
anism is qovemed by conpressive forces that fracture the material on
the cutting surface A Shear stnesses that act on the control s\u\-

faces decﬂerate the Jet, the kerf deepeus. a cr1 tical” velocity!

1s\mad\ed where' the comressive stress 15 insufficient to fracture




. * \ J
L A J - ~
., ’ v’ N
. ) .
[
/ Mean
.- - . Penetration
Ref. . ‘ Feed) Rate " Rate
No. InvestigatorfMaterial inch/sec inch/sec Ratio |.
. ‘ (u) (W) W/u—
author ° Elm 0.086 » 5.9 69
.author - Mapte . | 0.3 15.6 - 52
author | 'Poplar 0.156 14.4 §2.3
1 |Bryan Sugat Mapld 0.25 n.s a6’
18 |Hareis Indiaia 2.28 142.5 62.5
Limestone - e - Yy
21 . Nikonov ¢’ Coal 11.79 589 50 .-
20 ['Summers Coal 3.28 342 74
25 |Moodie: = .| _ Red Woolterf 19.6 1666 ) 85
22 |Northworthy | )coricrete ' | 2 56 28
12 Maupt Poly- . 0.8 34.3 ’ 43
| & Burns. _-carbonate X ‘
23 |Hurlburt White 1.6 _° 80 50
& Crow - ranite . -
23 * |Hurlburt Wilkeson |- 0,13, 6.5 50
| & Crow Sandstone | = <
24 |Galkins Ice - |13.2 2431 z aer |0
- & Mellor o ’ : . ’
19 |Labus . L}uﬁstone 16 1504 . y ?4
inch/sec. = 25.4 mm/sec. \ .
A ' ‘ ?
- Table 4.1. Mean Vaflué of Penetration Rate - ,
) for Different Materials ‘

-t
h




) t;me material and cutting stops. i 'typi'ca éuttinf la;)plicati‘ons,'
approximate values )of the shear stress ca]'culated for turbulent
boundary layers on rough walls (t = 75 psi at z = 0.05 inéh) are
nluéh[}ower than the s_heai; strength 61’ the material (og =.50();,;5000 b;i).
.The mode] is_ Aherefore Based on' thé assumptioh th‘at compression

- failure of the material is tﬁé ominant cutting mechanism.

—

4.2.2 Hydrodynamic Forces
" The continuity and momentum equatibns for a deformable. control
¢ . . R ¢

volume (32) are used t_‘o detéermine the jet forces on' the target.'

»

The continuity equation -

\\] .

&

2 sedv=- s oV dA . (4.1)
. at. " C.S. i , : L
reduces to‘t ‘ : _ ) A )

under the following assumptions (see Appendix A): S

1. Density changes due to frictional hgatin'g can be negle@ted:

2. Area of cut Ac is constant. \
The momentum equatidn is :

s

) , I A
¢ 9esl PV Fomen, T s, P, TéA_
L L 7 . &
. a . o . . . r ‘ -
Rt B AN AP - (4.3)

c.v. c.v.

L
%

- v
© e <A pp———— 1o 135 5




The following assumptions are made to reduce the equation to.the

final form in the vertical direction:
: (4] .

1. .The body force g'dv/for“'a typical control volume of .02 cm3 can

by neglecteq.‘i;,“ ’
" \ R )
2. The. pressure force Cfs p.n.dA caused by small pressure gradients”
7 . in the kerf can be heg]ected.
o ) ¢ ‘
3. The shear force FSh = C"rs tdA can be expressed as .
i ‘ ’ ’ ) ' ;
R pv]2 - s
Fp =l A ) EERASL
o ; . ! wo .
= - g 2 ‘ -
wf\ere A=are zand A =il C ey T (4.5)
s y ": .7[
' / The friction coefficient (33) _ ' ‘
o o 0.074 oL
' Ce =75 0.2
oy .
Y ‘ A N

for hydraulically smooth turbulent flows, and

_ o Z4=0e25 L, 7zl Lo
i Ce=1(1.89 41,62 Tog =) 7, 102 < =< 10

— KJ . ) v
for hydraulically rough turbulent flows, . :

-~
wr

The wall roughnéss is affected by mar;y\ factors such as ‘the depth. .
B of cut, cutting speéd, material/,properties and the jet size and ‘
+  initial velocity. Typical ,cﬁ%s vary from smooth_at the top por"t“ion
AN

‘where the Jet'velocity 1s highest to &ugh at the bottom where the
Jet velocity is }&é&t. C¢ will thérefore be a mean value between

e

Al . . )

the smooth and rough regimes.




- 87 -

4. The vertical momentum flux

f :. . _ . ) 2
c.s. PWVppdh = extvex v~ M Vin.v."mextw MYy

r

inder the aésumption that velocities are nomal to the respective

‘ cohtrjol‘surfaces. S\ubsti'tuting fron the contiﬁhif:y equation (4.2) -
givés /

Jo oW dA = pALVH - oA W2 - pA]VIZ (4.7)

5. .The rate of change of vert¥cal momentum in the control volume can

be’ approximated by

Bl vty A e
i 23Ty, PVAV dt 0 Vmean ~ Ac * -
]' ' v, ‘ ' -
N\ =7 PA YV, + z pA v?_w + z PAZ g ;e (4.82

- V, + V :
: oo 2 . . . .
. y«here aymean = 7 1 the mean vert1ca1 velocity inside thg con-

trol volume.’

" The f1na1 control volume equatwn is obtained by. substlftuting
Eqns. (4. 6), (4.7) and (4. 8) into Eqn. (4.3), - o

g

-F

- _l ' .
Foech = U P "/A:ZV ’(2 ];+ PAcvzz

pA sz + pA]V.Iz - prA 22 - pA]V.I
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v

no

. Lt dz oy
in which z -d—- Vz—dt

. . L B o >
< , . v
, .
s - , i L ~
. \ )
- t .
< . -

The mean velocity V, of the jet Just before the step is approxi-

mated by F :
=y, -0 (4.10)
m. - . ) ]
1n ¥y * .
s - ' ‘ Co

Eqns (4 9) and (4. 10) contain ‘three unknovms Frach? V2 and z.

The thlrd equatwn needed for the solution is derived in the next ’ S N

section. It relates F to the matemal propert‘les and the pene-

mech
tration rate z.

4.2.3 Material Resistance

- The time dependence of strain of different materials to applied - o,
stresses ‘can be neglected in most‘of the engineering probienls where
materials are stressed quasi- stati'cally " In this problem, the time
dependence of strain in response to the apphed stresses has to be
considered. The fact that the matemal does not respond instantan-

A eously to the applied stress is the reason for the dependence of

1
' penetration on time and consequently, the dependence of- depth of cdt ' l
" on the feed rate. The time effect can be mode]led phenomenologicany o j

(34), (35), 486), (37) by a conbmatmn of simple mechamcal elements - Lo

wh1ch simulate elastic response, plastic _response: and y1eld < The

success of the rheologlcal mode]s ih elucidating the stress-strain

-

behaviour of any material depends ort the proper choice and arrangement

of the elements of the model, Fig. 4.2a,b shows examples of rheolog-
~ fcal’ models for waod (37) and polyner (36). The Binmam model,

!
4




(a) Simplified Model * R - (b) Rhealogical Model
of a Polymer . for Wood -

~hy

. <

Ty
Yy

Bingham Substance

(c) Model of a Material with a Yield Point
and Elastic-Plastic Charac_teristi‘cs

4
v

1
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Fig. 4 2c, has a close relatianship to the theory of plasticity (35).

“m ‘ The present analysis uses the smphﬁed Bingham mode 1 wht;re the
A T | y1e1d behayiour is analogous to the jet cuttmg process which starts,, A
2 _ ' on1y when the ve'locity exceeds a certain minimum value The stress- S
o straln relationsmp for the 81ngham modei - ' —~
N :
,i ’ '
t o—oyﬁn;sé,aiay

X _ . \ - ) (4.17) .
". “_o'=Ee«,o<oyn ) Q/ o
&here ngs- 1S the damping factor depending on stress and strain rate.’

riﬂtiplicatjon by the area A, results in the required force

. ~ displacement equation
B ’. ’ [V . * . ) _ . . \
' Frech Fy - Ac” z " .
N (4.12) N
- aA yAC = nAcZ .

where n is the damping factor depending on force and deflection rate.

The “condi tions‘ for jet cutting are- . . o N

v . B .‘ 0 ' ¢ ) ! ~
. o > ay-:fﬂac S
. “ . . i . . \,‘\,:
) where o. is the fracture stress value of the material. For these con- .

% . ditions, the required equation is ‘ Q\'

~ o L] —

T Foech - "y_Ac = ”A_cz' : ‘(4'_}3,)'

. R Eqns. (4.9), (4.10)'a:\d-(4.l3) can be's'o{’for'ﬁ‘éd‘,‘ z, V-

- ! N n v . . 3 -

arl

L

PR P

et e 4 2
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, 4.2.4 Solution of the Simplified Equations a
R B ] ) \ * ‘ N ‘ A B .
The penetration rate is much higher ‘than the feed rate, but it is C ‘

- \ . . _
much less than the minimum jet veJocity. A direct conclusion from

@

this is‘tha.t the hydrodynamic forte can be calculated from Fqn.(4.9) - - :
A which simplifies to S ‘ . e

~

o : . ‘ 2
ZCftp' V‘] R ' )
z = Y 1ii-e ahdrh (4.15) C

The time t can'be related to the feed rate and nozzle diameter by

L, t= d_" , and the equatian can be written in a nondimensional form

: . __01_ . a Vl v
e &y Ly
() = A—l-e ' oty (ae)
" () P |
. = | \ |

The nond1mens1ona1 groups ( d e (—y-z), ) ‘havel been use.;l in other

o .

pubhshed equations (1), (4), (73/, and (10) for fixed stand off
o .

distance. Howeve’r_, the groups el 7__—-— have not vappeared in other
- n

, putﬂighed work. . An expression’ for the specific energy (SE) can be
. * ! ) \

~ derived from Eqn. (4.16).




1ov.2. .
2" Yy -t__: energy input

SE

: , m=4et flow rate | . \
- (%) dnz.’z' vélume removed . o
or A . - N
' u * SE ] 1 ‘ ,
V3 e/ (4.17)
°T tFy = Fp * Si300 - I R

b e e T ke,

M t N N : : ) . -
» where Fn = ¢ Friction Number . ) Lo
. 'v‘ ) s f “ . ) . _ "

1“5 * A o ‘ . N ‘
Y Sn = ( y ) Xield Stren_gth Number : ' - 4

\ _ Cop '
\ © By = (—]) Damping Number
n N
\ V] . { | \ St 4
Vv = (—) Velocity Ratio Number. . ‘ : 0

\ \ " . ‘ ? [

a. 3\' EXPERIMENTAL. RESULTS
| .3.1 Coefficient of Eriction o et e s w0 1

e-friction coefficient Cg in Eqn (4.14) can be determined T R
ntally from zerg or very Iow feed rate data. The maximum

o achieved after a long t1me is o \
R =) S
0 . g
n . 2(3}-4 -
(—

# deptb&of cut z

N ‘_.r\
-
R ..

