
www.manaraa.com

INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI 

films the text directly from the original or copy submitted. Thus, some 

thesis and dissertation copies are in typewriter face, while others may 

be from any type of computer printer.

The quality of this reproduction is dependent upon the quality of the 

copy submitted. Broken or indistinct print, colored or poor quality 

illustrations and photographs, print bleedthrougb, substandard margins, 
and improper alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete 

manuscript and there are missing pages, these will be noted. Also, if 

unauthorized copyright material had to be removed, a note will indicate 

the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand comer and 

continuing from left to right in equal sections with small overlaps. Each 

original is also photographed in one exposure and is included in 

reduced form at the back of the book.

Photographs included in the original manuscript have been reproduced 

xerographically in this copy. Higher quality 6" x 9" black and white 

photographic prints are available for any photographs or illustrations 

appearing in this copy for an additional charge. Contact UMI directly 
to order.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.

University M icrofilm s In ternational 
A Beil & Howell Inform ation C om pany 

300 N orth  ZeeD Road. Ann Arpor. Ml 48106-1346 USA 

313/761-4700 800/521-0600



www.manaraa.comReproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

Order Number 9514442

Improvement of waterjet and abrasive waterjet nozzle 

Li, Zheng, Ph.D.

New Jersey Institute of Technology, 1994

Copyright ©1994 by Li, Zheng. All rights reserved.

UM-I
300 N. Zeeb Rd.
Ann Arbor. MI 48106

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



www.manaraa.comReproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

IMPROVEMENT OF WATERJET AND ABRASIVE WATERJET NOZZLE

by 
Zheng Li

A Dissertation 
Submitted to the Faculty of the 

New Jersey Institute of Technology 
in Partial Fulfillment of the Requirement for the Degree of 

Doctor of Philosophy

Department of Mechanical and Industrial Engineering

October 1994

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



www.manaraa.com

C opyright ©  1994 by Z heng Li 

A L L  RIGHTS R ESER V ED

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



www.manaraa.com

APPROVAL PAGE

AN INVESTIGATION OF THE IMPROVED AWJ NOZZLE 
AND PULSED WJ NOZZLE

Zheng Li

i.
Dr. Ernest S. Geskin, Dissertation Advisor 
Professor of Mechanical Engineering
of the Department of Mechanical and Industrial Engineering, NJIT

Date

Dr, Rong Chen, Committee Member
Professor of Mechanical Engineering and Graduate Advisor
of the Department of Mechanical and Industrial Engineering, NJIT

Date

'QilM At/rtffjy
Dr. Nouri Levy,(Committee Member 
Associate Professor of Mechanical Engineering 
of the Department of Mechanical and Industrial Engineering, NJIT

Date

Dr. Zhimmg Ji, Committee Mefnber
Assistant Professor of Mechanical Engineering
of the Department of Mechanical and Industrial Engineering, NJIT

Date

V_ /

Dr. Denis Blackmore, Committee Member 
Professor of the Department of Mathematics, NJIT

Date

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



www.manaraa.com

ABSTRACT

IMPROVEMENT OF WATERJET AND ABRASIVE WATERJET NOZZLE

by 
Zheng Li

This investigation is concerned with the im provem ent o f  the nozzle design for 

w ater and abrasive w ater je t machining. T he mechanism o f  form ation and characteristics 

o f  pure w ate r and abrasive w ater je ts  are investigated in o rder to  determ ine quasi-optimal 

process conditions.

To im prove the pure w a te rje t machining, a pulsed w a te rje t nozzle, w hich employs 

the principle o f  the Helm holtz type resonator, is investigated experimentally and 

numerically. T he experim ents show  the advantages o f  this nozzle over the commercial 

nozzle in cutting and cleaning. A  numerical solution o f  the differential equations o f  

continuity, m om entum  conservation, turbulent kinetic energy and dissipation for tw o 

dim ensional axi-symm etric flow by employing the FID A P package is developed and used 

for the  num erical prediction o f  pulsed turbulent flow inside the nozzle. The determination 

o f  the optim al nozzle param eters aided by numerical simulation is carried  ou t and the best 

ratios o f  the param eters are: h (cavity length) / d , (diam eter o f  upstream  nozzle) =  3.0 and 

d , (d iam eter c f  dow nstream  nozzle) /  d, (diam eter o f  upstream  nozzle) = 1 .3 . T he results 

o f  sim ulation agree w ell w ith the experiments. The numerical prediction o f  the velocity at 

the ex it o f  the pulsed nozzle is validated by the velocity m easurem ent by a laser transit 

anem om eter. T he obtained velocity changes periodically and ranges from 190 m /s to  230 

m/s. A numerical analvsis enables ns tc  evaluate nozzle design £nd the effectiveness c f  the 

num erical prediction is validated experimentally. T he numerical solutions and experimental 

results p resent the im provem ent on the pure w ater cutting  and cleaning and provide a 

technological basis for the im provem ent o f pulsed w a te rje t m achining and technology.
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T o increase the efficiency o f  abrasive w a te r je t  machining, an im proved abrasive 

w a te r je t  nozzle is developed and experimentally investigated. T he perform ance o f  the 

abrasive w a te r je t is im proved by the m odification o f  the abrasive particles path  p rio r to  

the  collision w ith  the w ater jet. This m odification is obtained by control o f  the  angle (a )  

betw een the top-shaped surface o f  the focusing tube  and the w ate r flow  direction and 

change o f  distance (H ) betw een the w ate r nozzle and focusing tube. T he im provem ent o f  

w ater-partic les mixing increases the rate o f  material rem oval and simplifies the  alignment 

procedure. It is found that the optimal param eters fo r the nozzle design are: a  = 4 5° and 

H  =  1.587 mm. T he experimental results and analysis show  the  potential o f  th is modified 

nozzle for applications in abrasive w a te rje t m achining.
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CHAPTER 1

INTRODUCTION

1.1 Pulsed Water Jets

High pressure w ater je ts  have been used as an industrial tool for many years. This cutting  

m ethod show s g reat potential not only in cutting and drilling minerals, rocks and concrete, 

bu t also in com parison w ith conventional cutting and drilling tools w hich are  inherently 

lim ited by the ir lack o f  both strength and resistance to abrasion. This cutting  technology has 

proved to possess many advantages such as low  production cost, high cu tting  speed and 

low  m aterial loss. The application o f  high pressure w ater je t cu tting  technology has been 

traced  back to  the 1970's w hen the je t w as used in cutting som e soft m aterials (non-m etal) 

w ith a pressurized pure w a te r je t o f  132 -  198 M pa. This application began by using a high 

pressure and low  flow rate w ater je t in cleaning, mining and cutting  w oods or paper 

products. A  w orking pressure o f  the w a te r je t at a  maximum o f  330.7 M pa proved to  be 

able to  cut a  variety o f  relatively so ft material at a  high cutting  rate. A t the present, the 

w ater je t (W J) machining technology has found m ore applications in industry, including 

cleaning o f  deposits from the shell and tube side in heat exchangers, and rem oval o f  plastic 

explosives from unw anted locations. In  order to  increase the efficiency o f  W J perform ance, 

a  num ber o f  investigations have been undertaken in the developm ent o f  the pulsed W J 

techniques. I t is dem onstrated that a  pulsed je t is an effective cleaning and m achining tool 

and is superio r to  the continuous w a te r je t. Periodical forces exerted on a ta rge t by such a  

iet induce high m om entary stresses in the impingem ent zone. T he increased erosivity 

afforded by causing a w ate r je t to  break up into a series o f  w ate r slugs has long been 

recognized. Such interrupted or pulsed je ts  offer the follow ing advantages, com pared to  the 

steady-flow ing jets, for either cleaning a substance from a substrate o r  cutting  into a bulk 

material:
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(1) L arger im pact stresses, due to  the w ater hamm er pressure, which enhance the local 

erosive intensity,

(2) G reater ratio  o f  im pacted area per volum e o f je tted  w ater, thus exposing larger areas o f  

the surface to the w ater ham m er pressure,

(3) Cycling o f  loading: this prom otes unloading stresses which may enhance the process o f  

debonding the substance from the substrate, o r fracturing the bulk m aterial being cut, and

(4) Short duration loading, which tends to  minimize energy losses within either the 

substrate being cleaned o r the bulk material being cut, and hence increases the material 

rem oval per input energy.

It is unfortunate tha t to date an adequate mode! to prescribe the flow  field o f  the high speed 

pulsed W J has no t been developed. A lthough a num ber o f  prior researches have been 

concerned with the  analysis o f  pulsed jets, the available inform ation is not sufficient to  

predict the W J flow characteristics, such as distribution o f  pressure and velocity inside the 

nozzle. These param eters which are determined by the nozzle design strongly affect the 

perform ance o f  the  pulsed W J. Thus the optimal nozzle design, aided by experim ents and 

num erical sim ulation, is the objective o f the second part o f  this research.

1.2 Abrasive Water Jets

T he rapid grow th o f  harder and difficult-to-machine materials over the past tw o decades 

necessitates the developm ent o f  compatible abrasive w a te rje t (A W J) m achining techniques. 

A  num ber o f  research w orks have been perform ed to  find new  applications o f  the  je t 

cutting, to determ ine the je t properties, and to im prove the je t perform ance. In the  new 

applications, the AW J cutting is m ore efficient, accurate and less material consum ing than 

som e o ther traditional cutting methods. In the beginning o f  the IQRO'c it wn$ found tha t by 

m ixing the abrasive particles in the je t the cutting capability will be increased so  th a t alm ost 

any type o f materials can be cut. The je t developed through the entraining o f  solid particles 

is the  abrasive w ater je t  (AW J). During this process, the abrasives are flowed into the
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dow nstream  o f  a pure w ater je t which guides the particles into a focusing tube w here 

mixing takes place and form s the w ater je t stream. In the focusing tube the  particles are 

accelerated and this m eans that the kinetic energy o f  the particles increases and this creates 

the high cutting  capability o f  the developed tw o phase m ixture. A n A W J consists o f  liquid 

w ater, bubbles and abrasive particles. W hen impinging a t a  ta rge t m aterial, each o f  them  is 

capable o f  causing dam age on the target surface. During the study o f  AW J m achining, it is 

found tha t the  effect o f  w ater and bubbles is too  small to  be o f  concern i f  com pared with 

the effect o f  abrasive particles on the material removal. Thus, the erosion by solid particles 

w hich is defined as the mechanism o f  material removal in the course o f  particles impinging 

on a ta rge t surface is defined as the main mechanism o f  the A W J m achining processes. So, 

the ex ten t o f  mixing betw een abrasive and w ater has an im portant effect on the  AW J 

perform ance.

T he abrasive w ate r je t (A W J) has a potential o f  becom ing one o f  the principal machining 

technologies. U nfortunately, at the present this process has found very lim ited application. 

T he A W J is used only i f  o ther machining technologies, such as conventional o r  therm al 

beam  machining, fail. O ne o f  the main reasons im peding the com m ercial application o f  

A W J is low  process efficiency. The productivity o f  AW J machining is far below  than that 

o f  milling o r  laser cutting. A t the sam e tim e, the expansion o f  A W J m achining will have 

substantial and diverse effect on manufacturing. It will enhance the com plem entation o f  

new  m aterials, expand the use o f  existing hard-to-m achine m aterials, m ake practical 

form ation o f  com plex sculptured surface, reduce the am ount and severity o f  subsurface 

defects and increase flexibility o f  machining facilities. M aterial rem oval by A W J is carried 

ou t by the particles im pinging on the target, thus the process efficiency is determ ined by the 

particles m om entum  T.ow AWJ efficiency is due to the hinh rate o f  enernv Hissination in 

th e  course o f  the je t form ation and w ater-particles m om entum exchange. Analysis o f  the 

w ate r je t pressure-velocity correlation show s that the principal cause o f  the energy 

dissipation in the  course o f  particle acceleration is the process o f  mixing. T he first s tep  in
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the form ation o f  a slurry je t is injection o f  the abrasive particles into the focusing tube. This 

s tep  determ ines to  som e extent interaction between w ater and particle flow and subsequent 

entrainm ent o f  the particles by the w ater jet. A t the sam e tim e, a t this stage o f  th e  stream 

form ation, the particle flow  can be readily guided. Thus im provem ent o f  the geom etry  o f  

the region adjacent to  the w ater-particle mixing constitutes an effective m eans fo r the 

im provem ent o f  the overall nozzle efficiency. Such an im provem ent is the objective o f  the 

first part o f  this research.
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CHAPTER 2

LITERATURE SURVEY

T he prior investigations o f  the W J and AW J machining technologies are discussed in this 

section.

2.1 Pulsed Water Jets

A  variety o f  techniques have been used to  in terrupt w ate r jets. M any investigators 

exam ined phenom ena related to  fluctuating je ts, either self-excited o r  w ith  an external 

m eans for stim ulating o r driving the pulsation in the je t  flow. A s described by Ne'oeker, et 

a l.,1970-1980, a pulsed w ate r je t  has advantages over conventional ones in w ate r je t 

cutting and cleaning. By exerting an alternating force on the targets, the pulsed je t can 

p roduce high m om entary pressure and subsequently generate  high tensile stresses in the 

im pingem ent zone. This enhances unloading dam age in the  m aterials. T here are several 

m ajor kinds o f  devices w hich can generate the pulsed jets.

1. Percussive Jet:

T he percussive je t (Fig. A .l)  can be obtained by m odulating the discharge o f  w ater 

through  the je t  nozzle, i.e., by cycling the discharge flow  above and below  its average 

value w ith  som e particular frequencies, am plitudes and w ave forms. W hen this varying 

free flow strikes a target, the mom entum flux through the nozzle is no t transm itted as a 

steady force, bu t as a possibly discontinuous sequence o f  force peaks o r percussive 

im pacts.

2. Im pulsive W ater Cannon:

In this case (Fig. A .2), the reciprocating m ovem ent o f  the p iston  generates the 

discontinuous flow. W hen the piston moves tow ards the right, it pushes the w ater o u t o f  

the nozzle. B ecause the cross sectional area o f  the piston cylinder is m uch larger than that

5
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o f  nozzle, the high pressure in the cylinder can be transm itted into high kinetic energy o f  

the flow  at the nozzle exit. W hen the piston moves to the left, the w ate r is supplied into 

the cylinder. By repeating the above cycle o f  the piston m ovem ent, the so called "w ater 

cannon" can be form ed a t the exit o f  the nozzie. The reciprocating tim e o f  the piston is 

controlled to m odulate the frequency o f  the pulsed je t for different drilling o r cutting 

applications.

3. Pulsed Jet Produced by Ultrasonic V ibration o f  the Nozzle:

A  new  concept for producing a discontinuous liquid je t is currently being developed by the 

use o f  ultrasonic axial nozzle vibration (Fig. A.3). An ultrasonic pow er generator is used 

in conjunction w ith a converter booster and horn in order to  im pose vibration on the 

nozzle. The high pressure w ater is induced into the horn and m oved to  the nozzle exit. 

W hen the nozzle is m oving in the sam e direction as the continuous je ts , it increases the 

absolute je t velocity. W hile the nozzle moves in the opposite direction o f  the je t, it 

decreases the absolute je t velocity. As a result, the  je ts  breaks into segm ents a t the point 

w here high velocity particles hit the slow  moving ones. In this w ay, a pulsed je t  flow is 

generated.

4 . T he Fig. A .4 show s a  pulsed je t produced by an oscillating piston installed upstream  o f 

the nozzle. A t the initial stage, the steady flow enters the oscillating cham ber. W hen the 

flow exits the  oscillating chamber, the flow becom es the unsteady flow due to  the 

vertically reciprocating m ovem ent o f  piston. Finally, the pulsed w ater flow is obtained at 

the ex it o f  the nozzle because o f  the periodic m ovem ent o f  the piston.