)




Fnane

. InEqn. (4.18), ¢

P L

R . . . ——

<

]

-

Data from different sources (1), (12), (18}, (19), (22), (31) have

been used to determine the friction factors for different materials.

c
the material. Fig. 4.3 is a plot of results obtained with different

is taken as the compressive fracture strength of

‘ types of wood at zero feed rate, The tests were conducted wi th 3

- Al ~ . ;.
range ‘ofhgozzle diameters and driving pressures. - Fri ction coef-

ficients for other’ mater1a1$ are hsted in Table 4,2, Nhen compared

‘mth flat, plate friction factors these values of C¢ are distmbuted‘

in the hydrauhca]ly rough turbulent flow regime. This provides some

justification for the use of Eqn. (4.18) to determine values of Ce
for different materials.’ g
3 T

A

¥ ’ N ~
~» 4.3,2 .Damping Coefficient ’ . . . -

The damping coeff1c1ent n in Eqn. (4 16) is not a known material
property but ‘its Value for a part1cu]ar‘ matena] can be calculated

from Eqn (4 16) usmg expenmentaﬂy determined cutting depths z

- X

with the appmpmate values of oy Cf, d , V] and u.

N

Table 4.2 lists the ca]culated va]ues of n for d1fferent

materials. Ea‘ch value of n 1s the. mean for several test resuIts and
the maximum, percentage deviation indicates the variation in the value.
for a particular material. The correlation coefficient listed in

Table 4.2 re’flects the var1at1on in measured depth and the depth cal-—' '

culated from Eqn. (4. 16) using the mean value of n for that material.
The calculated values ‘of n are highest for wood, 1.7 x 109 to

3.3 x 10° Kg/msec. ~Values for sandstone, limestone, granite and

T
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hard and soft coal vary, from 1.2 X 10¢ and 1.8 x 107 Kg/mz.‘s,ec.

lJ

4.3.3 Comparisen of Simplified and Exact Solutions

Eqns. (4.9),(4.1{5) and (4.13) have been solved sfmu‘ltaneouslyv
using a "MIMIC" Computer Program.' ‘Thé results obtained,from'these
equations and from the sirfb‘lified steady state equa‘ti“on (4, 16)§sing

the predetermmed friction factor ‘and damping factor are/plotte
A
Fig. 4.4 for Elm. Compamson between the two solutions for other

(1
+ [J

This ‘comparison shows that the simplified equation is adequate for

'typ1cal cuttmg openatwns where the feed rate and penetration rate .
N

are small relatwe to. the cmt]cal Jet velocity

4

4.3.4 Graphical Presentation of.the Cut—ting Equation

. The cutting equation (4.16')f gines ‘the nelatiqnship I;etween five
nondimensional groups. Graphical presentation is limited to showing -
the re'latwnship between three groups for constant values of the

" remammg groups

o

Figs. 4.5 and 4.6 are typical pl'ots for constant values of the
‘sthength number and the friction coefficient. The cutting charact-

- , eristics of a particular material at a fixed jet velocity'is repres- z

_}nted by i;‘he curve with the appropriate fixed value ,,ef the damping

-+ . numbeir. The charac'teristic curve gives the relationship between the
cuttlng depth nunber and the cutting speed number for that material
at the particular Jet velocity. Experfmental results for typlcal

- - . "‘ v
\ . L ' . ) . v

concrete range from 7.8 X 107 t0 6.3 x 108 Kg/m.sec. while values for -

materials 1nd1cate a maximum dlfference of 2% 1n depth of cut data. "«

e am S sttt o

-
T e v A A, A
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- N v \

4 . nl . R 2600 ’ -FEEd Rate (u)

(in = 2.54 cm)

|

R 2 (Simplified Solution) ¢
2000 . (Eq. 4.16) -
, -0.4 -
P . .
E 0.? a ]
| ] . 0.3 -
: - :’J'
1, 0 &
= " . 5 o
| v 0.2 ® ‘ : B
- g . o z-- éExact Solution) e A
| SR RN & . Eqs. 4.9, 4.10, 4.13) - | i‘
’ ) I - " . S , R |
f. a - ' i’
i‘ E 0." ‘“-. .‘ ’ ’ N -] .
: @ L -
N £ : o
' « M - ) | -
; - * Time (sec.) A ] e
" 1 [ I SO | 1 "‘1 A i . -
| 0.04 0.06 i

. fig. 4,4 - Graphical Representatiom of the Solution aof the»Theorvetic-al
- . Cutting Equations (4.9), (4.10), (4.13) and (4.16).
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applications follok these cur‘ves almost exactly in tases where the

. 4

damping coefficient of Table 4.2 has low standard- deviations: The" . ‘ {

!

number of plots required for the graphical representation can be i

reduced to one if Eqn. (4.16) is rewritten in the form - g
. i ‘ —

-N o . ;

. z _ _ . 3 N . . [Y :

a—n-—N]-NZ -e 1 , (4.19) ;

e b . N ) i
N, and N3 are new nondimensional numbers. \) ‘
. g ’ )
. L [
N pylz . ’

; . ‘ NZ =‘—__"_— N
‘ . T 20 A

. A ' - ' ' (
J2 vy _ t

“Yx n o u ) ' e —t

Fig. 4.7 is a logarithmic plot.of Eqn. (4.19) which is rewritten as

o \ | Ve - N2 ] ) .-
- Jospn-wmzIN _

- | The, number N3 may vary from 0.0 to « dependmg on the values of the

feed rate, n, V1 and Cf..

‘ Expenmenta] data from the sources listed in Table 4.2 are also

N ' " presented in Fig. 4 7. Jhere is a high overaﬂ"correlatmn between
Eqn. (4.19) and the experimental data considering the wide variety of
materials and allowing for differences in <tes.t condi‘tiéns and qt_:he . 1

{ - accuracy of experiméntal data. . - . :
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4.4 CONCLUSION\ )

I e,

This study has attempted to dgvel a theory that describes the

H

' c/uttfing behaviour of a wide variet)/', 6f materials. The theory is base}li . . T

on a control volumé analysis m/détermine'the hydrodynémic\forCes
acting on the soh’d boundarjes/ in the cutting—slot. ThéBingham-
\plaskti‘c model is uséd to describe the time dependent sress-strain
\ X rﬂationship of the solid material. This model is nAot necessarily
~ the optimum for each one of the materials consi'giered in the study. : B
However, its simplicjty leads to a closed form solution ‘of the coupled
‘fluid-soh’d mechanics\equat;ions. It also permits convenient ch'aract—' k2

erization of different materi’algstiy means of a compressive yiel‘d .

-» * stress, a damping coefficient and a hydrdd_ynamic friction coefficient.

1

. The equation describes the cutfing behaviour of materials with
- ‘ /s/tructures .r“anging from fibrous, crystalline to granular. The method . |
- presented can be.adapted to give greatert\_ag:uracy for a, particular

material by choosing the optimum rheoIogica_]' model for that material.

.
.- N .




5.7 INTRODUCTION

RN The egg_istance of aptimum stand of f distances for maximum depth of

’\'.-103-

&
- A
- Py
~
' f .

CHAPTER § ) -
.

APPLIEATION OF THE THEORY -TO PREDICT THE
EFFECT OF STAND OFF DISTANCE ON.CUTTING RESULTS -
PHASE II1

The analysis of\Chapi:er s assumes that the jec velocity V,]"
remains constant betweéen the nozzle exit and the controi vol ent-.
rance surface and it does not i;ake into consideration the actual
spreading characteristics discussed in Section 2.2.4,. Fig. 5.1 is a
simplified representation of the jet spreading behav1our Gy _the air,
Two regions are identified, the initial region and the,gain region.

In the initiai ‘region, the jet velocity remains constant and the width

increases proportionai to the distance from the nozzle. In the main

' region the centerhne ve]oc1ty of the Jet decreases approximately

pmportionai to. the square root of distemce (x) from the nozz]e

exit. “Section 5.2 describes the jet behaviour 1n de‘taii The effect

of Jet spreading and velocity decay on the resu,lting cutting action at - -

(f rent stand off distances depends on the region of the jet in

whﬁi::\cuttmg occurs and on the’ characteristics of the material. This
chapi:er investigates the following possible effects df stand off dis-
tance for certain conbinatijons of nitial jet velocity and size,
cutting conditions and material properties: S ’

cut and maximum volume of material removed.

"s
. . N . . . L
. \ _ ES ..
A &/ - . ' 5 .
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2.+ The exigtance of optimum feedAratgs and number gf passes for
‘ maximum depth of cut-and voluﬁé/GT material removed. : {w/
3. The existance of an optimum cutt1ng eff1c1ency (or specific
8 energy). Ana1y51s of the effect of stand off distance involves -
the jet spreading behaviour and the dynam1cs of pengtrat1on of

the solid material.

5.2 THE EFFECT OF STAND OFF DISTANCE ON JET STRUCTURE

Eqn. (4.16) is psed along with Yanaida's (15) results on the mech-
anics\of Jjet spre;ding°to develop nondimensional edUé&ions for the
effecf of stand off dfstance. Shavlovsky (38), Leach and Halker.(iﬁJ
Tand Agramovich (39)‘pub]ishéd some work on the nechanics'of jet
spreading,‘but Yanaida's resu]t; will be used here since it is the
most recent work and correlates well with 1n—house exper1menta1 data

as descr1bed in Section 2.2.4. *

The axial and radial dynamic pressure decay characteristiqs are
summarized in Table 5.1 and aré presented graphically in Fig. 5.1.

4
»

Distribution Region Equation : Remarks
| Initial P =P X < X (5.1)
Axial . —— o ] < - < - .
. | tin Po/Py = X/X XX 5.2)
N R Prey = (1- £8/2)2 ) e =vy | 5.3,
adla .
Main Ppi=(1-¢/22 | = (5.4)

Table 5.1 Axial and Radial Dynamic Pressure Distribution.

-

W—
1

,...-.-—..—1 —
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Thé ayerage dynamic pressure _a.cr‘oss the jet that produces the ‘ -
. . o N . i ) R
equivalent jet hydrodynamic force on the material is calculated from
Eqis. (5.1) to (5.4) (details are given in Appendix B) and the ,

" results are summarized in Table 5.2 following. . 0

- Region . : Average Pressure ‘-1,‘
1- fov2+o0.m7b62 '
1 Initial Pay. = P . . (5.5)
to (Yc + bc)2 . . ‘

Table 5.2 Average Dynamic Pressure in the Two Jet Regions.
A . A ' ¢ . - a

A

: In this analysis, it is assumed that the jet spreads linehr]y

in the fnitial reglon and pmport1mal to the square root of distancé

from nozzle exit 1\n the nain reglon. The equation in the main region

B fs < f L w=038V4 X i I

o = 0.335 / ’ o (5.9) .
. d ~

w'here_ R= Xc‘/dn
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wbh‘shed data on the length of the initial region 'Xc vary

Tists, typical values of Xc.

a

according to parameters such as nozzle shape and pressure.

f

Mk i Rl

Reference R =.Xc/dh' Reference ’ R = xc/dn
Yanaida (15) | 30 - 100 Chyapko * 100
Geyer * . 140 Shavlovsky (38) g0:0 = 110

numbers of Egn.

* Cited in Ref. (40).

Table 5.3 Reference Data for Length of Initial Jet Region,

H

-

Iﬁ the maiﬁ region of the jet, the effective diameter of the

the condition e
a$ shown in Appendix C.

“form is

d/-

' Strength number °
-Stand off
) Distance Ratio.

=0.335 X [

(5.10)

Width numb_gr

Iy

Jet w_ 0 that is, the width withiun which the dynamic pressure satisfies

< oVZ = 2p can be determined from Eqns. (5.4) a

-,

The resulﬁing equation in a nondimensional

v

Fig. 5.2 is a plot of the jet profile in terms of the nohdiménsiona]

v

Table §.3
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The equation -can also be solved for different ranges of the~
cutting strength number. The range chosen here with an""‘upper‘ljmit
-Aof a /P] = 0.5 tnc]udes mosté'of the published test'results Inspec- '

tion of Eqn. {5. 10) and F1g 5.2 leads to the, follomng observations

. ]: Each cutting condition can be defmed by a part1 cular value of
the strength number and tHe corresponding contour line of

Fig. 5.2 def1nes the portion of the jet which is eff_ective in’

- : : utting the material. The portion of ‘the fet core is ealled the - ‘ ” !

o~ . 'effectlve diameter (or width) Wo which either mcreases or '

' "decreases as the stand off distance ratlo -)){; increases depending o =

on whether ]5—— is either greater or less than about 0.] to O 5. |

. The contour Tine for °c/P] = 0.5 shows a continuously 'decreastng

b value of w, as- X/X_‘increases, and since P, also decreases with.

diétance. no optimum vafie of stand off distam&.e can be eipected :

for o /P] > 0.5.
J‘ 2. For conditions where o /P] < 0.04, that is, wnen the material 1s
, soft .and. the pressure is high (as in soft wood cutting) the.

effective diameter remains on]y nghtly smaller than the act‘ﬁﬂ

© Jet diameter up tcr stand off numbers (T) of about 6. ) . L

3.  From Eqn. (5. 10) it follows that: for constant pnessune. Wo is .
» proportional to dn the nozzle diameter; and from Eqn. (4. 16) 1t -

was concluded that dy = 2, the depth of cut; therefore, Z =W,

use We increase's and the dynamic’ pressure decreases as -;E—-—
c ‘ v 9

increases, “the depth of cut z will either 1ncmase or decrease !

depending on -vq'gh effect is dominant. An optimum stand off




e, derived equations of jet effect?i-v&'wjdth_ and average dynamic “pness‘ure;

- / Sne- . o
B i ) » \\l

disiance can therefore be éxpected under certain combinations

"

" of the nondimensional numbers. r \/, ‘

4. The limiting stand off distance can be calculated from Eqn: (5.10)

by substituting W = 0.0, to obtéin
ZP]
Xis o == X
' Tin$ | o. ¢
- . [ . N [
, : X5 P .
i.e. B R : . (5.1)
[\ . !
. n\ . C . —
At this distance, ?;9- = 1, that is, the compressive strength equals
3 : m ~ ' - .

the hydrodynamic stress of the jet on the material and no .cutting
occurs. For distances where X > }],im ,» the jet may cause plas‘tii: T
deformation or fatigue in the materienjue to repea‘teq impact of

water drops which may form at this stand off distance.

. - ¥ . ’
The average pressure within the effective width of the.jet -is .

SN / 7\
used in the next sectior, It is de‘termined\in Ap D for the main
region from Eqns. (5.4) and (5.10). The resultirg-e

3N ‘ .

o - ‘3 " ' - .

o o P o (5.12)
where v ____: (] - ZPT 'X—CA ) . - : ‘

The analysis presentéd in the~foHowing sections makes use 6f‘th'ese",-<

{

- ~

4?.

<

N
i,
l,
%
|




‘is.used together with the folfowing substitutidns for d' and Vi -

do - dy

> SN -

5.3 EFFECT OF STAND OFF DISTANCE ON DEPTH OF CuT

- ‘' The ex1stance of an optlmum stand of f d1stance for max1mum
th of cut has beer ob grved in cutting of aluminium (26) and con-
crete (4Wcontmuous &aterf:)ets and in cutting grarmte with a

ez

cav1tat1ng Jet (,42 . Y.

b

ively, the cutting equation

of -

To explain -this phenomena quanti

Al fo, - EEi . E_l.. EI\\\‘Ss‘\\\\“\\‘ﬁ‘\
&= (1- ;;f;) (l-e /M " Uy (4.16)
n Sk . .

i$ replaced by the effectwe mdth of the Jet calculated fmm
E&n (5. 10) ’ ‘

—

2. V] is replaced by the average veloc1ty which in turn is cal-

/culated from the average pnessure glven by Eqn. (5:12). .

Substitutions ] and 2 in Eqn. (4. 15), and arrangement of terms as

detaﬂed in Appendix E result1\nthe following composite non- s

"dimens ional equation ‘ LT
CfP]

"2. \qu

.E& ° )

+

o
- A )
.o . .
A, ' .
.

Y

L




—— g

N\

t

1.

B “ ’. . N 2.

\ §trength numbers are related by auéonstant coefficient, r

, 2

:Eqn:\(B;B). The resulting equ?fidn'is

Y x .
or - ¢ =2 (<5 "+ €2 v00.5 - 0,57 ¢ + 0.2 p21 if
2 ¥ X Do \ o
. -is 'used‘in Eqn. (5,13) instead of P,. a .
- el
' The five nond1mens1ona1 groups in Egn. (5.13) are:
1. Dimensionless stand off»‘d:shfé;uce N = X/Xc_

- :;{.“‘ 3
Yleld strength nunber}j‘//_/._ sY = oy/P]‘
Compress'vve 5J;peng'fﬁ number SC = o /P,

The< number Cf Py/nu combines the friction factor, the damping
number pV,/n and the velocity nunber Vi/u as described in

wChapter 1. o

- The nunber ch/d /ﬁ conb‘ines the depth of - cut number z/d . cf

and the Jet geonetry number f'.

+
¥
R

The fi ve nond1mens10naJ groups can- be reduced to four gr‘oups only

/"'»wd

. in two cases: oo

If th material has a'constm ratio re = oy/cc » SO tﬁ:t the two

s*

Investigation of the'cutting behaviour of one material inyolves

' only Xys s¥, 'z/d /R and P]/nu. The friction coeff'icient is

dropbed since it has a cons;ant va1ue for one material.

For soft materials whe*re SC < 0.04 and XN 56, the following sim—

pl'lfled substi tutlons app]y to Eqn. (4. 46} .= w * and- can be

T~_calculated from Eqn. (5.9), and P_ can be calculated from

1
~a




N

oy

.\

\‘ . rg has typical.values of 2, 5 and 8. . bE

- ]]3 - “ [

e C.Py X

z ¢ Ny oy -0.58 L1.-¢
—f= 0,297/——- [ -0 ] [1-e = ™ X509
dR T X N M

Eqn. (5.14) 'can also be:obtained gﬁe‘ct]y from th; (5.13) by sub-
stituting p=1. The four nondimensianal groups in this case are. XN

/
sY, CfP]/nu and zCc/d R, graph1ca1 representatwn of Eqns (5.13)

and (5.14) in Fig. 5.2, “§hows that at XN = 5, there is a difference of

4% at SC = 0.02 and 93% at SC = 0.1, When SC = 0.04 and‘XN =6, the

maxinium difference be tween resu]ts of Eqns. (5.13) and (5.14) is about

‘10%. The s1mphf1ed equatlon (5 14) can therefore be used when

SC < 0. 04 and Xy <

1

< 6 wi thln these limits of accuracy.

The effect of stand off distance on. the depth.‘ of cut is shown

_graphically in Figs. 5.4 to 5.6. The range of values for the non-

d1mens10nal ‘numbers apply to tym ca] cuttmg data for wood coal,

concrete, plastics ‘and rocks. The ‘nunber CfP /nu can vary from very

smaH to very large ‘values, while the other numbers are found in

+a much smaller range, for example

—;((-— varies from 1 to 10

> . L Y
c . - . f
kY 1 -
“ A N
|r\ -
N ]

. . . J . * ‘ . s, .
L |—,1 varies from 0.01 to 0.1 : : '
LS T \ -

e 4

‘The following conclusions are drawn for these typica_f va'lu‘es of

the ‘parameters: - . : . S

-

O e et W e Tt 0

.
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0.4

0.36

0.32

0.28¢

C 0,20 |-

~0.08

——

Equation (5.13)

Equation (5.14)

%

— * o\
\
\
\
A
0‘04|— \‘J
1 1 1 |
1 2 3 o4 5 6.

Fiq. 5. 3 Comparison of Results ﬂbtained "sinn

Equations (5.13), (5.14) in Predicting

the Depth of Cut Under-the Conditions' -

Cf ‘P‘«{“u = ‘“*0',8’

rg =2,
R
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‘the cutting conditions are 0.392, 0.288 and 0.205 respectively. These

- 118 - o /

1. The optimum stand off distance generally occurs within the

range 2 s 'X/XC s 5. Figs. 5.7 a, b show plots of the pptimum

stand off distance. \

\

2. 1/nu =2 4s a lqwer critical value below which no optimum
; stand off d1stance ex1sts and the depth of cut increases w1th

decreaswng¥g1§jgngé from the nozzle. For values of CePy/nu > 2

e

an optimum stand off distance exists and its exact location can

Qe determined for specified values of QfP]/nu, sY and rs-

N .

3. CgPy/nu = 10 s a higher critical value. For C¢Py/nu > 10, the
depth of cut is a function of the strength numbers only, and {#s
independent of the value of CfP]/nu as showh in Fig. 5.8. éf)

this condition, reduction of the feed rate results in insignifi-

cant increases in the depfh of cut., Fig. 5.9 is a schematic of the

different negiohs of CPy/nu. R

_Compérison with Experimental Results.

i

Eqn. (5.13) was usg& to predict the depth of.cut at difféfeqs
stand off distances. The test conditions. for wood listed in Table 2.16
and the wood propertieé of Table 4. 2 were used. A typical VaPue of

R = 100 was used. The! pred1ct1ons are compared with the exper1mental
results in Fig. 5.10. Vatues of CfP /nu for Poplar, }hple and E]m‘at
values are all below the lower critical yaJue (CfP]/nu 4&2) and con- °

sequently, an optimum stand off distance does not exist for X/X_ > 1

as discussed before. The data of Franz (26) su§§é§ts»th§t aluminium

NS Rk b Wi onious
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Fig. 5.7 Optimum Stand OFf Distance Number for Maximum Depth of Cut
at Different Values of (CfP]/nu), (rg) and ‘(‘dy'/P-l).
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cutting under the conditionﬂs' giyen in féb]e 2.17 belongs to aﬁothgr
mechanism of penetration. This aspect is‘ discussed furiher in \
Section 6.2.1. Experimental‘confirmation of éqn. (5.13) requires
sufficient. test'data_at different stand off\\d‘i'ﬁtzahc;s for a wide
v;riety of mtérial_ to cover the practical range o{ values of the

‘ g;)verning fiondimensional group\. Such a,detaﬂed experimental pro-—
_gram is beyond the scope of this stud\y. However, indirect experi-
nEntaNl confirm&tjén of Egn. (5.13) is obtained in the next sectian
dealing with volume ‘removal of material which incorporates the dep-t‘;g.