5. A  pulsed flow  can be produced by installation o f  an oscillating m echanical valve into the 

nozzle body (Fig. A.5). T he periodic opening and closing o f  the valve is mechanically or 

electronically controlled. So. the steady flow a t the entrance o f  the  no77le ran  becom e 

pulsing flow  at the exit o f  the nozzle.

6. M echanical interruption o f  a continuous w ater je t can also be obtained by a perforated 

ro tating  disc (Fig. A.6). The perforated rotating disc is driven by a m oto r and placed
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dow nstream  o f  the  nozzle. During the process o f  fluid flow  from upstream  to  the 

dow nstream  o f  the nozzle, the je t passes the hole o f  the disc o r impinges on the disc 

surface alternately and thus the pulsed je t formed.

7. In the 1980’s, V .E . Johnson and A.F. Conn developed a  concept o f  the self-resonating 

cavitating je t  which can result in pulsation by modifying the  geom etry o f  the  nozzle body. 

T he operation o f  the self-resonating cavitating nozzle is based on the theory o f  fluid 

transients and hydro-acoustics. W hen the fluid flows all the way to  the exit o f  nozzle, a 

kind o f  surge pressure is formed due to  the change o f  the cross sectional area o f  the pipe. 

T he surge pressure is then fed back to  the inlet o f  the pipe and superim posed on the 

pressure pulses o f  the incom ing flow to form a standing wave. I f  the frequency o f  the 

surge pressure m atches the natural frequency o f  the flow, pressure resonance will occur 

and the je t  is converted into a system o f  d iscrete ring vortices, leading to  the inception o f  

cavitation. T he large vortices and strong  oscillation m ake it possible to  genera te  stronger 

cavitation and thus the erosion and cleaning action is enhanced.

2.2 Abrasive Water Jets

In A W J cutting, the nozzle plays a key role by converting high pressure to  the high 

velocity necessary for cutting. The efficiency o f  this conversion process and  the quality o f  

the cu t itself depends on the nozzle design, especially on the  configuration o f  the  mixing 

cham ber. A  num ber o f  studies are dedicated to  the im provem ent o f  w a te r and particles 

mixing.

1. A  spiral nozzle w as developed by H orn , 1990 (Fig. A .7) for use in efficient mixing o f  

abrasive and im proved focusing o f  spiral w ater je t  stream s in high pressure A W J cutting

a n n lic p tm n c  TVtf* H f^vplnnm pnt n f  tHic nn77Ip  ic OH t h -  Spir2.! f!c\V th s C iy  T o C btuiii

a focused je t  flow, a nozzle is designed w ith an annular slit connected  to  a  conical 

cylinder. Pressurized fluid is supplied through the slit (1) and the  fluid, passing th rough  the 

conical cylinder, is deform ed into a spiral flow w ith the maximum axial flow  on the axis.
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A brasive is fed from the inlet (2) in the nozzle. T urbulen t pipe flow  is deform ed into a 

spiral flow  as the flow  passes through the conical cylinder.

2. A n apparatus (Fig. A .8) for improving abrasive m ixing w as developed by Kiyoshige, 

1991. In this apparatus the ejecting w ater passes through a special path. T he nozzle 

orifice has an upstream  tapered portion. T he d iam eter o f  this orifice gradually increases 

tow ard an upstream  opening at w hich the orifice is connected sm oothly  to  the dow nstream  

end o f  the ejected  w ater passageway. The abrasive suspension is supplied to  and m erges 

w ith the stream lined flow  o f  ejecting w ater near the junction  o f  the w ater passagew ay. The 

resulting dual-layer stream lined je t has better cutting perform ance.

3. A  new  A W J assembly (Fig. A .9) was suggested by Yie (1984). W hen m ultiple fluid 

orifices are utilized, an area o f  low er pressure is form ed in the central portion  o f  the 

com bined fluid stream  thereby aiding in the mixing o f  the solids in to  the fluid stream . A 

flow shaping nozzle is provided at the exit o f  apparatus to  increase th e  m ixing o f  the solid 

w ithin the fluid je t  stream. T he flow shaping nozzle has axial and radial freedom  o f  

m ovem ent for form ing the fluid-solid stream  and self-alignm ent. T he apparatus and 

process o f  this study, in one preferred em bodim ent, involves in troduction o f  th e  solids in 

the form o f  a foam into the fluid je t stream. The particulate-fluid m ixing devices provide 

pressurized fluid flow  through  the central portion o f  a nozzle and particulate are 

introduced peripherally. Thus, the fluid flow is no t d isturbed and the peripheral portion  o f  

the nozzle may be readily adapted to  accom m odate a w ide variety o f  particulate 

requirem ents.

4. A s it is know n, slight angular misalignment o f  the nozzle m akes the je t  im pact the 

focusing tube first, before exit. This causes quick erosion and d istortion  o f  th e  focusing

tu h p  ac w p jt a<; n n n r  r u t  n u a li tv  Hup tn  n n n -u n ifn rm  m iy in g  n f  th p  a b ra s iv e  W ith ,V3t e r

A lignm ent is usually carried ou t on-line manual by adjustm ent o f  the focusing tube and 

sapphire nozzle and it may require several iterative adjustm ents before satisfactory 

alignm ent is obtained. This problem can be arduous, tim e-consum ing and frustrating. An
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alignable nozzle assembly w as studied by Singh and M unoz, 1990. T he alignable nozzle 

assembly described in this paper is com prised o f  the nozzle body, w ear insert, focus tube, 

alignm ent screw s, abrasive inlet fitting and nozzle. All parts are kept to  a minimum 

m anufacturing tolerances so that tolerance-based misalignm ent becom es acceptable. 

D uring operation, the alignm ent is carried ou t by tightening or loosening special screw s 

around the nozzle holder.

2.3 Comments of the Previous Studies

1. All o f  the above m entioned types o f  pulsing w ater je ts  are subject to  the excessive 

internal com ponent w ear, com plicated construction and pressure losses associated with 

mechanically driven approaches. A lso, up to the present, the available inform ation is no t 

sufficient for the prediction o f  the  flow characteristics in the pulsed nozzle and fo r the 

optim al nozzle design. B ecause o f  this further im provem ent o f  pulsed w ate r je t machining 

is im peded. T o im prove pulsed je t machining, a self-excited pulsed W J nozzle w hich has 

the advantages o f  simple structure, small volum e, no external excitation source and 

m oving seals is developed and such characteristics o f  pulsed je ts  as pressure, velocity, 

turbulent kinetic energy and viscous dissipation which largely depend on the nozzle 

designs have been extensively investigated experimentally and num erically in this study.

2. A lthough a num ber o f  previous studies have been concerned w ith the m odification o f  

the  A W J nozzle to  im prove the  A W J perform ance, insufficient inform ation abou t such 

im provem ent o f  the m ixing cham ber is available. Also, the above m entioned A W J nozzles 

have som e disadvantages, such as extra energy losses through thin annular slits o r  paths 

and com plicated configuration o f  the nozzle. Since the mixing o f  w ate r and abrasive 

particles has a stronger effect on the AW J perform ance, investigation o f  w ater-oarticle 

m ixing is a part o f  this research.
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CHAPTER 3

E X P E R IM E N T A L  A P P A R A T U S  A N D  P R O C E D U R E S

T he presented experimental study is concerned w ith the optimal nozzle design. T he first 

series o f  experim ents are  related to the m odification o f  the mixing cham ber o f  the AW J 

nozzle. T he second series o f  experiments are involved with the im provem ent o f  the pulsed 

W J nozzle design. T he laser transit anem om eter (LTA) is employed in the  determ ination 

o f  w a te r velocity at the exit o f  the pulsed nozzle. A machining system (Fig.3.1) employed 

in th is investigation is m anufactured by Ingersoll-Rand Inc. T he m ajor units o f  the system 

are described as follows:

W ater transm ission

W ater out Abrasive
c o n ta in e rA ccum ulator Filler

O n /o ff
valveIn lensifier

Filter

Directional
valve

Nozzle
assem bly

W ater je t  
c a tc h e rMotor

—1 10 aroin
— * -  o r  recycle

F ig u re  3.1 W ater Jet M achining System

10
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1. W ater Preparation U nit

This unit includes a booster pump, prim e mover, intensifier, filters, w ate r softener, 

accum ulator, control and safety instrum entation. To ensure continuous fluid flow  into the 

high pressure cylinder, the booster pum p feeds the w ater into the circulation pipe line a t a 

low  pressure (1.25 M pa). The im purities such as iron and calcium com pounds can dissolve 

in the w ater a t the high pressure and thus destroy the orifice. Thus the low  pressure filters 

( 1 - 1 0  m icrons) and softener are em ployed to  rem ove these impurities. A  hydraulic oil 

driven intensifier (10 - 40 hp) develops pressure up to  345 M pa in the w ate r fed from the 

booster pump. T he oil and w ater circuits are separated. The oil pressure o f  20 M pa 

developed by a rotary pum p is used to drive an intensifier. The intensifier is a  double 

acting reciprocating (15.24 cm diam eter) type pump. It is operated  periodically by an 

adjustable controller. The high pressure w ate r from both sides o f  the intensifier is fed to  

an accum ulator in which the pressure is stabilized. B ecause the w ate r is no t discharged 

uniformly from the intensifier a t all piston positions due to  the compressibility o f  12 

percen t o f  w ater a t the pressure o f  345 M pa, the accum ulator can provide uniform 

discharge pressure and fluid flow.

2. H igh Pressure W ater D istribution Unit.

The high pressure w ater from the accum ulator is fed to  the w ork station through  a series 

o f  pipes, flexible joints, fittings and swivels. Under the pressure o f  133 M pa, a hose can be 

em ployed w ithout swivels. This simplifies pumping. W hen the pressure exceeds 133 M pa, 

hard pipes, swivels, flexible jo in ts and fittings should be employed. T he jo in ts, elbow s and 

the longer pipe length, increases line pressure drops. So it is better to  centralize the w ater 

preparation unit in one or m ore w ork stations which are fixed in suitable places for 

different applications.

3. W ork  Station.

H ere the actual cutting operations are performed. The station consists o f  the  robotics 

w ork cell, abrasive feeder and catcher system. The robotics w ork cell is the gantry CNC 5-
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axis robotics w ork cell controlled by the A llen-Bradley 8200R  controller. T he input can be 

received from keyboard entry, punched tape and m agnetic tape w ith E IA  standard  R S- 

2 3 2 ,2 4 4 , 358 and 274. A lso, the standard G, F and M  codes are used. T he abrasive feeder 

ensures continuous delivery o f  the abrasive into the mixing cham ber o f  the  nozzle body 

w ith  a  controlled rate. T he bulk abrasive is stored in a hopper and the  ex it o f  the  hopper 

faces an electrically adjustable vibrating tray. The tray can m eter the flow  o f  abrasive to  a 

catch hopper by the control o f  the am plitude o f  vibration. The abrasive is then fed to  the 

m ixing cham ber o f  the nozzle through the tube. The ca tcher unit is installed below  the 

m achining head to  store the ejected je ts which are mixed w ith abrasive, w a te r and  cutting 

debris. A  drain near the base o f  the catcher tank ensures the w ater and abrasive flow into a 

settlem ent tank in w hich the w ater can be drained out and the g rit left in the  tank.

3.1 Experimental Study of the Improved AWJ Nozzle

T he geom etry o f  the mixing cham ber o f  the A W J nozzle is m odified by shaping the upper 

part o f  the  focusing tube and varying the distance betw een the focusing tube  and w ater 

nozzle. T he rate o f  material rem oval done by m odified and com m ercial nozzles are 

com pared. Results o f  the experim ents are used to  identify a way to  im prove the  focusing 

tube design and the nozzle assembly.

In ou r experim ents a  comm ercial Ingersoll-Rand nozzle is m odified in o rd e r to  im prove 

mixing conditions. The geom etry o f  a modified nozzle assem bly is show n in Figs. 3.2 - 

3.3. In this nozzle design, the tungsten carbide focusing tube is p rocessed  to  the  taped 

shape w ith certain angles and the position o f  this tube is m ade variable. T he experim ents 

involved cutting steel sam ples using a commercial and m odified nozzle. A  com parison was

n f  th p  rPQiiltc T_rm; ro rh rm  cto<a1 Hr  IftOQ e+oi«1oc*e r+ool CTS UCCd T h e

experim ents w ere carried ou t a t the Ingersoll-Rand’s 5-axis w ate r je t  w ork  cell. B arton- 

m ines garnet is used as an abrasive material.
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Figure 3.2 Schem atic o f  the Im proved Focusing Tube 
1 -w a te r  nozzle 2 -w a te r  je t  3 -fo c u s in g  tube  (carbide) 
a - a n g le  betw een w aterjet axes and tapered surface o f  
focusing tube

w ater

nozzle body

corb ide tube

Figure 3.3 Schem atic o f  the Im proved AW J N ozzle Assem bly

a b ra s iv e
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T he experim ents w ere perform ed at the following operational conditions: W ater pressure 

= 330 .7  M pa, diam eter o f  the w ater nozzle = 0.254 mm, diam eter o f  the focusing tube  =

0.762 mm , stand o ff  distance =  2 .54 mm, traverse speed =  3 - 4 0  cm /m in, abrasive size = 

80 HP, 120 HP, 150 HP and abrasive flow rate =  100 - 700 g/m in.

To determ ine the optim al design o f  this A W J nozzle, the follow ing different configurations 

o f  the  mixing cham ber w ere selected: the distances betw een the  sapphire orifice and 

focusing tube (H) are 0.5 mm, 1.587 mm and 3.175 mm; the  angle ( a )  determ ining the 

shape o f  the upper part o f  the focusing tube is equal to  30, 45 and 60 degree. A t a 

com m ercial A W J nozzle this angle is 90 degree.

In the course o f  cutting straight grooves w ere form ed a t the different operational 

conditions by the use o f  the modified and commercial A W J nozzles. T he depth o f  cu t was 

m easured by the use o f  a toolm aker m icroscope and a video m atrix econoscope. The 

results o f  cutting  enabled us to evaluate the effectiveness o f  the  mixing cham ber 

m odification.

3.2 Experimental Study of the Pulsed WJ Nozzle

The operation  o f  the fabricated pulsed W J nozzle (Fig. 3 .4 ) is examined. It is show n that 

the nozzle perform ance is determ ined by the dimensionless num bers h  /  d , and d ,  /  d , . I n  

ou r experim ents, these param eters w ere selected as process variables. T he selected 

variables o f  h /  d, and d , /  d , is shown in Table 3.1. The nozzle is constructed  by 

inserting tw o  comm ercial orifices into a special holder. T he diam eter o f  the  orifices ( d, 

and d , ) and the distance betw een the exit o f  the upstream  and dow nstream  orifices w ere 

changed in o rder to  ge t the optimal nozzle design. The experim ental study involved the 

cutting and cleaning o f  various sam ples using both the p u ls e d  a n d  cornmerci?.! Ingerso!!- 

R and's nozzle and the experim ents enable us to compare effectiveness o f  these nozzles.
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T a b le  3.1 The Combination o f  D ifferent Param eters 
o f  Im proved Pulsed W J N ozzle U sed in E xperim ents

d2 /d l 1.20 1.30 1.40

h /d l 2.50 3.00 3.50

water

. .  upstream  nozzle

.  -  nozzle  body

.  -  cavity

. .  dow nstream  nozzle

F ig u re  3.4 Schem atic o f  Pulsed W J N ozzle
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T he experim ents included cutting aluminum 6061 and titanium  6A 1/V 4 sam ples as well as 

the rem oval o f  w ater, oil, epoxy paints and rust from a m aterial surface by use o f  a 

com m ercial nozzle and pulsed nozzle. The experiments w ere carried o u t a t the Ingersoli- 

R and m ade 5-axes robotics w ork cell at the following operational conditions: w ate r 

p ressure = 330.7 M pa, nozzle type =  #9, #10, #12 and #14, traverse  speed  =  10 -  5100 

cm/min. T he results o f  cutting w ere evaluated by the m easurem ent o f  the depth  o f  

penetrating into a m aterial, while the cleaning results w ere determ ined by the m easurem ent 

o f  the rate o f  the paint and rust removal. T he rate o f  deposit rem oval is determ ined by the 

visual identification o f  the deposit free area.