-

.of cut equation. ' . e .

5.4 THE EFFECT OF STAND OFF DISTANCE ON VOLUME REMOVAL .

_Achievement of malxjamum«volune removal of material is impértant in’
mining and cleaning appl’icati\ons. The existance 'pf an opfimum s tand
gff djstance. for maximum volume removal has been ob~served by many
investigators (41), (43), (44),.(45), (46) and (47) in cut;ing%c
and eroding metals with cont'i‘nuous and cavitéting jets. In this ’

.

* section, a nondimensional equation for volume removal is_derived., The

equation should be. useful in the ‘design and choice of cutting para-

[} L3

meters for an efficient yolime removal system.

The volume per unit length along the cut is

~

e

. aV=zow, w1 C (5.15)

W, is the'width of cut which is assumed to be uniform along the
S T ) .
kerf and equal to the effective width of the jet 3t the start of

where

L)
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cutting. Substi tufion of the depth of cut from Eqn. (5.13) and the
efﬁectwe width w from Eqgn.- (5 10) in E}q (5. 15), yie]ds the non-

d1men51ona] equah’on
C.P

N i e ( . - f ] -

ivd:: = 0.0994 (-;(:-) : qg‘i’\{?l'(l -.%?.“te BT (5.1_6)1
where ¢ and y are deﬁned in Eqn. (5.13). Eqn (5.16) for vo]ume
removal contains the same four nond1mens1ona1 groups XN' sY SC and
fP] /nu that enter the depth of cut Equatmn (5.13). Reduction of
thése four groups to'three can be done under tfie conditions mentioned
in the previous “sect;ion, namely SC < 0.04 and X, < 6. The simplified
equaﬁion is obtained by setting y = 1 which 'reduc(es Eqn. (5.16) to

av c —’f— e .

= 0.0994 (--) [1-1.945 e-l o )] [1 e X J(5.17)

L R4?

The same result is o{)tained if the local jet width rather than the.

A}

. \ \
effective jet width is used in Eqn. (5.15).

’ .

Graphwa] representatlon of Eqn. (5.16) in F1gs 517 and 5. 12

" for typwa] practical values of sY, strength ratw number rs and

CfP1 /nu confmn the existance of op‘Hn'um stand off _distances for
m_ax1mqm vo]umé/ removal. Optm}mrftand of f distance for a wide ranée' .
of parameters are p{otted- separately in Fig. 5.13. - This figuré allows
coqven'ient sclecti'dn of the optim\lxm stand off distance for a particul‘ar
' N

" application. Fig. 5.14 shows vo]uﬁe removal of material- at_a fixed -

stand off distance as ‘a function of C¢/Py/nu, SC and ry. One curve
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-~ A
" 1

r;;;;:;ET&,th effect of feed rate on volume removal at fixed
y . .

stand off distance. The value CePy/nu = 100:represents a limiting .
value, after whizh, volume removal is a function of ( sY ) and '

( Sh ) only. The lower critical ‘value of C%P]/nu is 1.0. For values
" of CfP /uu 2 14 the existance of optimum stand off distance. for
maximum volume removal can be expécted: Fig. 5.15 shows the different
ra?ges of CfP]/nu and the effect of szand off distance on volume Ty

removal.

~

Experimental Results : ‘ o .
This section\compares vo]ume‘remova1 as predicted from Eqn. (5.16)
. with experimental results for Qopd (Table 2.20) .and 11mes;oné‘(19). The
widths of the toP'of the cut (w1) and. the bottom'pf the cut (wz) were ”

obtained with optical measdrinq sca]é. The volume calculated from

the trapozbidal ~approximation is oV, = (w] + wz) z. /2 © (5.18).

: Eqn. (5.16) was derived on the assumption that the width of cut

\equals the effective jet width (we). The theoretical model does not

. ‘Q‘

include secondary e%fects of jet spreading on initial impact and‘erosion by

back ¥low. Both these effects result in widening the kerf in the top

I

‘region. For materials such as wood there is a pronounced widening at
the top of the kerf. The top width Wy = 3we and the bottom width

Wo ='we. Hence the average width (w, + w,)/2 = 2w, so that the

predicted volume from Eqn. (5.16) must be @ultipTied by two or the

. expergmenta] volume must be divided by two to obtain a comparison.

o

That is

. 3we + v,
AVex = ————E——— z = 2we -z= 2 AV

o

BV, = Y (Ean. (5.17)) (2)
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. distance, jet structure and width of cut:

'Tabie\5.4 show that there is aood aareement. .

-~ B . / -

. N , N Y
o B - , . /L - .
—x . . .

-132 - . W
//'a

&

\

. : . \ \ .
Comparison of experimental and modified theoretical results (Avmod )
in Fig. 5.16 shows that there -is good aqreement‘. Labus's (19)

cutting results with limestone are compared with Eqn. .(5']7) pre-

* dictions. TheroHowing assump\‘:ioné are made regardihg stand off

X/Xc= 1. . R=100 , ) CD = 0.8
: 0
Wy +wW o
=1 e - =
W = 5 , we“-; dn = 0.05 cm

The value We was used instead of Wq in Eqn. (5.15) , S0 that

$ " w +w i .
Ay —AV(RTW}S/ 7 (5.20)

Comparison of experimental and theoretical .values of Avmod in

i ") Removed Volume aV cc i
" cm Experimental |Eqn. (5.20)
0.0043 | 0.317 0.0 | 0.109
. 0.0085 | o7 | oma | o.108° ]
0.0053 | 0.396 0.123 .| 0.1
0-0069 | 0.317 . . 0.076 0.071"
‘ 0.0067 | 0:317 | 0.066 0.074 )
“ 0.004 | 0.396 0,132 . 0.141 . Lo
. | oo fomr |7 o0az | o0

Table 5.4 Comparison of Experimenta1 .and Theoretical
Results for Limestone (19), Volume Removal
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Comparison with other pubh’sﬁed experimental results could not ‘, 0
be made because of, insufficien,thinforma.tion on material properties N
and on the depth and width 6f‘cb\;s. The results of volume removal
with wood and-limestone are further used to \calc'uTate the specific . 7

3y {

energy values in the .next section.

-

5.5 THE CUTTING EFFICIENCY AND OPTIMUM CONDITIONS

et s Rt e g ey M5

The cutting ef¥ficiency Ne is defined as the ratio of the volume
| N . : , .
removal to the mpy)energy, The/ specific energy (SE)is the inverse

of the cutting efficiency and it is an important parameter inlmining
*a;ﬁ?ﬁc’ations where economic application requires minimization of specific
‘b " «

energy values. The cutting efficiency in many applications (such as mining)

is defined by L AV )
’ ‘ L v . (5.21)
F WVt ’ ‘ .

(P
,

‘ ®
IJ , ~
where t 147 the -time required to remoye AV of the material. For unit 5

ngth along‘the cut'* the volume removed is gjven by Eqn. (5.16) and
{é corresponding time will be t = 1/u. - Substitution from Eqn‘. (5.16)

1 to Eqn. {5.21) and setting“t = 1/u results 1in the,nondimengional
equation « ) £ cp. : ° .
' ngin RV 2256 :u‘» |
‘, = 0.1256 ( ) - ][he. L N Cr
. Y _ | }

ﬁ/*\::f:n—.——

Herr?

=

S e

!S%re ¢ and y are defmed An Eqnt (5. 13) The specifc energy equatwn
'is obtamedjrom Eqn (5 22) by/ubsutufmg =J—E° o " )

1

o




5515 =7.96 (CgPy/nu) T -.) ~ (5.23)

- 1 g -Z. /nil¢
X I10/3 _ _ ) ‘ 1 , a

G o 0 gt ee )

For cutti.ng of certain materie;]s under 'fixed nozzle {)arameters'
(Po,_vdn), the highest cutting efﬁ:cien'cy lrequiﬂres knowing ‘the qp timum
‘stand off ‘distance for maximum vo]uire removal and the optimum feed
ra‘t‘e.- The optimum s tand of f distance can be found. from ‘conditions of
maxir'numAYo]ume remoya] as discussed in Section 5.4. The effect oﬁ—\(\/
feed rate is shown'in Fig. 5,17. For values of nu/CePy > 10
(Fig. 5.17),' the e%?'iciency reaches a maximum value. In practical
ter;nts, this means for instance, that high frequenciy oscillating jets
(nu/CfP] > 10) operate in a»h;gh efficiency region where lower energy
input at high feed rates dominates reduced volume removal. Fgr ‘ \
é]eam’ng and descaling-applications, osci]la{:inq jets will ?e effic-

-fent since small amounts of volume need to be removed at Tow specific:

energy values. The required conditions for efficient volume removal
of 'materia'l'ar‘e to adjust the feed rate so that nu/CfP] > 10 and to

select the optimum stand off distance ' for maximum velume removal from
Fig. 5.13. - . ° ' | S
.-

Comparison of Specific Energy Predi ctiéns
with Experimental Resu]ts.

Spécific energy valwes for wood and limes tone -obtained from the

ta’xperirrgntﬂ data 1isted in Iab{lés”z‘.él and 2.22 are gorﬁpared with

~ predicted -values calculated from the modified equation

1
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) 3 ' < . - ) W] + we . !
©".x * SE(modified) = SE(Eqn. (5.23)) / (—W—) . (5.24)
: N

~

which includes the appropriate widening factor (w] + we/2we).'

Table 5,5 lists the experimental and theoretical specific energy
values for wood. Inspite of the accumulated errors from widths of
cut and depth of E:ut- m\tsuremnts, expefiment'al and theoretical
values de\_n;ate by less than 18%. ,Compariison of the nondifensional ]
vres(uit;; with 1i;§estone in Table 5..6 also shows, good agréement between

theary and experiments. The widening factor as given“by (w] + dh/Zdn)

ot .

was used. -
. Poplar . Maple < Eim
0] ]
. Eqn. - ) Eqn. Eqn.
in/sec.t gy, | (5.24) Exp. | (5.24) Exp. | (5.28)
-» 0.08 93554 97263 " | 127948 137204 | 171359 192547
0.16 93407 93553 123759 132859 161175 188096 |
0.32 92274 | 91734 123759 | 130721 159935 18549.7.
' 0.64 | 94683 90833 | 118134 129661 |- 173669 184803
1.28 | 83299 90384 | 119127 | 129133 | 151102 | 184258
2,56 83299 90161 /111066 12889 148908 | 183986
Table 5.5 Experimental and Theoretical
Specific Energy Values in
Jd/cc for Wood. , X
) ]
- %
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| . . .
- 9y 3 nc.V].n/B = Vyn/SE.R | ,
: ~ - . - P Experirﬁénta] Eqn. (5.24) o L
1 L - 0.0043 0.022 " 0.225 h (]
| L - 0.0045 | - Q.25 0.226 : S
N ‘ 0.0053 | 0.325 0.289 .
, 0.0009 0.256 0.238 '
R 0.0067- | . 0.217 0.237;, |. |
o N ot L o.004 0.26 . 0.264 , . |
| © ] . 0.00476 0.2656 | . 0.228 S ;

Table 5.6 Experimenfal and Theoretical Values of |
the Cutting Efficiency Nunber for - o |
Limes tone (19). - '

5.6 MULTIPASS CUTTING.AND -DEPTH OF CUT

Multipass cutting at high feed rates may result in deeper ovevral)
N Q

£
-

. cuts than single-pass cutting carried 6ut over ¢the sam‘e total elaps

‘.f* L time. Observation of tests with wood indicat‘es the existance of - )
,% optimurﬁ feed rates and number of passes. .
) If thé‘ initial stand off di'star)ce is' Xy and the depth of cut
after the ith pass i z;, then the stand off distance after n passes :
- s X o ' . o o
- L L= ‘ ' )
‘ X . =X+ L z ’ (5.25 ‘
n,l g 1 ‘ ~ L
' : - - .", h \ . b - Lo
. | . This equation can be nondimensionalized by diyiding by 'Xc. N

- [y
-

.=

R ',(%((;)nﬂ = (.%;.)] + z ( c)i - ;\ (5.26)
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\

The‘dgpth of cut equation (5.13) can be rewritten in the form

_0.297 / -2.256(C,Py /nu) ¢ :
’A: AL INTRY)

i- (1=
- A iy -e

where, ¢, v Jre defined in Eqn. (5.13). Substituting Eqn.\(5.27) in
v v ' o . & !
Eqn. (5.26) results in ™

-

i} T 20 Y
X an = Giwi 0 )
Cc 1
L (e (Cf"1!"”’¢-i) o T (s.28) -
where \
(3 )
/zp] X_ /\)
) B A
\\\ .- _—x/—x:rl(OS 057w]+02¢')

The cummulative depth of cut aftér n basses z, is éiyen by

| LA & | (—")\ . (5.29)

e d = - (- - -(5.29
Xo XK n#l "X 1 )

4

'If the initial stand[off distance is 1less than'X_, then Eqn. (4.16)

can be used ins of Eqn..(5.13) in calculating the-depth of cut

since the velocity can be assuped unifofm across the jet in the

.initial region. However, th most convenient nond1mensionnl form of

»x

Ean. (4.16) is S Y S T e

_%ckv [1-0.5 ?x][f .-2.256 (cfp,/nu)] 60

P

-
— g ———_ w4,
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O R -7 Experimental Results
A computer program was written for the recurrence relation- . :
. ship of Eqn. (5.29). Eans. (5.27) and (5.30) are used to predict

, the cumulative depth of cut (z_ ) when X.is larger or less than Xc

a
, ;espectiveiy. Experimental and tﬁéoretical results with wood are’
 compared in Figs. 5.18 to 5:20. Good agreement is obtained for a Tow
number of passes but accumulation of errors incfgase the dewiafion at
CL oy é high number of passes. The n?ajor error msulfs.from ti\e fact that
. no allowance is made for differénce; in successive cuts caused by
_narrowing of the cut, jet sprgad%ng and increased friction in narrower
cuts. The feed rates shown in Figs. 5.18 to S.ZQ have beeq choosen
suc{that the ratio between two consecutive fged‘rat;e‘slis'z. The

dotted lines in thesé figures show the ‘depth of cut that would have

med at the same total elapsed time as s1ngle pass cuttmg.

't1on (same elapsed .time) can be characterized by the ratio

ﬁ-(cm/sgc. pas;) which js a constant value for each of these dotted
. }ine§. The bositive slopes’ of the dbtfé& lines clearly show the
, 1nproveﬁw80tting which results‘fFDM'mu}tipass cutting rather than
Single-passscutting The slopes of these Tines (ﬁ-= conﬁtant) inééeqse
when R increases and sY decrepses as shown in Fig. 5.21 for the f
~, "expected resu]ts with Pbplar when R= ]60 An increase of b32 in
S depth of cut wlth Poplér (when R = 160) is obtained with four passes )
. | . ~and 3.96 cm/sec. feed rate over ‘that obtained at one pass and 0.99
cm(sec. feed rate, Both ’ondi tions have the same elapsed cutting
time (N.—»0.99 cm/sec. pass).
’ ,
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® Am § Experimental, Tab]e 2. \ . . 5
\——  Theoretical, Eqn’ (5.29) - 5
—====(Curve of equal i
U -cutting time %
[ N ;
. ;
g0 o = 0.1524 m. i .
P0 = 345 MPa
s X] = 0.63 cm ~ .
‘ 0.396 cm/sec.
7.02 7
=)
o , \
5 6.0 %= 0.05_’95 cni/se;. pass '
Lo o L e s wwm wie s omm et omn e w— dn n  lov e G i -
N I A ——
@ A
o
- ‘
.-Z 4,50 .
5 / ) .
':': R
5 0.792 cm/sec.
?J 3 LS
3456 e
R B A Ay 4 Sl ot Gt
2,54 \#‘ _
1.584 cm/sec.
3.5 4 -
0.5 s a -
{ " d 1 i 1 1 [ . 1 ) l — i _ A
[ 12 3 4 5.6 7 8 9 0.1 12 13 14 15 16 .

Number of passes (N)
: . / @ A
] /. Fig. 5.20 Therretical and Experimental Results of Multipass Cutting’ of Poplar.
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Cumulative depth of cut
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‘ Constant feed rate curves
Constant cutting time curves
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dn = (0.1524 cm ‘ . ‘ ‘m‘_
Pb = 345 MPa ) T

X] =0.63 cm

R =160
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Fig. 5.21 Expected Multipass”Cutting Results of Poplar.
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| h R
e FLXS'.ZZ co;npares theoretical and experimental resulgs'.for
‘ coal (27)1 Agreement is good for low feed ra;es wh'ere experimental
_&ata' are obsérved to be consistent. Higher feed rate da.ta are not
- ‘ cﬁons;i_steni: as shown in_ Table 2.19, so that no valid gomparison can be

que for these data. ®

g - | 5.7 TORCLUSIONS  »

F L ) '/Ihgmary, the ﬁnqus of Chapter 5 are; .

1. Nondimensional équations have been develbped.to explajn quan-

. titatively the effect of stand off dg,tarm\\:ut mg results.
' uali vely the effect

ne
2

x‘
[

. Critical numbers were definkd to explain q

of thtese\numbgrs, over ranges of ,va]ues found in typica].cuttmg

. applications. y
2. For materials and cond1tions where the compresswe strength num-
ber sC > 0.5, there is no optimum stand off distance for depth of

W
cut ‘or volume removal. [ &

3. The number CcP /nu has two critical limiting yalues of 2 and 10
E ' . that are related to the qualitative behaviour of stand b’ff
A o distance on depth of cut. For C¢Py/nu < 2, there is no optimum

> 10, the rate of change: of

stand off distance. For CcP;/nu

depth of cut is independent of the values of C(P, }n\l.

4.  The number C.P7/nu has two critical 1imiting values of 1 and 100
that are related to the quaHtaﬁve effect of stand off di}sta'nce

@

-
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Theoretical, Lqn. (5.29)

X . o ~ 3
® A [yperimental, Table (2.19) . , - ]
) . \3"_1
4 ° 1
cm - . ;
A\- ) n - ] mm, *
. o =69 Ma , . ‘
35,561 X;F3.8cm . .

5.08 em/sec.

v

I

30.48

25.4
10,16 cm/sec. -

Cumulative denth of cut

20,32

5.4 cm/sec.

{

"50.8 cm/sec, .

e

§ | A
X : 5.08 81,28 cm/sec, .

1 b | ] i 1 i | T 1 ~1 l‘.l 1 |
1 2 4 5 6 7 8 9 1 11 12 13 14 15 16
~ N 7’ , ~ .

R ' : Number of passes (N)

Fig. 5 22, Conparison of rrnnrinental Rﬂsultq Of Multipass 0uttinn .
of Coal. Ref. (27) and Theoretical Resufis from Equation (5. 29)




LAY

5,

6.

.

y : -~ 147 -

3 .
e ?

S JERRG SRR

— T

on volume remoyal in a similar way to that mentioned in item 3..

. ; A
~ For cleaning and mining applications which require minimum
F' - .
specific energy values, the most efficient volume removal occurs

at the optimum stand off distance and valu‘es of n‘u/Cf—P]z 10,

It is possible to oppimize the feed rate and number of passes .
. féar m.aximum_ depth of cqu_ for materials with sY < 0.06 and jets with
core lengths XC 3.120 dn’ In practical terms, tﬁq'\:s-,.applies to
soft Materials s.uch'aé wood and coherent q‘ets with iong core
1engths.‘w1 thin these Ijmiting values, a typical application
F

shows that for the‘ optimum feed rate and number of passes, '

fhe depth of cut, is 70% greater than a single pass depfh

/

of cut made in the same_total elapsed time.

~

B S




”ture mechanism

\ . CHAPTRR 6

THEQRETICAL ANALYSIS OF THE EFFECT OF FEED RA;k

x AND PULSATING JETS ON THE CUTTING EQUATIONS
\ PHASE IV

" 6.1 INTRODUCTION ' ’ :

\ ' k -

At large distances from the nozzle exit, air friction causes the - '

to break\into drps as can be seen_from Fig. 2.19. The frac-

terials subjected to the jet(in this region

will be due to multiple drop impact associated with erosion and

N

fatigue mechanisms. The mechanics of ‘material erosion by single

and multiple drop impact has been widely investigated experimentally
and semitheoretically. In this chapter the theoretical equations
of the previous.chqpters are extended to very hiqh feed rates to
simulate eros{on by impact of liquid drgps.A>The éonc]usioqf are

'

presented without experimental verification which is beyond the’ '

scope of this study.

|
" . X A ) l ) ‘
6.2 THE EFFECT OF FEED RATE ON MODES OF FRACTURE . j

"It was shown in Chapter 4 that‘the mechanicaT response of many

materials can be represented.by an idealized model of springs and

dashpots., - The Bingham model was used to represent flow of material‘#

.under the high hydrodynam1c forces 1mposed on it by the water Jet.

The stress strain relationship for the Blngham model (Flg 4.2.c)

is,



PP

VTR vggr A Ay

.
.
RO o e
-

[l

g.0 ,
£ = —-—l o+ g>4g (6.])
Mog . y

Equation {6.1) can be rewritten as

E A _ A(c—oy) -~ ‘ S

M (ngg/E).