3.3 Measurement of Water Velocity at the Exit of Pulsed Nozzle

A nother experim ent involved measuring the axial w ater velocity a t the  ex it o f  the  pulsed 

nozzle using a laser transit anem om eter (LTA). A  D antec L TA  w ith a 15 m w  H e-N e laser 

as the beam  source w as employed to conduct the m easurem ent. T he L T A  signal w as 

processed and stored in a N icolet 320 oscilloscope for further analysis.
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CHAPTER 4

EXPERIMENTAL RESULTS AND DISCUSSIONS

T he investigation is carried ou t using a w ide range o f  process variables. T he results o f  

these experim ents enable us to  identify the effect o f  the nozzle param eter on  the 

perform ance o f  the A W J and pulsed W J machining.

4.1 Improved AWJ Nozzle

T he experim ental com parison betw een the im proved and  com m ercial A W J nozzle a t 

d ifferent tes t conditions is presented in Figs. B .l -  B .6 and T ables B .l -  B.2. T he effect o f  

different abrasive flow  rates on the cutting depth, w ith abrasive #80, #120  and #150 

respectively, is show n in Figs. B .l (a) -  B .l(c )  and Table B .l .  T he  effect o f  th e  transverse 

speed o f  the nozzle m ovem ent on the cutting  depth is p resented  in Figs. B .2  - B .3. The 

effect o f  different nozzle combinations on the nozzle perform ance is show n in Figs. B4(a) 

-  B .4(c) w hile the  effect o f  variations o f  angle a  and distance H  on  the  cu tting  depth is 

given in Figs. B.5 - B.6 and Table B.2. The presented data  (Figs. B .l  -  B.3 and Table 

B. 1) dem onstrate definite im provem ent in the cutting results, obtained w ith the  use o f  the 

m odified A W J nozzle. T he m ost probable cause o f  this im provem ent is m odification o f  the 

particles m otion. T he  particles entering the modified mixing cham ber are no t halted  at the 

co m er around the upper part o f  the focusing tube, therefore a particle flow  a t the  entrance 

o f  the focusing tube is be tter organized. This results in the uniform  distribution o f  the 

abrasive particles in the flow and thus increases the rate o f  m aterial rem oval.

T he effect o f  the abrasive flow  rates and nozzle param eters on the operational results is 

presented in Figs. B .4 - B.6. These figures evidently dem onstrate the  extrem e effec t o f  the 

a  and H  on the je t perform ance. Three deferent angles ( a )  o f  30°,45° and 60° are  tested  

and the optimal angle is 45° (Figs.4.1 and B.5). T he m ost probable reason  for the

17
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extrem e system behavior is that a sm aller angle results in the particles being halted a t the 

low er co m er o f  upper part o f  the focusing tube while a b igger angle causes particles to  be 

halted a t the low er and the upper com er o f  upper p art o f  the focusing tube. The 

concentrated  particle flow can be formed at the angle o f  4 5 0 and then well m ixed into the 

w ate r flow. T he effect o f  the distance (H ) betw een sapphire orifice and focusing tube  on 

the  cutting  perform ance is show n in Figs. 4.2 and B.6. A m ong H =  0.5 mm , 1.578 mm 

and 3.175 mm , the optim al perform ance is obtained at the d istance o f  1.578 mm. Probably 

the abrasive particles are partially blocked by the low er edge o f  the to p  part o f  focusing 

tube  at sm aller H  and halted at the low er and upper co m er o f  the  to p  p art o f  the focusing 

tube at a larger H.

3.0

A n g le (D e g re e )

F ig u re  4.1 E ffect o f  a  on C utting  Depth (abrasive: 150 HP; ab r flow: 558.50 
g / m i n ;  sapphire: #10; focusing tube: #30; m aterial: reg  steel; trav sp d : 25.4 
c m / m i n ;  a  = 30, 45 and 60 degree at the m odified  nozzle; a  =  90 degree at the 
com m ercial nozzle; (H  = m in =  0.5 m m )); O ptim al angle a  is 45 degree.
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.8

3.7

3.6

3.4
0.1 2.1 4.11 . 1 J

Dis tance Between Sapphire And Carb ide (m m )

Figure 4.2 E ffect o f  H on C utting D epth (abrasive: 150 HP; abr flow: 558.50 
g / m i n ;  sapphire: #10; focusing tube: #30; material: reg  steel; trav sp d : 
25 .4  c m / m i n ;  1— a  = 3 0 ° ;  2 - a  = 4 5 ° ;  3 ~ a  =  9 0 ° )  O ptim al stand o ff
distance is 1.587 mm.

A nother im portant effect o f  this AW J nozzle design is the increase o f  the flow  stability in 

the focusing tube. This increase is dem onstrated by the ability o f  this A W J nozzle to  be 

operated  w ithou t any special alignment o f  the w ater nozzle and focusing tube. Thus the 

to lerance o f  the W J orifice position is substantially increased and the operation  o f  

m achining is simplified and eased.

Such "forgiveness" in the modified AW J nozzle can also be explained by the better 

focusing o f  the  abrasive particles entering the  carbide tube. A  sm aller num ber o f  loss 

particles reduces the diam eter o f  the slurry flow within the focusing tube and thus allows 

larger variation in the direction o f  the flow axis w ithout destruction o f  the flow.
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4.2 Pulsed WJ Nozzle

T he experim ental result in comparison between the pulsed and com m ercial W J nozzle is 

presented  in Figs. C .l  - C .6 and Tables C .l -  C.9. T he F igs.C .l -  C .2 show  the effect o f  

the traverse  speed on penetrating depth in cutting aluminum and titanium . T he effect o f  

nine different com binations o f  pulsed W J nozzle on the cutting perform ance is presented in 

Figs. C .3(a) - C .3(b) and Table C .l(a )  -C . 1(b). The results o f  rem oval o f  w ater, oil and 

epoxy paints and rust from a material surface, under different stand o f f  distances and 

traverse speed, are depicted in Figs. C .4(a) -  C .5(d) and Tables C.2 -  C .9. T he cleaning 

results are evaluated by the correlation between the traverse speed and the  critical stand 

o ff  distance which is the maximum distance when deposit rem oval occurs. I t is show n that 

a t a smaii stand o ff  distance the puisea w'J nozzie is m ore efficient in cleaning than the 

com m ercial W J nozzle. The cleaning results o f  oil and epoxy paint ( Figs. C .4(e) -  C .4 (f ) ) 

obtained by people in ou r laboratory show  the better perform ance o f  the  comm ercial 

nozzle a t an extended stand o ff distance since at large distance the im pinging force o f  the 

pulsed je t  exerted on the target decreased due to  its characteristics o f  je t spreading after 

exiting the  nozzle. T he selection o f  different configuration param eters in th is pulsed W J 

nozzle results in different cleaning results and this related influence is p resen ted  in Figs.

4.3 and C .6(a) - C .6(c). Through the experiments, the configuration param eter o f  an 

optim al nozzle design is h / d , =  3.0 and d ,  /  d , = 1.3.

T he W J velocity at the  exit o f  the pulsed nozzle, m easured by LTA , ranges betw een 190 - 

230 m/s and this agrees well with the numerical solution in chapter 5.

T he obtained data show  the im provement in cutting and cleaning perform ance due to  the 

use o f  the pulsed W J nozzle. M ore detailed analysis and discussion o f  the perform ance o f  

this nozzle is given in chapter 5.8.
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C o m p a r i s o n  o f  D i f f e r e n t  N o z z l e  C o m b i n a t i o n  
C l e a n i n g  o f  R u s t
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f h/ 'a l  = 1 5 ;  d 2 / a 1  = 1.2
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11

rr? 1 .5
- T - h /d 1  = 3 . 0 ; d 2 / d 1  = 1 .4
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F ig u re  4.3 E ffect o f  the Param eters o f  Pulsed W J N ozzle  on the C leaning 
o f  R ust (by experim ent, P = 330.7 M pa)
Arm roxim atelv linear correlation between stand o ff  d istance ?.nd traverse speed 
is presented at traverse speed 1 9 0 0 -2 5 5 0  cm /m in. S trong effect o f  cleaning 
presented at traverse speed less than 1900 cm /m in and  this is recom m ended 
speed zone. The optim al param eter o f  nozzle design is h /d l= 3 .0  and d2 /d l= 1 .3 .
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CHAPTERS

NUMERICAL SIMULATION OF PULSED FLOW INSIDE THE NOZZLE

B ased on  the principle o f  the Helm holtz resonator, a  new  type  o f  pulsed W J nozzle is 

designed and fabricated in order to  im prove the pure w ater je t  m achining and cleaning.

D ynam ic pulsation o f  the flow  formed in the resonating cavity is generated  by amplifying 

the  unsteady perturbance in the shear layer near the separation  poin t o f  the  cavity. The 

pulsation is enhanced by the dow nstream  cavity edge. T he large vortices and strong  

pulsation enable this nozzle to  produce strong cavitation w hich im proves the processes o f  

m aterial rem oval. U nderstanding the puisea turbulent flow characteristics is a  necessity for 

designing and modifying this nozzle. A t the present there is no  practical experim ental 

technique for the investigation o f  the pulsed flow inside o f  a nozzle H ow ever, com puter 

sim ulation enables us to  examine som e elem ents o f  the flow  behavior and evaluate the 

nozzle design characteristically. These subjects are focused on in the follow ing chapter.

5.1 Mathematical Model of the Pulsed Turbulent Flow

U nderstanding and the  subsequent simulation o f  turbulent flow  is a  g row ing  and active 

area o f  research encom passing a diverse range o f  scientific disciplines. Pulsed turbulent 

flow  is a  highly com plex m ultifaceted phenom enon. I t  is  a  highly nonlinear, tim e 

dependent and three dimensional flow. A  fully developed tu rbu len t m otion is 

characterized by a large num ber o f  three dimensional entangled eddies (o r vortex 

elem ents) o f  vaiying size tha t involve a w ide spectrum  o f  length and tim e scales. The 

largest eddies are  generated as a result o f  hydrodynam ic instabilities in the  m ean flow  field,

i.e., from shearing betw een tw o coflow ing stream s at different velocities, shearing betw een 

a stream  and a solid boundary. T hese large eddies extract kinetic energy from the mean 

flow  and by so  doing provide the kinetic energy input tha t is necessary to  maintain

22
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turbulent m otion. T he largest eddies them selves becom e unstable and  break dow n into 

progressively sm aller eddies and transfer their kinetic energy, which is extracted  from the 

m ean flow, to  sm aller scales o f  motion. This nonlinear, th ree dim ensional and transient 

p rocess o f  eddy breakdow n causes vortex-stretching and the associated  process o f  

turbulent kinetic energy transfer to  progressively sm aller scales o f  m otion results in kinetic 

energy cascade. In cascading dow n to the fine scales o f  tu rbu len t m otion, the kinetic 

energy o f  turbulence is finally "destroyed" by viscous dissipation. A lso, turbulence is a 

stochastic phenom enon since the exact detailed spatial and tem poral evolution o f  a 

tu rbu len t flow  can never be replicated. It is useful to th ink  o f  tu rbu len t flows as being 

com posed o f  m ean and fluctuating parts. Defining the generic flow  variable 4>, this 

decom position is represented mathematically as: <j> = 5> + <$', w here the superscrip ts ( ~  

), ( - )  and  ( ’ ) denote respectively instantaneous, m ean and fluctuating quantities. The 

m ean quantity  $  can be obtained from applying one o f  the follow ing tw o  com m only used 

appropriate averaging procedures.

H ere, t 0 is a reference point in time and t ,  is the sam pling interval over w hich the 

instantaneous quantity is averaged. In equation (5.2), $ ( / „ )  is the  value o f  the 

instantaneous flow  quantity. Turbulent kinetic energy k is defined as the h a lf sum  o f  the 

variances o f  the th ree fluctuating velocity com ponents, viz.
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A n experim ental setup  for the study o f  a pulsed W J nozzle is presented  in Fig. 3.4. The 

nozzle consists o f  tw o  orifices connected by a cavity. W hen a steady high pressure w ater 

stream  flows from the upstream  nozzle into the cavity, th e  fluid surrounding the je t is 

draw n into the je t. T he shear layer is formed due to  the m om entum  and heat energy 

exchange betw een the je t and fluid. Vorticity is induced since the fluid around  the shear 

layer is en trained by the w ater. Then these induced vorticities m ove as vortex rings. 

U nsteady disturbances (vorticity oscillation) can be amplified by the instability o f  the shear 

layer in th e  cavity. As these disturbances move to  the dow nstream  nozzle and impinge on 

the  dow nstream  edge, the disturbances are limited and enforce an effect fo rce on  the flow 

and lead to  pressure and velocity changing near the dow nstream  zone. Oscillating pressure 

fields are produced in the impinging region and these disturbances then feed back to  the 

separation region in w hich new  perturbances are introduced since this zone  is very 

sensitive to  the disturbances. I f  the feedback is an effective o r  a  positive one, it will induce 

som e new  disturbances at the separation region in phase w ith th e  original disturbances and 

enhance m ore instability o f  the disturbances. This can provide energy for maintaining o r 

increasing oscillations.

In m ost tu rbulent flow problem s o f  practical interest, only the overall effect o f  the 

tu rbulent flow  field is usually considered. Because o f  this, an available com putational 

technique is designed for evaluating the average flow characteristics. A  m ean flow field 

has a m uch sm oother variation in space and tim e than the instantaneous flow  field, thus 

significantly coarser m eshes can be used for the num erical solution. T he mean flow 

equations, in th is case, are obtained from the application o f  tim e averaging to  the 

instantaneous flow  equations. The governing equations are

C ontinuity: d u i / d x i = 0  (5.5)
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M om entum : p [ ( d u , / 5 t )  + u ; ( d /  d x ; ) ] =  -  ( d P / d x,  )

+  p f ,  + p g ,  [ 1 - P ( 9 - 0 p )] + 3 [ | i ( ( f l Ul / f l x ; )

+ ( 0 u , . / a x ,  ) ) -pu' iv]] l d x ] (5.6)

Because the flow involved in this study is axi-symmetric, incom pressible, isotherm al and 

chemically hom ogeneous, the energy and specie equations can be om itted. In equations 

(5.5) -  (5 .6), u ; , P and 0 are the  com ponents o f  the m ean velocity vector, the  mean 

pressure and m ean tem perature respectively. A lso, in the above equations, f, is the  mean 

com ponent o f  a  given body force field, g , is the com ponent o f  the gravitational 

acceleration vector, p is the therm al expansion coefficient and 0 p is the reference 

tem perature at w hich the buoyancy force is zero. T he term  tiuj is the statistical

correlation m anifesting the effects o f  the turbulence ( o r  fluctuating ) field on the  mean 

flow process. T he second m om ent correlation pi/'i/j appearing in the m om entum

equation, w hich is a second order symmetric tensor, may be interpreted as the 

representation o f  the turbulent flux o f  the x, com ponent o f  m om entum  in the x ;

direction, o r ow ing to  the sym m etric nature o f  the tensor, the turbulent flux o f  the x ;

com ponent o f  m om entum  in the x, direction. A lternatively, this ten so r can be defined as

an additional stress term , know n as the R eynolds stress tensor, in the m ean mom entum

equation. T he Reynolds stress ten so r is expanded below  in term s o f  its nine elem ents in a

three dim ensional Cartesian framework

p u,u'j = p (5.7)

The diagonal term s, w hich are the variances o f  the fluctuating com ponents o f  the velocity 

vector multiplied by density, act as normal stresses on the fluid in m uch the sam e w ay as 

the pressure does. The off-diagonal terms, which are the covariance o f  the com ponents o f
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a fluctuating velocity field multiplied by density, act as shear stresses in the  fluid and 

produce shearing o f  the velocity profiles in three principal directions.

5.2 Modeling of the Turbulence

T urbulent m odeling is the  task  o f  providing additional equations to  describe the  tem poral 

and  spatial evolution o f  the turbulent flux up  . Thus, the tu rbu len t flux can be  solved

sim ultaneously w ith the m ean flow equations to  produce a solution to  the  m ean flow  field 

if  the turbu lence model has been described. In general, the  m ore sophisticated  the 

tu rbulence m odel is, th e  m ore accurate is the prediction. B ut, it is also true  th a t an 

increase in the degree o f  sophistication o f  a turbulence m odel often entails a  significant 

increase in the overall com putational cost for obtaining a  prediction.

T here are  different eddy viscosity models adopted in practical use ranging from  the 

sim plest so  called zero  equation models ( algebraically prescribed eddy viscosity m odels, 

m ixing length type  m odels, e t c . ) to  the tw o  equation type m odels ( k  - e and variants ) 

w hich are  the m ost sophisticated turbulence models o f  this class. T he B oussinesq  eddy 

viscosity concep t assum es tha t the turbulent fluxes o f  m om entum  can be approxim ated 

reasonably w ell by the follow ing analogous expressions.

P ^  =  P , [ ( d u, /  d x ; ) +  ( d u, /  d x, )] -  (2 /3) p  k  8 , ; (5 .8)

H ere, p ,  is the eddy viscosity. U nlike p  which is property o f  the fluid, p ,  is no t a  fluid

property  b u t depends on the state  o f  turbulence and it typically varies significantly w ithin

the flow  field and  from one flow to  another. T he above eddy viscosity concep t in essence 

shifts the em phasis from m odeling the individual unknow n tu rbulen t fluxes to  th a t o f

m r>H p1ina n n lv  o c m rrl^  n n l rn n u /n  in  tliA  fn r m  n f  n  T K o  t u r k n l * v > 1  ..----------Q --- J  -5*          - f- J • - - LVIUI.W J

to  the large scale turbulent eddies via the follow ing expression

P , « p u ,  6,  (5 .9)
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w here u , is characteristic velocity scale and 5 , is characteristic length scale. A s u , and 

6, are physically tangible quantities, it is generally easier to  prescribe their variation in a 

given flow  field than it is to  prescribe u , . D epending on the  num ber o f  partial differential 

equations tha t are employed to  model the scales u , and 6 ( , eddy viscosity m odels are 

classified into three groups,

( i ). zero - equation models

( i i ). one - equation models

( i i i ). tw o - equation models

Z ero  - equation models use only algebraic expressions to  solve the equations and get the 

value o f  u ; and 5 ( . In the one - equation class o f  models, one additional semi -  empirical 

tran spo rt equation is introduced which governs ( directly o r  ind irectly ) the level o f  one o f  

the characteristic turbulent scaled u , and 6 ,. T w o -  equation m odels in troduce tw o 

additional sem i - empirical transport equations to  model the spatial and tem poral variation 

o f  both turbulent scales u , and br  These are considerably m ore universal than zero  - and 

one - equation m odels and can be applied in com plex flow  situations w ith a reasonable 

degree o f  confidence.

T he m ost popular tw o  - equation turbulence model in practical use, the so  called k -  e 

turbulent m odel, has been em ployed in this simulation. In the  contex t o f  the k - e turbulent 

m odel, the characteristic turbulent velocity scale u , and length scale 6 ; are related  to  the 

tu rbu len t kinetic energy k and its rate o f  viscous dissipation £ through  the following 

expressions,

u, oc k'/2 (5.10)

fv a k3/2 I p « i nl “ V

S ubstitu ting  equations (5 .10) and (5 .11) in to  equation (5.9) leads to  the follow ing so 

called K olm ogorov - Prandtl expression
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I1, = c d p k : / E  (5 .12)

w hich relates p , directly to  k and e. H ere c^ is an empirical constant and k and e can be

derived from  th e  following semi - em pirical transport equations:

p D k / D t  = 3 [ (  p,  I a k ) ( 3 k / 3 x J )] /  9 x ; + p G  + p B -  p  8 (5 .13)

p D c / D t  = d [ (  p , / a { ) ( 3 e / 3 x ;. ) ] / 3 x ;.

+  c,  p (e / k )  G  +  c, (1 - c 3 ) p  (e / k )  B -  c ,  p  e : / k  (5 .14 ) 

These tw o equations are m odeled form s o f  the exact ( but in trac tab le) tran spo rt equations 

fo r k and £ w hich can be derived from manipulations o f  the instantaneous flow  equations. 

In  the above equations, G  is the shear generation term  w hich expresses the p roduction  o f  

tu rbu len t kinetic energy generated from interactions betw een th e  mean flow  patterns and 

th e  tu rbu len t field, and B represents the buoyancy generation term  generated  from the 

varying tem perature field. The exact expressions for these tw o term s are:

G  = - ^ 9 u ,  l d x J (5 .15)

and

B = - P p , ’e ’g, (5 .16)

Substituting the eddy viscosity expression o f equation (5.8) into the equations (5 .15) and 

(5.16), the follow ing equations are obtained:

p G  =  p ,  [ ( 3 u ,  / 3 x ; ) + ( 3 u, / 3 x ,  )] 9 u, /  9 x ; (5 .17)

n R  =  R f n / r r W ^ C W r l Y ' ^ r T  f l i c ' s
» » \ i t i / \ .................i / o  i V "- *

C om pared w ith the equation o f  tu rbulent kinetic energy, the m odeling o f  th e  source /  sink 

term s in the equation o f  energy dissipation does no t strongly depend on the corresponding 

term s o f  the exact energy dissipation equation. In the above equations, c , p  ( e /  k ) G  and
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c 3 p e 2 / k  are  the shear generation and viscous dissipation processes o f  e , respectively, 

and c, and c ,  are em pirical constants. The right hand side o f  equations (5.13) and (5.14), 

thus, contain m odeled diffusion terms and modeled source / sink term s m im icking the  local 

processes o f  turbulence production /  destruction resulting from m ean shear, thermal 

stratification and viscous dissipation. From the equations o f  (5 .13) and (5 .14), the 

tem poral and spatial evolution o f  the characteristic turbulent and length scales can be 

determ ined. So, these variables are  controlled by mean advection and diffusion, and also 

by the local processes o f  turbulent generation and destruction. D eterm ined in this w ay, p., 

is significantly m ore representative o f  the local turbulent sta te  at a spatial poin t than the 

value determ ined by zero- or one equation modeis.

5.3 Simulation of Pulsed Turbulent Flow Using k - e Model

All nozzle  com binations used in this research and som e m odified nozzle designs 

recom m ended for im proving perform ance o f  the pulsed W J nozzle have been simulated 

w ith  the  k  - e tu rbulent model. T he corresponding governing equations used for this tw o 

dim ensional, isotherm al, incompressible pulsed turbulent flow w ithou t consideration o f  

body forces inside the nozzle are:

P V [ p ( « m + « „ ) - P  V ‘j\ j (5 .19)

P (*.« + = [ M . ;  / o J . ,  + V- Mj  + (5-20)

P ( £.< + » A , )  = ( P/ E. j + c iEP , ( w, j  + ujM . j ^ - c 2p e2 I k  (5 .21)

H ere, i , j  =  1, 2, and total viscosity is identified with the sum o f  the lam inar and eddy

viscosity, p = p 0 + p, . Again, the eddy viscosity p, is defined by equation (5 .12). The

above equations contain em pirical constants c, , c ; , , a t and c  . T he k  -  e  turbulence
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m odel has over the years been tested, optim ized, and fine tuned  against a w ide range o f  

flow  scenarios o f  practical interest. For the pulsed w ater flow through the nozzle 

involved in this research, the recom m ended set o f  empirical constants has been selected  as: 

c , =  1.44, c ,  =  1.92, o k = 1.00, o t =  1.30 and c  ̂ =  0.09.

T he im portant aspect o f  the  k  - s  model simulation tha t sets it apart from  the 

corresponding zero-equation  simulation is that appropriate boundary conditions m ust be 

prescribed for k  and s on the boundaries o f  the com putational domain.

T he inlet plane o f  this problem  is positioned before the upstream  nozzle w here the flow 

field is undisturbed by any nearby obstacles. T he inlet boundaries o f  k and e can be 

em pirically prescribed by the following expressions:

k  =  0.1 u 2 (5 .22)

s =  k 3/2 /  (0.05 r) (5 .23)

w here r is the radius o f  the orifice. T he inlet condition for u  which can be calculated from 

the  m easured w ater flow  rate is considered to be uniform  at the inlet plane.

T he N eum ann boundary condition ( i.e., the zero  gradient o r zero  flux in the axia! 

d irec tio n ) is appropriate for the outlet boundary o f  u, k and e in this problem.

Since the pulsed flow  investigated here is symmetric flow, the N eum ann boundary 

condition can be applied to  the variables in the radial direction.

In defining the boundary conditions for k and e , the near-wall m odeling m ethod is 

em ployed in a one elem ent thick layer near the wall region w hich includes the  transitional 

and viscous sub  layer. The N eum ann and Dirichlet boundary conditions are  applied,

  _________ i . . *t_ . _________ i t - . . : . .
ivopwwuwijf,  tu  u ic  m a i  w a n  i c g iu u  ad

d k / d y  =  0 (5 .24)
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8 = ( C; ^ ) 3 / : / K y  (5 .25)

and u, k  and t  are se t to  zero on the solid wall. For the initial conditions, non-zero  initial 

guesses for the u, k and e are assum ed, and the interm ediate values obtained from 

equations (5.22) -  (5.23) can be em ployed as the initial guess.

5.4 Modeling of Near-wall Flow

W hen sim ulating turbulent flows using the k -  e model, it is particularly challenging to  use 

the near-w all m odeling m ethodology to  simulated the viscosity affected boundary regions. 

A  m ajor reason is th a t in o rder to  resolve the sharply varying flow variables in near-wall 

regions, a  disproportionately large num ber o f  grid points w ould be required  in the 

im m ediate vicinity o f  the solid boundary. For m ost typical flow scenarios this leads to 

prohibitively expensive com putations. A  second reason is that the standard  k - s  model 

which is em ployed to  sim ulate the  turbulent flow is o f  the high Reynolds num ber type  and 

therefore  can no t be used in the near-wall regions. In this near-wall m odeling schem e, the 

com putational dom ain is extended to the physical boundary and the  full set o f  elliptic mean 

flow  equations is solved all the w ay dow n to  the wall. A  one elem ent th ick  layer o f  special 

elem ents is then employed in the near-wall region betw een the fully tu rbu len t flow  field 

and the  physical boundary. In these elem ents, specialized shape functions are used  to  

sim ulate the sharp variations o f  m ean flow variables ( i.e., velocities ) in this viscosity 

affected near-wall zone. These specialized sharp functions, which are  based on  the 

universal near wall profiles, are functions o f  the characteristic turbulence Reynolds 

num bers and  adjust autom atically during the  course o f  the com putations to  accurately 

resolve the local flow profiles. Since use is still m ade o f  the standard  high Reynolds

U ~ 1- — J  ------------------    . 4. .1 : . «t. 1 r  - 1
iiMtivwi V ^ ii1** a- uuu  c ^ u a u v u a  a i c  n u i  sm  vcu ill m e  ldyci Ui bpCCldl

near-wall elem ents; instead, the variation o f  the turbulent diffusivities o f  m om entum  is 

m odeled using V an D riest’s mixing length approach. T he variation o f  the  turbulent 

viscosity p., can be defined as
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p , =  p C  {[(3 u , /  a x y ) + ( d u , / a x ,  ) ] d u ,  /  a x ; }1/2 (5 .26)

w here  l ra is the Van Driest's m ixing length defined as

lm = K y [ l - e x p ( - ^ + / A ) ]  (5 .27)

H ere, A  is an empirical constant which assumes a value o f  about 26  for sm ooth  w alls in 

the  near-wall layers, k  is a  V on Karman constant w ith a value o f  0.41, and y* is the 

dim ensionless norm al distance from the wall, viz.,

y ;  =  p ( < 2 k ) 1/2/ p  (5 .28)

T he special one dim ensional basis functions o f  2 nodes in the y direction are:

cp,(y) =  1 - A (y) (5 .29)

qj; (y) =  A (y) (5 .30)

Here, A (y) is an expression which is based on the universal profiles of semi-empirical 

form of Reichardt law. When aDDivins for velocity interrelation.

A (y) =  A , /  A 2 (5 .31)

w here

A , ( y ) = ( 1/k ) ln[ 1 + 0.2 A* (1 + y)] + 7.8 

[1- exp(-A ; ( l+ y )  / 22) - A; (1+y)

P v n f . n i « A V l + v U  / ' W ’l l  «  -5->\~ ‘C \   u x ‘ j j j  —  j j   /

A 2 =  A , ( y  =  1 )  (5 .33)
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In the above equations, A* is the dimensionless characteristic height o f  the elem ent in the 

y direction and is prescribed as

H ere A is the actual average dimensional height o f  the elem ent above the w all and k is the 

turbulent kinetic energy at the top  o f  the elem ent, w here y = 1. A* m ay alternatively be 

though t o f  as the characteristic elem ent Reynolds number. The larger this num ber, the 

th inner the viscous sub layer will be w ith respect to the height o f  the special elem ent.

T he objective o f  the finite elem ent m ethod is to  reduce the continuous problem  ( infinite 

num ber o f  degrees o f  freedom ) o f  equations to  a discrete problem  ( finite num ber o f  

degree o f  freedom ) prescribed by a system o f  algebraic equations. T he finite elem ent 

procedure begins w ith the division o f  the continuum zone o f  interest into a num ber o f  

simply shaped zones which are alternatively called elements. W ithin each elem ent, the 

dependent variables u, , P, k and e are interpolated by functions o f  com patible o rder, in 

term s o f  values to  be com puted on a set o f  nodal points. F or the  purpose o f  developing 

the equations for these nodal point unknowns, an individual elem ent may be separated 

from  the assem bled system . For each elem ent, u, P, k and e fields are approxim ated by

Substitution o f  these approxim ations into the field equations and boundary conditions 

yields a se t o f  nonlinear algebraic equations. In the above equations, the sam e basis 

functions are em ployed for com ponents o f  u, k  and e with an unnecessary b u t cost

(5 .34)

5.5 Formulation of the Discrete Probiem

u, ( x , t )  = cpr  u , ( t )  

P ( X, t  ) =  7|>r P ( t  ) 

k ( x, t ) =  cpr  K (5 .35)

c (  v  t  A =  c r J  P
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effective restriction. Also, U , , P, K  and E are column vectors o f  unknow ns o f  elem ent 

nodal point.

O f  central im portance to  the  developm ent o f  a finite elem ent program  is the choice o f  the 

particular elem ent to  be included in the elem ent library. Elem ents fo r fluid flow  are  usually 

categorized by the combination o f  velocity-pressure approxim ation used in the  elem ent. In 

this research, the four node quadratic and tw o dimensional elem ents are  em ployed. The 

interpolation ( o r  shape, o r  basis) function is prescribed by norm alized a coord inate  r and 

natural coordinate s. T he value o f  r  and s range from -1 to  +1. F or the  fou r node 

quadrilateral elem ent, the velocity com ponent u, is approxim ately prescribed by bilinear 

shape functions, viz.,

It is possible to  use tw o  types o f  pressure discretizations w ith this elem ent: first is a  

bilinear continuous approxim ation w ith the pressure degree o f  freedom  located  a t the 

nodes on four com ers; second is a  piece w ise constant d iscontinuous pressure 

approxim ation w ith the pressure degree o f  freedom located at the elem ent centroid.