At

-

SS

in which At, Ac and Ae are finite elements of time, stress and.strain

respectively., Two cases must be considered depending on the loading _

fime at (36): . y
Oss

E ?
hand side of Egn. (6.2),1 can be neglected and bqittle fracture can

1- If the loading t}mé At << then the first term on the yight
be expected if stresses reach ultimate strength values. The loading
time in the case of jpt cutting is ot = d_/u, and.the feed rate (u)

that will result in fracture shoﬁld be

u>> d £ . ‘ (6.3)
ss :

2- 'If the loading time At >> (nSS/E), the second termvoh the right

hand side of Egqn. (6.2) can be neglectéd and the case of'material

flow as discussed in Chapter, 4 is obtained. The feed rate condition

\

for this case is

E . ‘
u<<d —— . : - (6.4)
M ss :

The quantity (nsS[E) js known as the tim; constant and it is a very
sma]lifraction of’a Bécbnd. Unfortunately, there are no publishéd
dafa'for nssufor.differgnt materials based on certain charqcterizing
rheological models: B o ‘ . -~

- An élternative way of determining the 1im$fing values of feed
rate for different modes of fracture is to find the inftial
penetration rgte ;i from Eqn. (4.15) bykdifferentiation and

¥

+ ho s (6.2) .

4

El




This-

substituting t = 0.0.

- 150 -

The result is

o

3= (1- Yy (v

pV

(6.5)

In Eqn. (6.5), V is used instead of Vy because the equation—s valid

at any location along the jet.

e For high feed rates, the depth of cut can be found from the

linear re]at1onsh1p

°

zzzt-—(l-—l?) (R—)Vt

r

where _

z
d,

t = dn/U'

_ 0 Vy ,V
= (1 - —17) (9;) (=)

‘

»

uvation can be rewritten in the nondimensional form

L]

(6.6)

when the feed rate u is much- higher than z , br1tt1e fracture can be

expected.

The initial penetratlon rate for different materials

has been calculated in Table 6.1 from properties 1isted iﬂ”Table 4,2

v

at a jet velocity of 457 m/sec (1500 fps).

‘\_\
N

Material No.

Ref.

z,
i
N

fps. [m/sec.

Material

Ref,
No.

fps.

m/sec.

Mapie

(20)

. author 10.29 ]0.088
Elm " " Jauthor °|0.207 }0.063
Poplar -‘ authov {0.396 - 0.}2
Sugar Maple (m ., .qr.19 jo.3a
Indiana Limestone|(18) 11.90 |0.341
Coal | (2) 590 {180
Coal o 9.6 |12

Red WOolteq
Concrete’
‘Po]ycarbpngte
White Granite
Wilkeson S.S.
Ice "
Limestone

(25)
(22)

(12),

(23)
(23)
(24)

119),

103.9
3N
1.459
3,02
2.613
200.2
8.39

31.6.
0.948
0.447

0.92
0.796

61.0
2,55

Table 6.1 .
¥ ’

!

' Initial penetration rafe for different materials
at V = 457 m/sec LJSOO fps)
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In the following section, the dominant fracture mechanism at

very high feed rates (u >> ii) is presented.

6.2.1 Fracture at Very Hiéh Feed Rates

.t

The damage of material by liquid jets when the feed rate is

Qery high is similar in principle to the damage of‘material by the ,

equion mechanism of liquid drop impact. The eompressi?!e stage
of 1oading'at the very féginning of impacf has beeﬁfﬁ:;1ected*in
the previous'analysis of Chapter 4 because its du#gtion time is
much_éhorter than the duration of‘thg subsequent hydrodynamic
loading stage. In this sectjon, the compressible loading $tage
is‘considered. Tge model of fracture by 1%qu1d drop impact‘which
wégﬂzhggesgéd by Olive (48) 'is shown in Fig. 6.1a in which only

an. elastic wave was assumed to propagate in the solid material

. upon impact. Continuity of the-solid material was assumed inspite

of the fact that damage occurs. In.0live's (48) analysis, the pit

‘depth (8) caused by the impact of the )iquid drop with velocity V

is o | ‘ ‘ ¥
. v - - Z.dd

§ = . (6.7)
T, T, (6.

. e .
1+S .- -
CE ) '

. . - o
the original model on which Eqn., (6.7) was based is not satisfactory.

Improved modeTs of the liquid impact as presented -in Figs. 6.1b,c

‘are used_in the folTowing analysis whichqqs\baseﬂfon the following

assumptions:

-

T enitn e on o Lo b K ¥ MW—-—-»«
<, . -
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The effec‘~$f the lateral flow of the jet is neglected
: . .

The pressure is uniform over the liquid-solid nterface
The wave propagation is one dimensional (plape waves)

The effect of ref]ectedlwéves fr9m solid bou darigs is

neglected. ) N

Analysis: -

@

, When } liquid drop or cylindr%ca1 column moving at a Velocity
V hits a stress free_semj-infinite solid, the solid particles in
the vicinity oﬂ impact (zone A, Fig. 6.1b) attain a certain
velocity vp- A shock wave propagates in the ]liquid with velocity
?R,and,brings the pre;sure ;n zone D behind the wave front to a

value o which is alSo the stress in zone\Ax//HenCe.

o =pC, (V-vp) , - (6.8)

~ 1

where V-v, isthe change in liquid particles velocity in region D.

b

At the same time, the following situations may arise in the solid

~mat;erial depending on the magnitude of the particle velocity va

a - Elastic defgrmation can occur.as long as the s;res; o]

’ in zone A(Fig. 6.1a) is below the :dynamic yield-strength of the
mate?ial,oyd. The ﬁh?%ic]e velocity Va in this case cannot

exceed the value, . o , /;)

L]

L, | . (6.9)
m e )

. 3 -
\;Réjdrob velocity, Vy thiﬁigfll result in this situation cidn be found

by sdlv@ Eqnis (6.8) with g = dyd" and (6.9),

*

’

~ \ . [N

. N

\ ~ T

i wd N \\ S
~]

L

»
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?\4 - ‘ | | ' “ A 0' (Z + Z ) o
T = v=yd =& % : (6.10)
N3 = . 1.1 ‘
‘ _ . e "2 0
where ' Zo = 0 Cq /;olid dcoustic impedance
< I, =p, C  liquid acoustic impedance

For drop Ve]p;ities higher than that given by Eqn. (6.10), one of

the following situations may occur.

oo he
‘N

b - Elastic-plastic deformation.' In this case,.two waves

9

prbpagate simultaneously in the solid material Fig. 6.1b. The firs%
R * ) ' P %
L is the elastic wave with velocity Ceo followed by the second, which

LY

is the plastic d%ve>wi velocity Cp. Cp is 1ess‘than Ce and is a

function of the stress|level at the point of impact. Between zones
. \A ;nd B Fig. 6.1b, an ilcremental change in partjcles velocit& dv

oceurs Beéause of the ¢ ange in stress tevel, do. The vglue of dv

is found from theﬁré%aﬁionship =

N { .
do ° ' )
dv = (6-]]‘)
. P © ' : : )

The velocity qf propagation, C, of the stress wave, o, is - k&

: : , , oo L ,
o \ C = '/_J__do de ‘ (6.12) ¢

© pmw . . . . -

- Fig. 6.2a is. a stress-strain diagram for an actual material; the value

,; do/de is a function Bf the stress @ after the yield poiniz g%g. 6.2b .
is-@ bilinear approximation (49) for the stress-strain rélation Jin
which the réT;;’;;7E§\1s constant in both elastlc and plastlc regions. |
‘Consequently, the veldcity of plastic wave propaqation has a un1que

'value~Cp that can be used in Eqn. (6.]1) whiiﬁ is renritten.

UA - UB p"‘ C (VA - VB) . (6.]3)
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The velocity v of the particlés in region B is given by

- ¥4 " (6.14)

where .the stress og in region B equals oyd" The $tress o in )
Eqn. {(6.13) equa]s the stress o (or pressure) jin region D of the
-~ <

1{quid drop. The drop ve10c1ty, V and the particle velocity, vpo

are ob

ined by*so1v1nq Eqns (6 8), (6%13) and (6. }4) ~ SR

v /

Cor : S ] ] .
V=ods5—+5) +0,, (5= - 5 . ~ (6.15)

s " A T Ay A | |

o _ 1 )
. Ny =3—+0, (5= = 5=) .. (6.16)

s /A ' ™
» 1 / Zp yd Z Zp - r 1 ‘
where ’ ! | Zp =P, Cp

/ Eqn. (6.16) can also be derived from Eqn (6. 1]) and the bilinear

stress stra1n d1agram Fif. 6ﬂ2b
' 'ﬁ-t,. v o . o .
“ Y4 “do do 3
N Yp = j/\ dv = / ot f ‘o C_
m e '
o . . o Ovd

lmpact of 11qu1d drops with velocmty V causes plastic deformat1on as #

3
=
—T

¥ 1ong as o is 1ess than the ultimate dynamic strength o, The \

critical 1mpajt vglocwty yc.can'thenvbe found" by sub§t1tut1ng Oy fof
/o in Eqn. (6415). B

Covse ey g Ly o (e
' o vC "’ou (Zp+ Zp,) + Uyd (Z el Zp‘) .

-& 4y o

The cﬁftrcal partlcle velocity VAC whuch is the requmred particle =

velocxty for mater1a1 damage (erosron) s found from Egn. 5-15).and~~
W | “Lu o o - |
=7, “’yd (z "“"') - (6a8)

B
- D H © p U
Rl
. : : , e
. . :

N *
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Impact velocities higher than VC will result in material erosion as.

" treated insthe following section

" Eqns (6.19) and (6.20)

< - Material damage (erosion). Tbe model qfrmaterial

damage by 1iquid drop impact is shown in Fig. 6.1c in which the
material {s penetrated by the 1iguid drop at a velocity 2. The
particle velocity vy cannot exceed the maximum critical value Vag . ¢

without dimaging the material. The material particles attain the
N ' X ,
maximum critical particle velocity Ve = Ve at a rate 2 and the\\\\;\

<

stress increment, d, in Fegion F(Fig. 6.1c)is - ;*

o=0p 4 Ve

The stress (or bressure) in region-G of the 1iqg1d drop (Fig. 6.1c) _

iS o 4 ' .

g=p CoVv-2) . -

*
oe

. (6.20)

~ .

The velocity ‘2 rather than.the particles véTogity vclég used in
Eqn. {8.20) because V-2 ig\the actual change in the velocity of

. . S ,
liquid particies in regfon G. "The value of 2 is obtained by solving

I

;)///(T CiE—yr. VN ‘
H’S‘C-* .o . L
¢ [ ..\\”'

. Q‘
N i

The-1iquid drop remains at the "water hammer" pressure, o, for a gertain

2

tiﬁe At given by . - T e o . )
. ‘2dy . S ‘

A =g “for a liquid drop of diameter dy Ly

L . S 2 : ’ { ' : '

A
S .

; '

.. d : . : Lo
At ‘“'*‘c‘l«- for a 1qufd jet of diameter dy -
' - & ’ 5 ;A\ ' ’ SR .

(6.19) .

A

-




" This is the time required by the shock wave to travel forward and |

LY

backward from the‘point of impdct to the free surface 6ﬁ the liquid..

The pit depth, &, can be then cdlculated from o )

6 //;fﬂl
i.e. ' ’ v . :
: § =y A, Vs v, ‘ (6.22)
]‘C*S ’ .