Typically, the application o f  the Galerkin finite elem ent procedure to  th e  transien t N avier - 

S tokes equations w hen an im plicit tim e integrator is employed, results in a se t o f  nonlinear 

algebraic equations that may be represented in matrix form as

1 /  4(1 — r ) ( l  — 5) 
l / 4 ( l  + r ) ( l - s )  

l / 4 ( l  + r ) ( l  + s) 
l / 4 ( l - r ) ( l  + s)

(5.36)

5.6 Solution Procedures

K ( u ) u  = F (5 .37)
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w here K  is the global system m atrix, u is the global vecto r o f  unknow ns ( i. e ., velocities, 

pressures, etc .) and F  is a  vecto r which includes the effects o f  body forces and  boundary 

conditions.

A t present, there  are mainly tw o different solution m ethodologies utilized fo r solving the 

nonlinear equation system  described above. The first approach solves all conservation 

equations in a sim ultaneous coupled manner, while the second approach  solves each 

equation separately in a sequential segregated manner. H ere, a  segregated  algorithm  with 

implicit tim e integration is used in the numerical solution o f  the d iscretized equations 

w hich result from the  application o f  the Galerkin finite elem ent schem e to  th e  transit 

governing equations. T he segregated  soiuiion algorithm is designed to  address large-scale 

simulation. T he m ost im portant difference from the o ther m ethods is th a t th e  segregated  

algorithm  avoids the d irect form ation o f  a global system matrix. Instead, th is m atrix is 

decom posed into sm aller sub-m atrices each governing the nodal unknow ns associated 

w ith only one conservation equation. These sm aller sub-m atrices are then  solved in a 

sequential m anner using either d irect Gaussian elimination o r conjugate g rad ien t type 

schem es. The segregated  algorithm  w ith mixed velocity-pressure form ulation is em ployed 

in this study. This form ulation com prises three main steps. A t the beginning o f  a given 

iteration, an approxim ation to the pressure is determ ined from the solution o f  a  Poisson 

type pressure m atrix using the  m ost recent available values o f  the field variables. Then all 

the o ther com ponents in the  m om entum  and conservation equations prescribed in the flow 

problem  are determ ined in a  sequential m anner using the latest field variables. Finally, the 

velocity field is m ass adjusted ( forced to satisfy the incom pressibility constrain t) via an 

irrotational projection on to  a  divergence free sub-space a t the end o f  the  iteration. This

c. t ~    -> ___________ _
HliUl 1I1V1UUW HIV UVlVU lU ilUilU K  VI U lUIHIVI X VIOOWIi I j p v  VOOU1W m a u i A  1U1 a

pressure correction  vecto r A P. The implicit segregated algorithm  em ployed in this 

numerical sim ulation needs a relaxation factor o f  0.5 for the equations o f  m ean velocities, 

kinetic energy and viscous dissipation. The density o f  mesh in the  com putational dom ain is
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varied to  m ake the solution grid independent. The density o f  the mesh is reasonably re

adjusted  to  avoid "wiggle" if  spurious spatial oscillations exists in the flow  variable 

because o f  the large grid  Reynolds number.

T hree m ajor sources o f  instability o f  the solution o f  the k - s m odel sim ulation, exist if  left 

untreated. T he first kind o f  instability is associated w ith the dissipation ( o r sink ) term  in 

the k and e equation. In the course o f  numerical simulation, w hen the interim solution field 

is considerately different from the fully converged solution, the dissipation term s may 

strongly outw eigh  the generation term s and can mom entarily generate destabilizing 

negative nodal value o f  k and t. The second kind o f  instability is associated  w ith the 

advection term s in the k and e equations. They can cause the  stream  w ise oscillations in 

the related  flow  variables under the large Reynolds number. A  negative nodal value o f  

kinetic energy and  viscous dissipation is produced i f  these oscillations are  large com pared 

to  the  local value o f  kinetic energy and viscous dissipation. T he third kind o f  instability 

exists i f  k - e m odel is em ployed in the prescription o f  flows th a t include bo th  turbulent 

and lam inar regions. Solution strategies o f  streamline upw inding and clipping are  used to 

suppress the  above three kinds o f  instabilities. Stream line upw inding is a  numerical 

technique which introduces stabilizing false numerical diffusion along the stream  w ise 

direction. T he upw inding factors for mean velocities are 1 and for k  and s are 5, 

respectively. T he clipping is also a numerical technique by w hich the first and  th ird  kinds 

o f  instabilities can be avoided, and the nodal value o f  k  and e are ensured no t to  fall below  

the  preassigned low er bound positive values. The low er bound value below  w hich the 

nodal values o f  k  and s can be clipped are se t to  fifty thousand tim es sm aller than the 

maximum nodal values o f  k and s . Since the m easures o f  stream line upw inding and

r r  m - o  o r+ 1 -f t r - to l  ctoKilifu o n ^ o n m n r r  u/Vur'Vi i n t o r f o r 'A  w ith n m r A C C  n f

the  num erical solution, the strategy employed in this simulation is to  ge t a  stable solution 

a t the beginning w ith p roper large values o f  the upw inding factors. Then the strategy
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w orks to  reduce the factor's value a t points w here the stream w ise oscillations start to  

appear in the solution.

5.7 Convergence Criteria

Since the segregated  algorithm  is used in solving the equations, an appropriate 

convergence criteria is em ployed to  term inate the iteration. Tw o im portant variables for 

use in designing term ination criteria are the solution vector u , ( a t  iteration i ) and the 

residual vector R ( u, ). It is o f  course desired that u._, be w ithin a given to lerance ,e u , o f  

the accurate solution vecto r u  at the end o f  each iteration. Hence, a realistic convergence 

criterion, depended on relative error, is defined as

|| A u, || / 1| u || s  eu (5.38)

w here A u, = u; - u, and | | . || is an appropriate norm . Since u is no t know n a t first, this 

value m ust be approxim ated, and the obvious selection is || u [[ replaced by || u: jj in 

equation (5.38) and u by u,_, in the expression o f  A u, = u, - uM.

A nother m ore suitable convergence criterion which depends on the residual vecto r and 

tends to  zero w ith  u._, tending to  u, is also employed in this numerical solution. Such a 

criterion is defined as

l!R ( u , ) II /  I I R0 II *  (5 .39)

w here  R 0 =  R ( u0 ), is a  reference vector.

B oth o f  these tw o  checks is employed in the involved numerical solution w hich provides 

an effective overall convergence criterion for all possible situations, since both  A u ,  and

R ( ii 3 tend to  7prn npar thp snlntinn Tn thp pnur$p o f  iteration o f  this pu 'sed  tnrKnlpnt

flow, the solution is considered to  be convergent if  the norm alized residuals are sm aller 

than  0.0005.
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5.8 Analysis and Discussion

T he num erical simulation show s the je t pulsation generated  in the  nozzle cavity w hich is 

subsequently enhanced through the dow nstream  region. T he flow  is separated  in the 

expansion area from the dow nstream  nozzle and vortices are  induced around the  pulsed je t 

core. T he sim ulation results at tim e 0.5 x 10 ' 3 second after initiation o f  the  pulsed flow 

are presented  in Figs. D .l -  D.6. Since the description o f  the  pulsed W J flow  is a transient 

problem , the flow behavior depends on time. Fig. D .7a - D .7d show  the flow 

characteristics at tim e o f  0.1 x  10*3, 0.5 x 1 0 '2, 0.1 x 10"2 and 0.5 x 1 0 '1 second, 

respectively. Fig. D .l clearly show s that the stream  line pattern  is sm ooth  and parallel but 

there is a  m inor separation at the com er o f  the step  change. A lso, the  circulation is 

induced in the  resonant cavity, expansion is form ed at the  dow nstream  nozzle, and  then 

the flow is separated from the wall. The circulation generated  from the d iverging portion 

o f  the nozzle travels all the way to  the exit. Figs. D .2 - D .3 show  that turbulent kinetic 

energy reaches its peak value at the entrance o f  upstream  nozzle and then dissipates 

through  the nozzle. T he turbulent kinetic energy p lo t indicates th a t the  turbulent 

fluctuation increases in the radial direction. The pressure distribution is depicted  in Fig. 

D .4. T he pressure has the maximum value a t the entry o f  the upstream  nozzle and the 

pressure drop is achieved through the upstream, resonating cavity and dow nstream  nozzle. 

Figs. D .5 - D .6 present that the axial velocity o f  the pulsed flow  reaches its maximum at 

the entrance o f  the upstream  nozzle and is alm ost constan t through  the  upstream  nozzle 

section. F urther the velocity drops due to  the pulsed effect o f  the flow in the  resonating 

cavity and the decreases through the dow nstream  nozzle region due to  th e  friction in this 

zone. F low  separation in the expansion area and dissipation o f  turbu len t kinetic energy

tV irrm rrh tVitQ c p rttr> n  s r p  olcr» rlpTMrtp/^ T?rr\m tV>P r>1r»t if  {rJIrmre*
........~©........... .................... ....................----------------- --------------- -  ------- j  vw .w w w j,

o f  flow  separation in the orifice is insignificant. The variation o f  axial velocity at the nozzle 

exit w ith the tim e is prescribed in Fig. D.8. Maximum velocity is achieved in the centerline 

and the velocity decreases gradually in the radial direction tow ards the w all. T he maximum
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velocity o f  190 - 230 m /s in the centerline is obtained periodically a t every tim e interval. 

This num erical solution o f  velocity is validated by the m easurem ent o f  L T A  in the 

previous chapter. T he effect o f  th e  param eters o f  the pulsed W J nozzle on je t  perform ance 

is depicted in Fig. 5.1. T he presented data  in this graph dem onstrate th a t the  maximum 

pulsation (o r maxim um  v e lo c ity ) is obtained w ith ratios o f  h/d, = 3 . 0  and d ,  /  d,  =  1.3, 

and this result is in good  agreem ent w ith the experimental results determ ined in the 

previous chapter. Thus, the obtained com putational results can be used for th e  practical 

process exam ination. It also follows tha t a t d„ /  d , < 1.15, the pulsating am plitude at the 

nozzle ex it is small. It is not clear i f  it is a  self-excited oscillation o r tu rbu len t oscillation o f  

the je t. A fter d , /  d , > 1.15, the  stronger pulsation can be observed and the optim al ratio  

o f  d ,  /  d , a t w hich the best perform ance o f  the pulsed flow can be obtained is 1.3. W hen 

the ratio  o f  d ,  /  d , exceeds 1.3, the pulsation am plitude decreases. As the ra tio  o f  the 

cavity length h over the d iam eter d , o f  upstream  nozzle changes from  0.0 to  2 .0 , the m ode 

o f  the flow  at the nozzle exit changes from steady to  pulsating. A t the early stage, the 

pulsed frequency is very high and pulsed am plitude is very small. W hen the  ratio  o f  

h/d , nears 2 .7 , th e  pulsation suddenly becom es strong and then reaches th e  maxim um  at 

ra tio  h/d, o f  3.0. W hen h/d, exceeds 3.5, the pulsation am plitude decreases evidently. It 

results from  that the disturbances are no t content w ith th e  condition o f  feedback due to  je t 

w orking unregularily.
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F ig u re  5.1 E ffect o f  the Param eters o f  Pulsed W J N ozzle  on Je t Pulsation 
(axial velocity at nozzle e x it)  by N um erical Sim ulation (Test conditions are  identical 
those in Fig. D .l)  Optim al param eter o f  nozzle design is h /d l = 3.0 and d 2 /d l =  1.3.
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Figure 5.2 T he Length o f  D ow nstream  N ozzle  is 3 mm
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The length o f  the dow nstream  nozzle also has an effect on the je t perform ance and these 

partial results are show n in Figs. 5.2 and D .9a - D .9b. It follows that a p roper short length 

o f  this section keeps a higher m om entum  at the  nozzle exit. T he reason is th a t th e  vortices 

produced after expansion do not have enough tim e to  absorb the kinetic energy from the 

core stream  o f  the jet. But, when the length o f  this section is to o  short ( i.e., 2 m m ), the 

je t  at the nozzle exit does not have the higher mom entum since the flow does no t have 

sufficient tim e to be fully developed.
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CHAPTER 6

CONCLUDING REMARKS AND RECOMMENDATIONS

6.1 Concluding Remarks

6.1.1 Concluding Remarks for Improved AWJ Nozzle

T he perform ed research show s that there is a significant potential for im proving the 

efficiency o f  AW J machining and the im provem ent involved in this research is atta ined  by 

m odifying the mixing chamber. The following concluding rem arks are obtained from  o u r 

results:

1. M odification o f  the shape a t the top  part o f  the focusing tube  and contro l o f  the 

distance betw een the orifice and focusing tube well organize the solid particle flow  and 

this results in uniform  distribution o f  the abrasive in the w ater flow.

2. I t is no t necessary to  m ake alignment betw een the orifice and focusing tube because o f  

be tte r focusing o f  the abrasive particles entering the focusing tube  in th is nozzle and this 

im proves the operation o f  the A W J machining.

3. I t appears tha t the nozzles w ith different angles o f  the focusing tube and th e  distance 

betw een sapphire nozzle and the focusing tube lead to different penetration  abilities. T he 

optim al com bination o f  a  nozzle which has maximum efficiency o f  cutting  is o f  angle o f  

45° and distance o f  1.578 mm, on the basis o f  experim ents.

From  the above discussion and analysis, perform ing cuts w ith th is im proved A W J nozzle 

is practical for industrial applications.

6.1.2 Concluding Remarks for Pulsed WJ Nozzle

T he presented  results for the pulsed W J nozzle show  that it is m ore efficient, w ith a 

deeper cutting depth and higher cleaning rate, in m achining and cleaning than com m ercial 

W J nozzle. The agreem ent betw een experimental and com putational da ta  dem onstrates

43
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the potential o f  this nozzle. The following conclusions are  given based on the above 

studies:

1. Im plem entation o f  this nozzle design will provide an advanced cleaning techniques.

2. T he com putational technique developed in this research is validated by experim ents and 

it is possible to use it for the study o f  other kinds o f  unsteady fluid flow.

3. T he w a te r velocity a t the nozzle exit is obtained by m easurem ent o f  the  velocity using 

L TA  and num erical simulation. The results determ ined by these tw o m ethods are  w ell in 

agreem ent and this im plies that the technologies involved in this research are  useful fo r the 

investigation o f  the characteristics o f  the pulsed flow.

4. T he diam eter d , o f  upstream  nozzle, diam eter d 2 o f  dow nstream  nozzle and cavity 

length h have an im portant effect on nozzle perform ance, since the different configurations 

lead to  different conditions o f  disturbance feedback and com patibility o f  am plification o f  

pulsation am plitude. T he optimal configuration o f  nozzle design, validated by both 

com putational and experim ental results, is: d ,  /  d, =  1.3 and h / d ,  = 3 .0 .

5. T he length o f  the dow nstream  nozzle has an effect on the  behavior o f  the pulsed flow. 

P roperly short the length im proves the nozzle perform ance due to  the w a te r having higher 

m om entum  at the nozzle exit. The best value obtained in this study is 3 mm .

6. T he pulsed nozzle is no t suitable for the cleaning a t an extended stand o ff  because the 

larger the  distance is, th e  low er the cleaning efficiency is due to  m ore spread  o f  the  pulsed 

je t in free space.

6.2 Recommendations

6.2.1 Recommendation for Improved AWJ Nozzle

Ai W "v/iui Hi»vvki^uuu^ fciiv wuui uviwi wi illl/Vlll£ nv/Tf iii uili) llll^lUVVU

A W J nozzle by com putational techniques and thus will enable us to  study this nozzle by 

theoretical m ethodology, in addition to the experim ental schem e.
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6.2.2 Recommendation for Pulsed WJ Nozzle

1. T he geom etry o f  the dow nstream  edge in the resonating cavity also plays an im portant 

ro le in enhancing the pulsation o f  flow through this nozzle. Several kinds o f  geom etry  o f  

the  dow nstream  edge are involved in investigation by numerical sim ulation. T he partial 

com putational results are presented in Figs. E .l  - E.3. T he obtained information 

dem onstrates tha t a  dow nstream  edge w ith geom etry o f  concave shape is be tte r than the 

convex shape and plate surface due to its convergent shape enhancing the focusing o f  the 

je t and thus increasing the je t velocity. A m ong the designs o f  concave shape nozzle, the 

best perform ance is at the angle o f  7 5 ° .  T he probable reason is tha t the convergen t effect 

is no t sufficient a t an angle sm aller than 75° and pulsation is poorly affected due to  the 

lager change o f  the cavity length at an angie larger than 7 5 ° .  This phenom ena should be 

further studied to  im prove the nozzle design.

2. T he pulsed AW J nozzle is w orthy o f  study in o rder to  im prove A W J machining 

technology. T he initial design o f  this nozzle is finished and is ready fo r further 

m anufacturing.
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Figure A.1 Percussive Jet D evice

pi s t on n o z z l e

■) I—i

cyl inder

Figure A.2 Im pulsive W ater Cannon

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



www.manaraa.com

48

booster
reciprocating

movement

water

inlet

ultrasonic horn

nozzle

Figure A.3 U ltrasonic V ibration WJ N ozzle
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mi Mi orD

Figure A.4 WJ N ozzle w ith a O scillating Piston
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Figure A.5 W J N ozzle with a Oscillating M echanical Valve

Figure A .6  Schem atic Show ing the M echanism o f  Interrupting a  C ontinuous Je t by 
a R otating  D isc
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ABRASIVE

Figure A.7 Schem atic o f  Spiral N ozzle
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JET

Figure A.8 Schem atic o f  A  N ew  Type o f  A W J C utting A pparatus
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WATER IN ABRASIVE

ABRASIVE

M U L T I P L E

NOZZLE
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Figure A.9 Schematic o f  A  N ew  Type o f  A W J N ozzle
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200 j OO 4CC 5C0 5C0 7C0

Abras ive  R o w ra te 'g r c rn / '~ n :

F ig u re  B . l a  E ffect o f  Abrasive F low  R ates on C utting  D epth (abrasive: 80 HP; 
sapphire: #10; carbide : #30; m a te r ia l: reg  steel; traverse speed:
25.4 c m / m i n ;  1 - im proved nozzle; 2 - - conv nozzle) H igher
penetration  occurs using the im proved A W J nozzle.

£

i

200 200 *00 500 SCO

A brasive F lo '# r c :e ( g r c n /m n ;

F ig u re  B . lb  Effect o f  A brasive F low  R ates on C utting  D epth (abrasive: 120 HP; 
sapphire: #10; carbide : #30; m a te r ia l: reg steel; traverse  speed:
25.4  c m / m i n ;  1 - im proved nozzle; 2 - - conv nozzle) H igher penetration  
occurs using the im proved A W J nozzle.
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F ig u re  B . lc  E ffect o f  A brasive F low  R ates on C utting  D epth  (abrasive: 150 H P; 
sapphire: #10; ca rb ide : #30; m a te r ia l: reg  steel; traverse speed:
25.4  cm  /  min; 1-- im proved nozzle; 2 -  conv nozzle) H igher
penetration  occurs using the im proved AW J nozzle.
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'reverse S p e e d (c m /rn in ’

F ig u re  B .2 Effect o f  T raverse Speed on C utting  D epth  (abrasive: 120 HP; 
sapphire: # 10; carbide : #30; material: stainless steel; 1 - conv nozzle (abr flow:
180 g/min); 2 -  conv nozzle (abr flow: 210 g/m in); 3-- im pr nozzle (abr flow: 180 
g/m in); 4 -  im pr nozzle (abr flow: 210 g /m in )) H igher penetration occurs using the 
im proved AW J nozzle.
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l in o  D epth  v s . T ra v e r se  S p e e d

1 /'/(T raverseS p eed  ( c m / m i n ) )

F ig u re  B .3 Effect o f  T raverse Speed on C utting D epth  (abrasive: 150 HP; 
sapphire: #10; ca rb ide : #30; material: reg steel; 1— conv nozzle 
(abr flow: 110 g/m in); 2 -  conv nozzle (abr flow: 170 g/m in); 3 - - im pr nozzle 
(abr flow: 110 g/m in); 4 - im pr nozzle (abr flow: 170 g /m in )) H igher penetration 
occurs using the im proved AW J nozzle.
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F ig u re  B .4a  E ffect o f  O perational C onditions (A brasive F low  R ates) on 
C u tting  D epth  (abrasive: 80 H P; sapphire: #10; carbide:#30; material: reg 
steel; trav  spd: 25.4cm /m in; 1— a  =  30; H  = 0 .50  mm; 2 - - a  =  30,
H =  1.587 mm; 3 - - a  =  30; H  =  3.175 mm; 4 - - a  =  45; H  =  0.50 mm;
5 - a  =  45; H =  1.587m m ; 6 - a  =  45; H = 3 .175m m ; 7 - - conv nozzle)
H igher penetration  occurs using ine im proved AW J nozzie.
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A brasive F lo w r a te fg r a m /m in )

F ig u re  B .4b  E ffect o f  O perational C onditions (A brasive F low  R ates) on C utting 
D ep th  abrasive: 120 H P; sapphire: #10; carbide:#30; material: reg  steel; 
trav  speed: 25.4cm /m in; l- -a = 3 0 ; H =0.5 mm; 2 - a = 3 0 ;  H = l.587m m ;
3 ~ a = 3 0 ; H =3.175m m ; 4 ~ a = 4 5 ; H =0.5 mm; 5 - a = 4 5 ;  H = l.587m m ;
6 --a= 4 5 ; H = 3.I75m m ; 7 - - conventional nozzle; H igher penetration  occurs
usin s  the im oroved AW J nozzle.

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



www.manaraa.com

E
E

'w'
r
5a

5

— 5 
~ f - ~  6 

- - 4 -  7

3

2

•4
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F ig u re  B .4c E ffect o f  O perational C onditions (Abrasive F low  R ates) on  C utting 
D epth  (abrasive: 150 HP; sapphire: #10; carbide:#30; m aterial: reg  steel; 
trav  speed: 25.4cm/min; l- -a = 3 0 ; H =0.5 mm; 2 --a= 3 0 ; H = l.587m m ;
3 ~ a = 3 0 ; H =3.175m m ; 4 - a = 4 5 ;  H =0.5 mm; 5 --a= 4 5 ; H = l.5 8 7 m m ;
6 ~ a = 4 5 ; H =3.175m m ; 7 - conventional nozzle) H igher penetration
occurs using the im proved A W J nozzle.
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4.. 7

4.5

4.5

H =

3u

F ig u re  B .5a  Effect o f  a  on C utting  D ep th  (abrasive: 80 HP; 
abr flow: 5 6 1 .4 0 g /m in ;  sapphire: #10; focusing tube: #30;
material: reg  steel; trav  spd: 25.4 cm / min; a  = 3 0 ,4 5  and 60; 
degree at the modified nozzle; a  =  90 degree at the com m ercial nozzle; 
(H  = min =  0.5 mm)); Optimal angle a  is 45 degree.

C.

£  3.4

.0 60 '0 6340:0 3!
A n c le ;  3 e q r -e e )

F ig u re  B .5b  Effect o f  a  on C utting D ep th  (abrasive: 120 H P; abr 
flow: 577.30 g /m in ;  sapphire: #10; focusing tube: #30; material: reg 
steel; trav  spd: 25.4 cm / min; a  =  30, 45 and 60 degree at the m odified 
nozzle; a  = 90 degree at the com m ercial nozzle; (H  = min = 0.5 mm)); 

O ptim al angle a  is 45 degree.
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5.2

5.0

4.6

4.0
Q

3.6

3.12.11 . 1

Distance Between Sapphire Ana Ccrpide (mm)

F ig u re  B .6a  Effect o f  H  on C utting D epth (abrasive: 80 HP; 
abr flow: 5 6 1 .4 0 g /m in ;  sapphire: #10; focusing tube: #30;
m aterial: reg steel; trav  spd: 25.4 cm / min; 1 - a  =  3 0 ° ;  2 ~ a  =  4 5 ° ;
3— a  = 9 0 ° ) ;  O ptim al stand o f f  distance is 1.587 mm.

Distance Between Sapphire And Carbide (mm)

F ig u re  B .6b  E ffect o f  H  on C utting D epth (abrasive: 120 H P; 
ab r flow: 577.30 g  /  m in; sapphire: #10; focusing tube: #30;
m aterial: reg steel; trav spd: 25.4 cm /  m in; 1~  a  =  3 0 ° ;  2 -  a  =  4 5 0 ; 
3 -- a  =  9 0 ° )  Optim al stand o ff  distance is 1.587 mm.
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Table B.la Exprim ental D ata R ecord for C om parison 
o f  Im proved and Com m ercial AW J N ozzles ( A brasive: #80)

Flowrate(gram/m) 

Kind o f  Abrasive

87.43 160.6 253.7 380.6 455.6 561.4 664.5

New Noz 0.94* 1.5 2.11 3.34 4.27 4.93 4.95
(0 .9 3 9 ) (1.53 ) (2 .1 2 ) (3 .3 5 ) (4 .2 6 ) (4 .9 4 ) (4 .955)

#80 (0 .9 4 1 ) ( 1.527) (2 .1 0 ) (3 .3 6 ) (4 .2 8 ) (4 .9 5 ) (4 .945)

Conv Noz 0.81 1.32 1.88 2.67 3.00 3.30 3.33
(0 .8 0 8 ) ( i.3 2 2 ) u - s y ; (2 .685) (Z .yy) (3.305 ) (3 .335)
(0 .812) ( 1.328) (1 .8 7 ) (2 .665) (3 .0 1 ) (3.295 ) (3 .325)

N ote:
1. Sym ble * stands fo r average value o f  cutting depth.
2. V alues in brackets are actual cutting  depth.
3. Sapphire  nozzle: #10; Focusing tube: #30; M aterial: Low  carbon steel (#c 1020); 

T raverse speed: 25.4cm /m in.

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



www.manaraa.com

63

Table B.lb E xprim ental D ata Record for C om parison 
o f  Im proved and C om m ercial A W J N ozzles ( A brasive:#120)

Flowrate(gram/m) 82.6 144.8 235.2 352.3 419.3 577.3 650.1

Kind o f  Abrasive

New Noz

#120

1.98
(1 .9 7 )
(1 .9 9 )

2.84 
(2 .8 4 5 ) 
(2.835 )

3.25
(3 .244)
(3 .256)

3.63 
(3.635 ) 
(3.625 )

4.04
(4 .035)
(4 .045)

4.52
(4 .5 3 )
(4 .5 1 )

4.62
(4 .6 1 )
(4 .6 3 )

_____v — 1 4 A 
A.tV

( I .3 9 )
( l . 4 l )

1 AO
Jt.?0

( 1.985 ) 
( 1.975 )

2.46
(2 .465)
(2 .455)

2.77 
(2 .765) 
(2.775 )

2.92
(2 .916)
(2 .924)

3.05 
(3.044 ) 
(3 .0 5 6 )

3.00
(3 .0 1 )
(2 .9 9 1 )

N ote:
1. Sym bol * stands for average value o f  cutting depth.
2. V alues in brackets are actual cutting depth.
3. Sapphire nozzle: #10; Focusing tube: #30; M aterial: Low  carbon steel (#c l020 ); 

T raverse speed: 25.4cm /m in.
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T a b le  B .lc  Exprim ental D ata R ecord fo r C om parison 
o f  Im proved and Com m ercial A W J N ozzles ( A brasive:#! 50)

Flowrate(gram/m) •}68.8 128.1 198.5 319.1 374.5 558.5 580.5

Kind o f Abrasive

New noz

#150

1.35 
( 1.364) 
( 1.346 )

1.88
(1 .8 9 )
(1 .8 7 )

2.84
(2 .844)
(2 .836)

3.53 
(3 .529) 
(3 .531)

3.61 
(3.625 ) 
(3.595 )

3.76
(3 .7 7 )
(3 .7 5 )

3.71
(3 .7 0 5 )
(3 .7 1 5 )

Conv Noz 1.07 
( 1.066) 
( 1.074)

1.37 
(1 .374) 
( 1.366)

1.98 
( 1.978) 
( 1.982)

2.67
(2 .665)
(2 .675)

2.87
(2 .8 8 )
(2 .8 6 )

3.02
(3 .0 1 5 )
(3 .0 2 5 )

2.97 
(2.985 ) 
(2.955 )

N ote:
1. Sym bol * stands for average value o f  cutting depth.
2. V alues in brackets are actual cutting depth.
3. Sapphire nozzle: #10; Focusing tube: #30; M aterial: Low  carbon steel (#c l020 ); 

T raverse speed: 25.4cm/min.
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T a b le  B .2a  Exprim ental D ata Record o f  C om parison o f  D ifferent
C om bination o f  Im proved A W J N ozzle (A brasive: #80)

FIowrate(gram/m) 87.4 160.6 253.7 380.6 455.6 561.4 664.5

Kin 1 o f Abrasive
angle dist

30 0.50 0.83 1.35 1.93 2.73 3.50 3.79 3.84
30 1.587 0.93 1.44 2.04 3.04 4.03 4.57 4.58

#80 30 3.175 0.77 1.33 1.91 2.70 3.24 3.54 3.58
45 0.50 0.87 1.39 1.94 2.83 3.54 3.94 4.04
45 1.587 0.94 1.50 2.11 3.34 4.27 4.93 4.95
45 3.175 0.80 1.34 1.92 2.72 3.44 3.74 3.75
60 0.50 0.82 1.34 1.92 2.72 3.45 3.78 3.83
60 1.587 0.92 1.43 2.02 3.04 4.01 4.55 4.57
60 3.175 0.75 1.31 1.90 2.65 3.21 3.52 3.56

conv nozzle 0.81 1.32 1.88 2.67 3.00 3.30 3.33

1. T est C onditions:
Sapphire nozzle: #10; Focusing tube: #30; M ateiral: Low  carbon steel (#c l020 ); 
T raverse speed: 25.4cm /m in

2. Units:
A ngle: degree; Distance: mm
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Table B.2b Exprim ental D ata Record o f  C om parison o f  D ifferent
C om bination o f  Im proved A W J N ozzle (A brasive: #120)

Flowrate Scale 82.6 144.8 235.2 352.3 419.3 577.3 650.1

Kind o f  Abrasive
angle dist

30 0.50 1.78 2.62 3.09 3.51 3.79 3.97 4.10
30 1.587 1.90 2.77 3.18 3.68 3.90 4.37 4.44

#120 30 3.175 1.55 2.40 2.78 3.13 3.37 3.55 3.60
45 0.50 1.84 2.70 3.12 3.60 3.87 4.27 4.32
45 1.587 1.98 2.80 3.30 3.75 4.04 4.52 4.62
45 3.175 1.71 2.50 2.90 3.41 3.57 3.77 3.84
60 0.50 1.77 2.60 3.07 3.50 3.78 3.96 4.08
60 i.587 1.85 2.75 3.17 3.65 3.83 4.35 4.43
60 3.175 1.45 2.39 2.76 3.11 3.35 3.53 3.58

conv nozzle 1.40 1.98 2.46 2.77 2.92 3.05 3.00

1. T est C onditions:
Sapphire nozzle: #10; Focusing tube: #30; M ateiral: Low  carbon steel (#c l0 2 0 ); 
T raverse speed: 25.4cm /m in

2. Units:
A ngle: degree; D istance: mm
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T a b le  B .2c Exprim ental D ata Record o f  C om parison o f  D ifferent
C om bination o f  Im proved AW J N ozzle (A brasive: #150)

Flowrate(gram/m) 68.8 128.1 198.5 319.1 374.5 558.5 580.5

Kind of Abrasive
angle dist

30 0.50 1.15 1.67 2.53 3.23 3.39 3.55 3.54
30 1.587 1.29 1.82 2.67 3.40 3.55 3.70 3.68

#150 30 3.175 1.05 1.56 2.43 3.10 3.26 3.45 3.42
45 0.50 1.20 1.72 2.60 3.25 3.46 3.62 3.59
45 1.587 1.35 1.88 2.84 3.53 3.61 3.76 3.72
45 3.175 1.10 1.62 2.44 3.12 3.31 3.50 3.51
60 0.50 1.13 1.65 2.43 3.18 3.31 3.45 3.44
60 1.587 1.27 1.73 2.50 3.38 3.45 3.50 3.58
60 3.175 1.01 1.50 2.39 3.01 3.16 3.33 3.34

conv nozzle 1.07 1.37 1.98 2.67 2.87 3.02 3.00

1. T est Conditions:
Sapphire nozzle: #10; Focusing tube: #30; M ateiral: Low  carbon steel (#c l0 2 0 ); 
T raverse speed: 25.4cm /m in

2. U nits:
Angle: degree; D istance: mm
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Cutting Depth vs. Traverse Speed
Ma t e r ia l :  T i t an iu m

0 .9

P u l s e d  J e t  N o z z l e  
■■ o  C o n v e n t i o n a l  N o z z l e0 .3

0 .7

0.6

0 .5

0 .4

0.