LN

7l
= [0

This equation differs from equagion 6.7.becausé/;t us€es Ve instead
of the velocity of elastic wave opagation, .Ce; and it holds only -

for V > V.. . . R

} Table 6.2 compares predictions from Egn.: (6. 22) with Olive 5
. (48) experimenta] resu]ts for erosion of aluminum and copper by )
. mercury drops. ~The predicted pit depths deviates from the experimental 2
. reﬁu]ts by about 18%. ' The dynamic strength propert1es which are
" neéded to calcu]ate the part1cle critical velocitv vc(Eqnu (6 18)) are
: nok available (49). (50), (51}, (52). However, a value of vc=60 m/sec.
was assumed for bothlalumxnum aﬂ? copper-(49). “The liquid shock.wave
velocity, C,, calculated for ﬁercgfyldrops is 1390 m/sec. Other o i'

properties are shown 1n Table 6.2,
.,I \\ /" ! e

V / dd

EN . ,6.
Material - mean. % @
’ m/sec. cp ?25; deviation
Copper 300 . | o5 ‘| o.0s o
R 400 ‘0,15 0.064 + 13 | ‘ |
s =8.92° | 600 0.15. [ 0.1 o 1
fe, 17000 L1045, 014 a ' ]
| 300 - 0.1 0.025 ,
ATuminlum 400 1 0.1 0.07M ’ E ;
1100 - 500 0.1- 0.1 . _— L
e 600 0.1 . ] 0,125 - 21% - T X
s = 2713 | 95 0.285 | -ou1 P
e 0.15° " ] 0.14 - I8 oA

)

P . . = P 1
. Pl ,, 4‘5; * (o .ﬁ.:

N . yg »
a Table 6.2? Comparison of experimenfhl (48) n thaoratical rasa1ts-(£qn, 22)
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-~——pPredicted values from Eqn. (6722) are in good agreement with test data for
g L

copper but are lower than the experimental results for the<"softer"
material (aluminum). A probable reason is that equation 6.22 does

not include the add%tionq] penetration during the incompressibles ~

stage of impac hich follows the compressible stage of impact.

For materials moving with a feed rate u > ii under a high .

velocity water jet of dijameter dn, there are two actions, compressible

and incompressible impact. The duration of the compressible stage
" .

is E—- and the duration of the incompressible stage is d /u - d /C,
'A . v :
which can be approxjmated by d /u since’ Cp > u.- The total depth of
cut zy’ is the summation of Egns (6 6) and (6. 22) " Th nondimen-

sional form, the combined equat1on is

a
z © O M .
t ' ,
=0 - L (& &y + — (6.23)
n pV~ . X [
° > 1+S 'F‘ .
" - ) ' L
' ‘ . where M is the Mach number, V/C ..~ o A 3
' e ) q . g .
s The higher critical feed rate can be determined from Eqn. (6.23)

by assuming a-maximum a11owab1e‘error)in cé]cu]ating z, if

the compressible .impact is ngg]ected.‘ If this maximum allowable .,

N i ‘ error is 10%, then, the first term on the right hand side of Eqn. (6.23)
I should Be nine times the second term on the right‘han& side (which .
raccounts for the cunpre%sﬁb]e:stage of i&pact). cd@sequently,

the feed rate u, that satisfies~this condition is

. R - ~—<1~iz)(9—)(90 Lors T (e,

o

| o T For feed raﬁes Tover than uHJ the compressible stage of- hmpact can be

wu

:;' ' neglected with less than, 10% error in depth of cut pred1ctfon from




f"'"“l \ :’Q . ' .
y } Eqn. (6.6). App#oximate values of u, are shown for some materials
‘; N \‘\ . .
in Table 6.3, The values ‘are based on results of Tab]e 4,z at a jet
AR veloc1ty of 609 m/seC. (2000 fps). A}so, values of (sv ) are \
| . negligible in relation to C for the light and soft materiafls
¥ considered. S |
;f \ uy equation 6.24
4 Material «| Ref. ,
: 3 ) in/sec.| cm/sec.
2< ~r Poplar author 2.3 5.8
. L | Maple author | 1.66 . 4.2
£ -} S Elm " author- | 1.19 3.02
R s Coal 20 188 477
Concrete . 22 14.7 37
Witkenson sand stone 23 12.39 31.4
Lime stone 19 39.79 101
N - i . . &
Table 6.3 Approximate values of the higﬁer critical
. L feed rate for some materials at :
L - V = 609 m/sec. (2000-fps)'
’Mater1a]s with h1gher specific grav1taes and dynamic strength
" properties such as metals will have lower values of uy (1ess than
ff f X . 1.0 incﬁdsec at Vv = 2000 fps) Thas offers a probable explanatlon,
f*. ! ‘ why Franz's (7) data on aluminum cuttang(Table 2. 17)does not agfee
8 - with the theoretical pred1ct1on of Eqn. (5. 13) Eqn. (6.23) is
the appropriate equation with which,to compare Franz's datay/
. v ‘ . \ . . k ' | 4 ‘
6.2.2 The Lower Critical Feed Rate , /"
5.7 .« The flow of. mater1a1 under . the je; hydrodynamic stress is

terminated when the stress. equals the c mpressible strength of . the

* .

- mat§;1a1 For very low feed rates this situati n y octur aﬂﬁ

oy
1

n

£
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kY

further id%eringiofﬂfeed rate will not improve tﬁé depﬁh of cut

which has a maximum-value given by Eqn. (4.18), namely
. ’ c
\ . 1 - —5

7 =B

]
h

The feed rate that wili'produce z; s the lower critical feed rate

u which can be found by solving Eqns. (4.18) and (4.15)

Cleye ot ‘
) e ‘
‘Q_L - Vz‘ o . (6'25)
.- L Tog, (Ea__:__ig ’
) . . c y T
Feed rates below u. will probab]y rg’ylt in chip formationi type of
mechanism of cut 51miiar to the Canentionai cutting mechasigm where "

terial s?ﬁps on maximum shear pianes. The max1mum depth of cut

‘ach¥eved by @hisvmechanism 1s.dn/2 at the lTeading edge of the

workpiece since the. maximum shear plane will be at 25° from the jet
fiow\di ection, ' L
'6.3 " PULSED JETS o - 4 e

- .
N x
" . . N

Puiseddwater Jjets-have been the subject of many theoreticai and
experimentai investigations (53) (54). (55), (56). (57), (58) . They
have been app]ied to rock aad coal cutting (597, (60) (61). The shprt

duration reiease of bhigh pressure energy resuits in highlget veldcities

iwhich can do more damagé to the material than a jet of Tonger duration S
with the same energy. chever an efficient puised system must
operate at high frequencies which is beyond the capability of present EZ‘.‘ . .
nfequipment design technoiogy |




. a“%otal-penetratfoh depth zf/fesults due tg di fferent mechenisms of
Loa . . 3 .

The mechanism of penetration of soﬁids by pulsed jets can be

v

divided into two stages:
1-  Erosive damage during the compressible impact.stage of the jet

2-  Material flow under the high hydrodynamic stress (similar to
that of Chapter 4{'during the incompressible stage of impact that
. v N \ ,

follows the first stage.

The interaction betwcen the puised jet and the solid material

'may occur in one of the two following ways:

=

1-  Penetration of a semi—iniégite medium as in dril1ing applications

2-  Penetration of the material oﬁ the edge of the kerf. In this

case, synchronisation of feed rate and the pulse frequency is

AY

required. Fig. 6.3 illustrates the two cases.

[

6.3.1 ,Penetration of a_Semi-infinite solid by a Jet pulse .

When a cylindrical column of 1iquid (jet pulse) with diameter

dn and Tength zt;and moving with velocity V, hits a solid matefia],

°

impact. "If § is the pit depth resulting from the first stage of

: ﬁmpact and zs.ﬁs the depth of cut resulting frdm the gecoﬁd stage of

“impact, then, the total depth of cut z, 1 .
g N—— . T \ ' . . ’ ‘ )
2y =84z ‘ C. (6.26)

14 . Q

The pit depth § requires'a jet ]ength,-zS and the debth of cut is
requires a jet length 2. The total jet Tength 2y Is
- ' oL . - o
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L
_d_t‘i_M“- ]V) (6.29)
c ‘ o
1+S'C— ) C -
L " -
_mhere M is the Mach number,V/CZ. | ' ' Co (

The penetratiomn rate d_during the first stage of im is related

to the time duration of this stage td = dn/cz arld_the jet Tength

i% by the relationship . 5

— ek un

v _ 5 " ) l T '
t(s.— —_— . ] . (6.28)

»

The penetration rate § equals 2 in Eqn. (6.21). The jet length . :
can then be found by so]v1ng Eqns. (6 21) and (6.28). . _ F

The result is wr1tten in the nond1mens1onal form:

To determine the depth z_ and the corresponding jet length .

s the jet ve]oc1ty is assumed to decay s1m11ar1y to a free sub-

merged jet (Fig. 6.4). The velocity decay in the main req1on of a ' 'K

;free.submerged jet is g1ven by the following relationship: (33)¢ ,

(39), (61) | o
\ ' ... . _ﬂ_.. ‘ \ . o
R V= Ky = | | (6.30)
! . g
wheré V, is the jet velocity at’ d1stance z > X_ from the solid o

le

eerface (Fig. 6.4). Kj is cd\sfqn; and equals 6.4 for free submerged
jet (33), (39), (61). The additional friction due. to the contraction'fs
of the flow passage and. the effect o( back flow, shown in Fig. 6.4
will lowgr the value of Kj in this case. ‘The resistance F, of the

assumed Bingham substance. equals the Jet force F , as discussed in- o B
2 ‘7, . J

Chapter 4 where. R K 3 j TR R <

&

[
v ',

h’:;m PR
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1

o Fy=nAc o Al S (6.31)
. : R 2)2

-
I

[ - 9= P AC (VZ - i(6,-32)
2 is the penetration rate in the second stage of penetration. The

penetration rate z is obtdined by simultaneous solution of Eqns.