0.2

0.1

0.0

10 2 0  30 4 0  5 0  60 7 0  8 0  9 0 10 0  1 1 0  1 2 0  1 3 0

T r a v e r s e  S p e e d  ( c m / m i n )

F ig u re  C . l  C om parison o f  the  Perform ance o f  Pulsed and C om m ercial 
W J N ozzle a t T itanium  M illing
(h =  0.75 m m ; upstream  nozzle: #10(0.254 m m ); dow nstream  nozzle: 
#12(0.305 m m ); P =  330.7 M pa; stand o f f  =  0.50 m m )
H igher penetration occurs using o f  pulsed nozzle
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Culling Depth vs. Traverse Speed 
M a teria l :  A l u m i n i u m

1.4
P u l s e d  J e t  N o z z l e  

■ o  ■ C o n v e n t i o n a l  N o z ;
1 . 2

i.u

0.8

0.6

0.4

0.2

0.0

10 2 0  3 0  40 5 0  6 0  7 0  8 0  9 0  1 0 0  1 1 0  1 2 0  1 3 0

T r a v e r s e  S p e e d  ( c m / m i n )

F ig u re  C .2  C om parison o f  the Perform ance o f  Pulsed and  C om m ercial 
W J N ozzle at A lum inum  M illing
(h =  0.75 m m ; upstream  nozzle: #10(0.254 m m ); dow nstream  nozzle: 
#12(0.305 m m ); P = 330.7 M pa; stand o ff  = 0 .50 m m )
H igher penetration occurs using o f  pulsed nozzle
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0.8

0.7

U.D

11 05m u . j

Q
(7  n ,c  0.4

U  0.3

0.2

0.1

« -  h/d1  = 2 .5 ;d 2 /d  
o h / d l  = 2 .5 ;d 2 /d  

h/d1  = 2 .5 ;d 2 /d  
h /d l  = 3 .0 ; d 2 /d  
h /d l  = 3 .0 ; d 2 /d

h /d l  =3.5; d 2 / d  
h / d l  = 3 . 5 ; d 2 / d  
h / d l  =3.5; d 2 / d

= 1 . 2
=1.3
=1.4
= 1 . 2
=1.3
-1 A

10 20 30 40 50 60 70 80 90 100 110 120 130

Traverse S p eed (c r r /m in j

F ig u re  C .3 a  E ffect o f  the Param eters o f  Pulsed W J N ozzle  on 
C utting  T itanium  (by experim ent)
(P = 330.7 M pa; stand o ff  distance =  0.50 m m ; m aterial: titanium ; 
h : cavity length (mm); d 1: diam eter o f  upstream  orifice (m m );
d2: diam eter o f  downstream  orifice (m m ))
O ptim al param eter o f  nozzle design is h /d l =  3.0 and  d 2 /d l =  1.3.
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1.3

1. 2

 ̂ 1 . 0  

P 0.3

a
e  0.7 
Q
o' 0.6 
c

0.3

0.4

0.3

0.2

0.1

= 1 . 2
=2 .5 ;d2/d1  =1.3 

h /d l  =2.5; d 2 /d )  =1.4 
~ g ~  h /d l  =3.0; d2/d1 =1.2 

h /d l  =3.0; d 2 /d l  =i .3

- a-  h /d l  =3.5; d2/d1 =1.2
- o -  i

IIj  Ul - J . J ,  \ i L j  l i l  - I  . J

h / ' d 1 = 3 . 5 ; d 2 / d 1 = 1 1

\ K \

! . I I . I
10 20 30 40 30 60 70 80 90 100 1 1 0 1 2 0  130

F ig u re  C .3b  E ffect o f the Param eters o f  Pulsed W J N ozzle on 
| C utting A lum inum  (by experim ent)

(P =  330.7 M pa; stand o ff distance =  0.50 m m ; m aterial: alum inum ;
» / 'O V l t t f  1 A  1 • J I a m  ~  ~ — —-  A -1 r  .  * f . . .  . A

. . .  ~ ~ UlUUlWC^l \JI u p o u  v a in  U l l l t ^ g  1̂11111 J,

i d2: diam eter o f  dow nstream  orifice (m m ))
O ptim al param eter o f  nozzle design is h /d l =  3.0 and d 2 /d l = 1.3.

1
1
i
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Cleaning of W ater P a in t

— standoff:  12.5 cm 
o standoff: 20 .0cm  

standoff: 30.0 cm 
- 3 - "  standoff: 40.0 cm

6

5

£ 4

0

1000 1500 2000 2500 3000 3500 4000

Traverse Speed (cm /min)

F ig u re  C .4 a  Cleaning o f  W ater Paint by Pulsed W J N ozzle a t A n Extended 
Stand O ff  D istance (test conditions are identical to those in F igure C. 1)

Cleaning o f Oil Paint

standoff: 10 cm 
• o standoff: 13 cm 

— standoff: 1 8 cm 
—g— stondoff: 25 cm

3.2

t . 2

0.2
500 700 900 1100 1300 1500 1700 1900 2100 2300 2500

Traverse Speed (cm /min)

F ig u re  C .4 b  C leaning o f  Oil Paint by Pulsed W J N ozzle at A n Extended 
Stand O ff D istance (test conditions are identical to those in F igure C. 1)
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Cleaning o f Epoxy Paint

— standoff:  1 Ocm 
o standoff: 25 cm 

* standoff: 5 0 cm 
• ■-a--- standoff: 60 cm

0.7

0.6

tn
I  0.4 c:
I  0.3oa
u  0.2

100 200 300 500400 600

Traverse Speed (cm /m in)

I______________________________

F ig u re  C .4c  C leaning o f  Epoxy Paint by Pulsed W J N ozzle  at An E xtended 
Stand O ff  D istance (test conditions are identical to  those in Figure C. 1)

Cleaning o f Rust

standoff: 10 cm 
standoff: 20 cm 
standoff: 35 cm 
standoff: 50 cm

u.o

c
cao
o
.s 0.3
COQJ
u  0.2

200100 300 500

Traverse Speed (cm /m in)

F ig u re  C .4 d  C leaning o f  Rust by Pulsed W J N ozzle  at A n Extended 
S tand O ff  D istance (test conditions are identical to those in Figure C. 1)
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CLEANING RESULTS 
( P e g u io r  N o z z le  N o. 1 0  w ith  f o c u s in g  tu b e  N o . 3 0 )

6 0

OIL PAINT 
EPOXY PAINT

50

40

30

20

10
1500 2000 2500 30000 500 1000

Traverse Speed (cm /m in)

F ig u re  C .4e  Cleaning o f  Oil and Epoxy Paint by Com m ercial N ozzle 
(P =  330.7 M pa; sapphire nozzle: #10 (0.254 mm ); focusing tube: 
# 4 3  (0.908 m m ))
(This result is obtained by people in our laboratory)

CLEANING EFFICIENCY
(Regular Nozzle No.10 with focusing tube No. 30)

7
OIL PAINT 
EPOXY PAINT6

z 5

c
~  4uo
a:
C7>c'c
o nJHo

0
500 1000 1500 2000 2500 30000

Traverse Speed (cm /m in)

F ig u re  C .4 f  C leaning o f  Oil and Epoxy Paint by Com m ercial N ozzle 
a t stand o ff  distance o f  40 m m  and 30 m m  respectively (Test conditions 
are identical to those in Figure C .4e)
(This result is obtained by people in our laboratory)
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Cleaning o f W ater P o in t 
(N o z z le  N 0 .1  0 )

Conventional Nozzle 
Pulsate Nozzle

1 0

8

6
co 4

Q I---------------------------    _ J --   1-----------   1----- !-----------

3 1 0 0  3 3 0 0  3 5 0 0  3 7 0 0  3 9 0 0  4 1 0 0  4 3 0 0  4 5 0 0  4 7 0 0  4 9 0 0  5 1 0 0  

Traverse Speed(cm /m in)

F ig u re  C .5 a  Com parison o f  C leaning o f  W ater Paint by Pulsed and 
C om m ercial W J N ozzle at A  R educed Stand O ff  D istance 
(upstream  nozzle: #10(0.254 mm ); dow nstream  nozzle: #12(0.305 mm ); 
h =  0.75; P = 330.7 M pa)
B etter cleaning perform ance occurs using pulsed nozzle.

C lean ing o f Oil P a in t 
(Nozzle No.l 0)

Conventional Nozzle

5

4

0 I i . i . i ,----; . i---- . 1 , 1
3 0 0 0  3 2 0 0  3 4 0 0  3 6 0 0  3 8 0 0  4 0 0 0  4 2 0 0  4 4 0 0  4 6 0 0  4 6 0 0

Traverse Speed(cm /m in)

F ig u re  C .5b  Com parison o f  C leaning o f  Oil Pain t by Pulsed and 
C om m ercial W J N ozzle at A R educed Stand O ff  D istance 
(test conditions are identical to those in F igure C .5a)
B etter cleaning perform ance occurs using pulsed nozzle.
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C lean ing  o f  Epoxy P a in t 
(Nozzle No.10)

- • — Conventional Nozzle 
•O' - Puiscte Nozzle

24C0 2600 2800 3000 3200 3400 3600 3800 400C 4200 4400 4600 

TroverseSpeed(cm/min)

F ig u re  C .5c  Com parison o f  Cleaning o f  Epoxy Paint by Pulsed and 
C om m ercial W J N ozzle at A  Reduced Stand O ff  D istance 
(test conditions are identical to those in F igure C .5a)
B etter cleaning perform ance occurs using pulsed nozzle.

Cleaning o f Rust 
(Nozzle No.10)

Conventional Nozzle 
o Pulsate Nozzle

1000 1200 1400 1600 1800 2000 2200 2400 2600 

Traverse Speed(c m/min)

F ig u re  C .5 u  Com parison o f  C leaning o f  R usi by ru ise d  and 
Com m ercial W J N ozzle at A R educed Stand O ff  D istance 
(test conditions are identical to those in F igure C .5a)
B etter cleaning perform ance occurs using pulsed nozzle.
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F ig u re  C .6 a  Effect o f  the Param eters o f  Pulsed W J N ozzle on the C leaning 
o f  W ater Paint (by experim ent, P = 330.7 M pa)
A pproxim ately linear correlation betw een stand o ff  distance and traverse speed 
is presented. T he optim al param eter o f  nozzle design is h /d l =  3.0 and  d 2 /d l = 
1.3.
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d1 = 2 . 5 ; d 2 / d l  = 
' d 1 = 2 . 5 ; d 2 / d 1  = 
'dl = 3 . 0 ; d 2 / d 1 - 
' d 1 = 3 . 0 ; d 2 / d 1 : 
'd 1 = 3 . 0 ; d 2 / d 1  = 
' ( M 5 ; d 2 / d 1 :  

= 3 .5 ;  d 2 / d 1 : 
= 3 . 5 :  d 2 / d 1  =

3 9 0 0  4 0 0 0  4 1 0 0  4 2 0 0  4 3 0 0  4 4 0 0  4 5 0 0  4 6 0 0  4 2 0 0  4 3 0 0

l r a v e r s e S p s e d ( c m / m i n

F ig u re  C .6 b  Effect o f  the Param eters o f  Pulsed W J N ozzle on the C leaning 
o f  O il Pain t (by experim ent, P =  330.7 M pa)
A pproxim ately linear correlation betw een stand o f f  distance and traverse  speed 
is presented at traverse speed 4 1 0 0 -  4800 cm /m in. Strong effect o f  c leaning 
presented at traverse speed less than 4100 cm /m in and this is recom m ended 
speed zone. T he optim al param eter o f  nozzle design is h /d l= 3 .0  and d2 /d l= 1 .3 .
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C o m p a r i s o n  o f  D i f f e r e n t  N o z z l e  C o m b i n a i i c
nina

h / d l  = 2 . 5 ; d 2 / d 1  = 1 2
0 h /d 1  = 2 . 5 ; d 2 / d l  = 1.3
I h / d 1 = 2 . 5 ; d 2 / d 1  = 1 3

- a - h / d l  = 3 .0 ;  d 2 / d 1  = 1.2
-i- h / d 1 = 3 . 0 ; d 2 / d 1  = 1 .3
- ? - h / d l  = 3 .0 ;  d 2 / d 1  = 1 .4
- A - - h / d l  = 3 .5 ;  d 2 / d 1  = 1.2
— 9 — h / d i = 3 . 5 ; d 2 / d 1  = 1.3

$ h / d l  = 3 .5 ;  d 2 / d l  = 1.4

I . ' , i . i

3500 3600 3700 3300 39

I f Q v e r s e $ p e e d ( c m / m i f i

F ig u re  C .6c E ffect o f  the Param eters o f  Pulsed W J N ozzle on the C leaning 
o f  E poxy Paint (by experim ent, P =  330.7 M pa)
A pproxim ately iinear correiaiion betw een stand off distance and traverse  speed 
is presented at traverse speed 3 8 5 0 -4 5 5 0  cm /m in. S trong effec t o f  cleaning 
presented at traverse speed less than 3850 cm /m in and  this is recom m eded 
speed zone. The optim al param eter o f  nozzle design is h /d l= 3 .0  and d 2 /d l= l .3.
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Table C.la Experim ental Com parison o f  D ifferent N ozzle Com binations 
(Titanium  Cutting)

trav spd(cm/min) 

type

15 25 50 75 100 125

h/d 1=2.5; d2/dl=1.2 0.75 0.45 0.15 0.14 0.12 0.11

h/dl=2.5; d2/dl=1.3 0.84 0.56 0.24 0.20 0.16 0.13

h/dl=2.5; d2/dl=1.4 0.80 0.52 0.19 0.17 0.14 0.11

h/dl=3.0; d2/d 1=1.2 0.76 0.47 0.16 0.15 0.13 0.10

h/dl=3.0; d2/dl=1.3 0.85 0.58 0.26 0.24 0.16 0.14

h/dl=3.0; d2/d 1=1.4 0.81 0.54 0.20 0.18 0.15 0.12

h/dl=3.5; d2/dl=1.2 0.74 0.41 0.15 0.13 0.12 0.10

h/d 1=3.5; d2/dl=1.3 0.82 0.55 0.21 0.19 0.15 0.13

h/d 1=3.5; d2/dl=1.4 0.78 0.50 0.18 0.16 0.13 0.11

Commercial Nozzle 
(#10 reg nozzle)