. (6.30), (6,31), and (6.32), % << v,7in £an. (6.32), '
- 2. 2 2 2 |
K. p V d Z 1
. , t = el 2y | (6.33) .~
[ : nZ

.A small element of the jet d¢ produces a depth dz in'time dt.at a

' rate z, where . ,
\ . " Ve dg‘ . ﬂ”t‘t';vt

dt =y =7

; (6.38)"

-

‘Jo relate the depth of Eut to the jet length 2, Eqns; (6.33) and o

(6.34) are solved together. The result is " AN

IR T - K.vazdn - g.2° : ‘ ¢ ;
- f — 5~ dZ:‘f dz (6.35) |
. : Kj- pV dn - qyz -

1 v

. The 1imits of ihtegration in Eqn. (6.35) dépend on whether &, the pit g
“epth, is greater or lessjthan Xc" the core length. } R

- ' |

. a-3>X. this case, the penetration during the in-

compressibie siage of 1mpact corresponds to the maln region of the

submerged jet. Eqn (6.35) can, then, be rewmtten with the - . ..

iptégration limits: .+ . - - L C




are edequate]'y.described by existing equations for low preséurg incon-
- T \ o -
3. The wood cutting studies of Chapter 3 resulted in formulation

> i ' o . ~ W o

of a cutting equation in which the dominant properties are a mean .

pressible jets, ‘

.strength value and the=dry\ and wet speci fic gravities of the wood. -
. ") '
4.  The theoretical analys1s of Chapter 4 shows that the dommant

material propertles that affect cuttmg results are the compresswe
&

yield and fracture strengths, the hydrodynamic solid-liquid t;oef-

" ficient of friction and the ‘d'amping factor which has.Been/dgngnined <
. ¢ S

\

. experimentally for some materials,

5. The functional relatlonshlp betwaen depth of cu't feed rate.

and dommant matem al propert1es that has been den ved 1s in good

> agreement wi th different ‘cutting results and satlsﬁes the hmltmg
cond1tlons of ‘Jet~cutt1ng processes. The com;amson 1s based on
assumed values of Jet spreadmg behaviour where pubHshed data do not

[y

contain the necessary 1nformation. ‘ ‘ e

6. - The optimun stand off distances for maximum depth of cut and v
maximum volume removal ‘(mim'mum specific eneréy) have. been determined

as, 'functiOns of nondimensﬂonai jet end'_material characteristics as 'T"

described in Sectibns 5.2 and 5.3.

7. For a matena] to be cut in a specified time, the maximum .
depth of cut can be achieved by adjustmg the feed rate and nu«ber of

passes. Quantitative re]atmnsh\ps are presented in Section 5. 5 '

«

.
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h 8 " The specific energy has been found to have its lowest values
above certain critical feed rates when all other pargmeters are kept =~

at oscillating Jets with certain

constant. This suggfts

minimum frequencies should %e used escaling and mining applf-
5 g

f

0 \- ’ v 3 ’ *
-cations where maximum volume removal is required at Jow costs.

—_— M . ¥

» “‘ - . N . 3
* ' MNumerical values of nondimensional numbers for the choice of optimum
. Q_\ 3

.

-

conditions are presented in Chapter 5.

Y 9_‘. _ The theory of,é;ead_y jets as extended to pulsating ’jet‘s and
impact -of liquid drops in C;wpter 6 is useful in the fo]‘lowing ways :
. | i - It allows estimation of higher critical feed rate to dist- _
~ in'guiésh between different mechanisms of failure during .the \?v
- ' c6mpressib1e and incompressible stages of impact. T _

-

ii - It defines the ,paraheters that are related to penetration of

solids by a liquid jet pulse .for different ways of

-

v ¥ . ) . . ‘1i<‘1uid-solid interaction,: -
| -_ ‘ iii - I't allows ca1cu1ation of pit dgbth ob'taihed by the comp-~ - »

L]
'

a ressiMe stage of impact of a jet pulse or the pit depth
by a con:ci‘nuous jet at very high feed rates. '

( s . . d
. . ‘ .
»
' . ‘
. ~
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™ D p opdv=co S oV dh
. at o PV E Tl Pl
“ C.V.
1 o A [ . )
- ' can be written as o . .
:: i l P _ : -\ .
- ot e Veoyd = ocls oV 9= mTegholy ,°1A~1v 1 ' 1
¢ 1 . ‘ ’ PN . L]
i y e
— - Neglecting density changes due to frictioﬂna1‘~ heating and J
, substituting Vc?v = Acz ‘ ' :
‘ B W .
La - a .
. . ‘ pAz = - pholy + oAl
' . . ‘\ : ) K ]
after assuming A, =-constant, z=W . vt
: | phpVy = oAyl < oA o
& ] - :.méxt = p[A]V-| - ACWJ
- Where ';'ext is the exit.mass flow rate from the control volume
\ -~ %
. L]
a 1 o v N
- « )-‘t;'f;":, , X
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APPENDIX B Cl
AVERAGE STAGNATION PRESSURE ACROS%JET WIDTH
"a -~ The Main Region of the Jat !
. s " N «
The average pressure Pav is‘obtainéd from
by e .'
| n Pav'. ™ bm é P.2xY dY D . (“_B:.l) K
“where - P=pP (1-¢YY2 - (8.2)
. - . . m B - . :

" substitutding ¥ = b g, dY = b, dg in Eqn (B3) ‘and using Eqn. (-B.Zj for

[

P. . The nesult is o

E) Lo .

2 = . 322 z ‘ .
Pav.. nbm = é 2gP (1 - £77) b_m £ deg o Lo -
. 1, 2 7/2 1.1 N
Pav. =2 P 7 884 35 8774 58°3, '
=o0.257p, (8.3)
 Substituting in Eqn. (B.3) by the value of P, from Egn. (5.2):
AN ~ . ‘}Vﬁxc ) . .
Pay. =0:257 P, (D) - . (B.4)
~ .r - S
| | : P o N '
b’~ The Initial Region o%e Jet .+ N ’ )
P ' ‘ .

In this case, thef average pressure is, ca'lculated from.

/(see Fig. 5/)/ Lo i - co
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] 5 \ .‘ 4
. . " 2. . ’ ' ‘ ("bc . Y . - ‘”A
: Tl 2_ 2 “ ’
‘ H o Py WY £ by =Py m g+ ) P a0 dY (.5)
p e . R -l © | o ]
’ " The integrdl term in Eqn. (B.S) .can’ be found as in”the previous
‘ t o ) ca;'é, and equals 0.257 P] w b%’ then :f\ (
\ . L c
; . s 2 = 2 ; 2 \
. Pav a(¥, + b)% =Py v VEH 0.257 Py m by (B..G) .

S . : \

: T - !
, . Y2+ 0.257 b2y .
£ E el ¢ gy = <] (8.7)
\ ' ' b (¥ k)t S
— ‘ B o F .
; : . * . . ; ‘
r C , _ The values of Y, and bC as functions of X can be.determined by
. " ) | " using Eqn. (2.1?) .when‘ X=X. -
\Nxc = 0.335 v’dn Xc . . ‘ (8.8)
. 5 ‘ | .\ , . \ . ’
- ’Zeometric similarity in jet initial regionj/i'g.‘ﬁ.l results in
: - 2. XX a .o A
v co o C n X :
¥ . - . —_L= % e Y= (5--1) , . (B.9) .
| R T : S
AN %, \)\(ﬁ ( . . - . \
3 o and g—== 7~ using Eqn. '(B.8) for Wy, , then
g . Wg xc . )SC . .
‘ ) P R (A 10
o« ' c .

.
v ) N
* ~ Y
. . o




0 } APPENDIX C .

c "7 EFFECTIVE JET WIDTH IN THE MAIN REGION

_Eqn. (5.4).1is rewritten as - : ) | ‘.‘.»

. Yo
N N

The effective width is determined by using the relationship
- - Lo . . i 1
| P =0.5 o

substituting in Eqn. (C.1) by values of P from Eqn. (C.2) and P’ from
- “Eqn. (5.2). The result is i

The jet radius b_ is determined from Edn. ('5.9)

¥F. ~. | s bm=g=l%§ ax (C.4)

~

solying Eqns. (C.3), (C.4) and R = X_d . The result is

. S R e " g P -
- —& —q.335. /2 1- c X 1% .. . (C.5).
| 4R X [ /Q?T‘xc]‘ L ~

wh'er? . ] N e =2 Yg

B

ff. , PR

r—é \. -~ ( : ' ’ ’ 3 ‘ . "" ' ‘
g : Py2/3 _ ¥ - . :

X E=(1- /=) =— (c.1) -

F o ; | ™ n . ‘

(C.2)

. - Y o ) n o
| 4 : h off - (. [S. X2/ . (c.3)
B ‘ . by 2Py X C ’ o

.
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APPENDIX D o

\AV.ERAGE PRESSURE ACROSS JET EFFECTIVE WIDTH
- ) \

The average pressure (Pa) over the jet effective width is determined
- - / . .

- from ' Wo/2

< e e Y2, = . ‘
’ ’ Pa m Yeff = é p . 2nY dY ) (D.])

substititing for P from Eqn, (5.3) and putting ¥ = b . The résult is

. AN . - ,

P w2 = radnpi(1 - ()2 b2 g ' (D\2) ~
a " eff"g\\ﬂ\q - £ ) bpde :

\

where %, % Yeff/bm and ishgiven by Eqn. (C.3). The result of inte-
gration of Egn. (D.2) is

b2 ‘ . 7 . ‘ g(-! . .
P=2-"p 0.5¢2-0.57¢7" +0,2 ¢5 (D.3)
. . eff . ,
N /

substituting from Eqm(C.3) for (Y,¢r/by) and from Eqn. (5.3) for Py

in Eqn. (D.3). The result is Lo . ’
. . 5 v2/3
2 P, (X./X) £0.5 €2 - 0.57.¢ +0.2& 4
T - :

N
¥ /3 :
“r uj/ . X '
[+

_ c Xy _. ‘ o .
where y=(1 - 2P, X ) =6 . o (D.5)

Reduction of Eqn. (D.4) results in

P, =2 Py (59) 0.5 - 0.57 y + 0.2 y21. (D.6)
. : l F . ) o \ ‘
S L Pa =P ¢ N 3
X ‘ _
where . ¢ =2 (y) (0.5 - 0.57 y +0.2 y?) - (D.8)
- N
. AN o
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L . . The depth of cut 'in Egn. (4.16) can be eg(pressed'in terms Nhof:
‘ . & . \ ‘ - " .

pressure rather than jet velocity by sg,bs’citufing o ' ' ’ _/
co et
\, Dt The result is S |
' v % T @/ *
) " ; K | Z—T—c-;( -ZP.)(] e /1? ' (Ef)
‘ The effect of stand of f d1stance on: depth of cut can then be seen by
" . substituting Pa for P and Wo for. dn where i M - /
' C . o .‘ Pa=Pp - ¢ \ from qun. (0.7}
‘ .
[ W = 0.335 dnlﬁ _ Y;wz/sj from Eqns, (9.5) and (D.9)
% ' S

The result is
' C4P,

—¢

" d R :
(1 -e T M)

_ 0.3/ “n'" X, 2/3
2 === C;~ (c” “’ZM

. ) L)
Reducing the numérical-va]ues in E(in. (E.?.)_ and re-arranging; then

:?lib

'(E.z)#

C zC~ .
SR .—/é _0297(")¢2/3(1-3L)(1e.

.

S opy e _
-2256—£—‘¢
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Eqns. (6*.313) and (6.34) are

: .
. .
e i
\ . . . :

K2 oV2d : . , .
2 _J.n ¥ : , SN0 ) N
. nz? o o

. ' _ 4 N
- Ceat= B e f}- R () I

Substituting in these equations by}the following transformations:

T ie. 2=7 d,

¢

ie. T t=TdN
fe L= d.

2 y24 2_ 24 2
=KJ py: dn °y Zdn

3 ) e (F-4)
n(Z d )% ‘

dL L
_v “V'VHT‘ (F.5)

) vafding both‘sides‘of‘Eqsé.-(F.4) and’(F.5) by. v apd«reducing; the

rd
result is

p

(”)() . (F.8)
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