0.72 0.34 0.13 0.12 0.11 0.05

N otes:
C utting Depth: mm 
h: C avity Length
d l : D iam eter o f  U pstream  N ozzle 
d2: D iam eter o f  D ownstream  N ozzle 
#10 reg  nozzle: d iam eter o f  0.254 mm
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Table C.lb Experim ental Com parison o f  Different N ozzle C om binations 
(A lum inum  Cutting)

trav spd(cm/min) 

type

15 25 50 75 100 125

h/dl=2.5; d2/dl=1.2 1.14 0.80 0.40 0.23 0.16 0.14

h/dl=2.5; d2/dl=1.3 1.25 0.90 0.55 0.33 0.23 0.20

h/dl=2.5; d2/dl=1.4 1.21 0.85 0.50 0.29 0.19 0.18

h/dl=3.0; d2/dl=1.2 1.17 0.80 0.43 0.25 0.17 0.15

h/dl=3.0; d2/dl=1.3 1.28 0.95 0.57 0.35 0.24 0.21

h/dl=3.0; d2/dl=1.4 1.22 0.87 0.52 0.31 0.20 0.19

h/dl=3.5; d2/dl=1.2 1.08 0.75 0.35 0.17 0.14 0.12

h/dl=3.5; d2/dl=1.3 1.23 0.88 0.54 0.32 0.21 0.19

h/dl=3.5; d2/dl=1.4 1.20 0.83 0.47 0.27 0.18 0.17

Commercial Nozzle 
(#10 reg nozzle)

0.95 0.55 0.24 0.15 0.13 0.08

N otes:
C utting  Depth: mm 
h: Cavity Length
d l :  D iam eter o f  U pstream  N ozzle 
d2: D iam eter o f  D ow nstream  N ozzle 
#10 reg nozzle: diam eter o f  0.254 mm
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T a b le  C .2 Evaluation o f  the Efficiency o f  C leaning R ates vs. W ater
C onsum ption (cleaning o f  w ater paint by pulsate nozzle at an extended
stand o ff  distance)

c lean in g  ra te s
(nr 1 hr)

w a te r  co n su m p tio n
[ X ]0 ': (/w3 !nr)\

traverse
speed

(cm /m in)

stdoff
12.5cm

stdoff
20.0cm

stdoff
30.0cm

stdoff
40.0cm

stdoff
12.5cm

stdoff
20.0cm

stdoff
30.0cm

stdoff
40.0cm

1000.0 1.80 1.68 1.50 1.38 4.50 4.81 5.40 5.86

2000.0 3.93 3.52 3.21 3.02 2.07 2.31 2.53 2.71

3000.0 5.01 4.72 4.22 4.01 1.62 1.71 1.93 2.07

4000.0 5.52 5.04 4.56 4.32 1.47 1.60 1.78 1.88

N otes:
W ate r pressure: 330.7 M pa 
N ozzle  type: upstream : #10 (0.254 mm ) 

dow nstream : #12(0.305 m m )
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Table C.3 Evaluation o f  the Efficiency o f  C leaning R ates vs. W ater
C onsum ption (cleaning o f  oil paint by pulsate nozzle a t an extended
stand o f f  distance)

cleaning rates
{nr I hr)

water consumption
[X 10-2(/w3 /w r ) l

traverse
speed

(cm /m in)

stdoff
10.0cm

stdoff
13.0cm

stdoff
18.0cm

stdoff
25.0cm

stdoff
10.0cm

stdoff
13.0cm

stdoff
18.0cm

stdoff
25.0cm

500.0 0.91 0.82 0.74 0.69 9.01 10.13 10.93 11.74

1000.0 2.02 1.73 1.68 1.61 4.05 4.52 4.75 5.07

1500.0 2.81 2.52 2.32 2.11 2.89 3.24 3.51 3.85

2500.0 3.45 3.15 2.91 2.72 2.35 2.58 2.79 3.01

N otes:
W ate r pressure: 330.7 M pa 
N ozzle  type: upstream : #10 (0.254 mm) 

dow nstream : #12(0.305 mm)
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Table C.4 Evaluation o f  the Efficiency o f C leaning R ates vs. W ater
C onsum ption (cleaning o f  epoxy paint by pulsate nozzle at an extended
stand o ff  distance)

cleaning rates
(nr 1 hr)

water consumption
[X 1 0 ': (/w3 /m 2)]

traverse
speed

(cm /m in)

stdoff
10.0cm

stdoff
25.0cm

stdoff
50.0cm

stdoff
60.0cm

stdoff
10.0cm

stdoff
25.0cm

stdoff
50.0cm

stdoff
60.0cm

100.0 0.15 0.138 0.126 0.114 54.01 58.65 64.27 71.05

250.0 0.45 0.43 0.35 0.33 22.51 23.34 27.64 29.04

500.0 0.65 0.61 0.57 0.51 12.45 13.27 14.21 15.88

600.0 0.684 0.64 0.612 0.54 11.83 12.49 13 47 15 O'*

N otes:
W ater pressure: 330.7 M pa 
N ozzle  type: upstream : #10 (0.254 mm ) 

dow nstream : #12(0.305 mm)
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T a b le  C .5  Evaluation o f  the Efficiency o f  C leaning R ates vs. W ater
C onsum ption (cleaning o f  rust by pulsate nozzle at an extended
stand o ff  distance)

cleaning rates
{rtf! hr)

water consumption
[X10"2(m 3 //772)1

traverse
speed

(cm /m in)

stdoff
10.0cm

stdoff
20.0cm

stdoff
35.0cm

stdoff
50.0cm

stdoff
10.0cm

stdoff
20.0cm

stdoff
35.0cm

stdoff
50.0cm

100.0 0.144 0.139 0.132 0.126 56.25 58.27 61.35 64.29

200.0 0.43 0.41 0.35 0.31 24.84 26.25 29.14 33.02

350.0 0.61 0.55 0.52 0.49 13.51 14.73 15.58 16.20

500.0 0.66 0.61 0.57 0.54 12.27 13.51 14.22 15.03

N otes:
W ater pressure: 330.7 M pa 
N ozzle type: upstream : #10 (0.254 mm) 

dow nstream : #12(0.305 mm)
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T a b le  C .6 a  Evaluation o f  the Efficiency o f  C leaning Rates vs. W ater
Consum ption (cleaning o f  w ater paint by pulsate nozzle at an reduced
stand o f f  distance)

c lean in g  ra te s
(m2! hr)

w a te r  co n su m p tio n  
[ X lO '^ m 3 /™ 2)]

traverse
speed

(cm /m in)

stdoff
5.0cm

stdoff
6.0cm

stdoff
7.0cm

stdoff
8.0cm

stdoff
5.0m

stdoff
6.0cm

stdoff
7.0cm

stdoff
8.0cm

4200.0 10.05 9.38 8.37 7.71 0.53 0.576 0.645 0.71

4400.0 10.20 9.51 8.49 7.82 0.529 0.568 0.636 0.69

4700.0 10.78 10.06 8.99 8.27 0.51 0.536 0.62 0.653

5050.0 11.65 10.87 9.705 8.93 0.463 0.497 0.557 0.605

N otes: T est conditions are identical to  those o f Table C.2.
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Table C.6b E valuation o f  the Efficiency o f  C leaning R ates vs. W ater
C onsum ption (cleaning o f  w ater paint by com m ercial nozzle at an
reduced stand  o ff  distance)

cleaning rates
{ n r!  hr)

water consumption
[X 1 0 ': (m 3 /m 2)]

traverse
speed

(cm /m in)

stdoff
5.0cm

stdoff
6.0cm

stdoff
7.0cm

stdoff
8.0cm

stdoff
5.0m

stdoff
6.0cm

stdoff
7.0cm

stdoff
8.0cm

3250.0 6.39 5.96 5.33 4.89 1.117 1.198 1.339 1.457

3350.0 6.57 6.13 5.48 5 04 1.086 1.164 1.303 1.417

3600.0 7.02 6.55 5.99 5.38 1.017 1.09 1.192 1.327

4100.0 7.74 7.22 6.45 5.93 0.922 0.989 1.107 1.204

N otes: T est conditions are identical to those o f  Table C.2.

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



www.manaraa.com

89

Table C.7a Evaluation o f  the Efficiency o f  C leaning Rates vs. W ater 
C onsum ption (cleaning o f  oil paint by pulsate nozzle a t an reduced 
stand o f f  distance)

cleaning rates
(m 2 / hr)

water consumption
[X 10‘: (m 3 / m: )]

traverse
speed

(cm /m in)

stdoff
5.0cm

stdoff
6.0cm

stdoff
7.0cm

stdoff
8.0cm

stdoff
5.0cm

stdoff
6.0cm

stdoff
7.0cm

stdoff
8.0cm

3920.0 9.14 8.54 7.62 7.01 0.591 0.632 0.709 0.771

4200.0 9.27 8.66 7.73 7.11 0.585 0.623 0.699 0.759

4400.0 9.63 9.09 8.04 7.39 0.56 0.594 0.672 0.731

4790.0 10.71 10.10 8.99 8.22 0.504 0.535 0.601 0.657

N otes: T est conditions are identical to those o f  Table C.2.
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T a b le  C .7 b  Evaluation o f  the Efficiency o f  C leaning R ates vs. W ater 
C onsum ption (cleaning o f  oil pain t by com m ercial nozzle at an 
reduced stand o ff  distance)

c lean in g  ra te s  
(m2 1 hr)

Vffiifir consumption 
[X 1 0 ': (w 3 / w : )]

traverse
speed

(cm /m in)

stdoff
4.0cm

stdoff
6.0cm

stdoff
8.0cm

stdoff
10.0cm

stdoff
4.0cm

stdoff
6.0cm

stdoff
8.0cm

stdoff
10.0cm

3000.0 5.94 5.54 4.95 4.55 1.202 1.289 1.443 1.596

3080.0 6.084 5.67 5.07 4.66 1.174 1.259 1.408 1.532

3250.0 6.39 5.96 5.325 4.89 1.117 1.198 1.34 1.46

3660.0 7.71 6.63 5.93 5.44 0.926 1.077 1.204 1.322

N otes: T est conditions are identical to those o f  T able C.2.
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T a b le  C .8 a  Evaluation o f  the Efficiency o f  C leaning R ates vs. W ater 
C onsum ption (cleaning o f  epoxy paint by pulsed nozzle a t an 
reduced  stand o ff  distance)

clean ing  ra te s
{n r! hr)

w a te r  c o n su m p tio n
[X 1 0 ': (/K3 / .*772)]

traverse
speed

(cm /m in)

stdoff
5.0cm

stdoff
6.0cm

stdoff
7.0cm

stdoff
8.0cm

stdoff
5.0cm

stdoff
6.0cm

stdoff
7.0cm

stdoff
8.0cm

3570.0 8.23 7.68 6.86 6.31 0.656 0.703 0.787 0.855

37500.0 8.50 7.93 7.09 6.60 0.635 0.68 0.762 0.818

4000.0 9.00 8.40 7.51 6.99 0.61 0.643 0.719 0.773

4560.0 9.99 9.33 8.34 7.76 0.54 0.579 0.647 0.696

N otes: T est conditions are identical to those o f  Table C.2.
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Table C.8b Evaluation o f  the Efficiency o f  C leaning Rates vs. W ater 
C onsum ption (cleaning o f  epoxy paint by com m ercial nozzle at an 
reduced stand o ff  distance)

cleaning rates
(nr U r)

water consumption
| A . v  y „  , n .

traverse stdoff stdoff stdoff stdoff stdoff stdoff stdoff stdoff
speed

(cm /m in)
5.0cm 6.0cm 7.0cm 8.0cm 5.0cm 6.0cm 7.0cm 8.0cm

2490.0 5.04 4.72 4.21 3.86 1.417 1.519 1.71 1.85

2570.0 5.17 4.82 4.31 3.96 1.381 1.481 1.566 1.803

2800.0 5.58 5.21 4.65 4.28 1.280 1.370 1.536 1.668

3180.0 6.26 5.85 5.22 4.81 1.141 1 .2 2 0 1.368 1.488

N otes: T est conditions are identical to those o f  Table C.2.
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T a b le  C .9 a  Evaluation o f  the Efficiency o f  C leaning Rates vs. W ater 
C onsum ption (cleaning o f  rust by pulsed nozzle at an reduced stand 
o f f  distance)

c i v u i i u i g  a a i t J

{ n r ! hr)
»« u i v i  w a i o u i i i | / u v i i

[X 1 0 '2(/723 /m 2)]

traverse
speed

(cm /m in)

stdoff
5.0cm

stdoff
6.0cm

stdoff
7.0cm

stdoff
8.0cm

stdoff
5.0cm

stdoff
6.0cm

stdoff
7.0cm

stdoff
8.0cm

1200.0 3.91 3.62 3.21 3.02 1.385 1.501 1.688 1.801

1600.0 4.21 3.92 3.41 3.22 1.286 1.385 1.588 1.688

1900.0 5.11 4.71 4.12 3.91 1.059 1.149 1.317 1.385

2550.0 6.61 6.12 5.31 5.12 0.818 0.885 1.088 1.059

N otes: T est conditions are identical to  those o f  Table C.2.
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T a b le  C .9b  Evaluation o f  the Efficiency o f  C leaning Rates vs. W ater 
Consum ption (cleaning o f  rust by com m ercial nozzle at an reduced 
stand  o ff  distance)

v a v » a a a a a a £  a  *a*vw >

{trr I hr)

u / o f a r  A a n r u m n f ! / > n  
** a* t v  a v v t a ) u a i l | a » a w n

[X 1 0 ': ( w3 / / 772)]

traverse
speed

(cm /m in)

stdoff
5.0cm

stdoff
6.0cm

stdoff
7.0cm

stdoff
8.0cm

stdoff
5.0cm

stdoff
6.0cm

stdoff
7.0cm

stdoff
8.0cm

490.0 2.27 2.11 1.92 1.72 3.145 3.401 3.751 4.202

580.0 2.51 2.32 2.12 1.91 2.856 3.101 3.402 3.758

750.0 2.91 2.72 2.31 2.22 2.462 2.644 3.101 3.245

1100.0 3.41 3.22 2.71 2.51 2.11 2.23 2.644 2.856

N otes: T est conditions are identical to  those o f  Table C.2.
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cavity

upstream  dow nstream
nozzle nozzle

Figure D.l Stream line C ontour P lot for Pulsed N ozzle  (contour 
level; = 59.75 cm 2 /s and =  0 .00 cm 2 / s ) a t t= 0 .5 X 1 0 '3 
sec A fter Initiation o f  the Pulsate F low  ( T e s t  conditions: 
upstream  nozzle: #10 (0 .2 5 4  m m ); dow nstream  nozzle: #12 

(0.305 mm ); h =  0.75 mm ; P =  330.7 M p a )

Figure D.2 Turbulent K inetic Energy C ontour for Pulsed N ozzle  
(C on tour Level: k ^  = 0 .2 4 9  x 109 c m 2 / s 2 and k ^  =  0.160 x 104 
c m 2 / s 2 ) at t = 0 .5 X 1 0 '3 sec A fter Initiation o f  the  Pulsate F lo w ; 
(T est conditions are identical to  those in Fig. D .l) .
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F ig u re  D .3 T urbulent Energy D issipation C on tour for Pulsed  N ozzle  
( C ontour Level: e__ = 0.237 x 10locm 2 / s 2 and  e ■ =  0.163 x 10s> ma x mm

c m 2 / s 2 ) a t  t =  0 .5X 10"3 sec A fter In itiation  o f  the Pu lsate  Flow . 
(T est conditions are identical to  those in Fig. D .l) .

F ig u re  D .4 Pressure C ontour for Pulsed  N ozzle  ( P =  -  0 .1356  x 10s 
— 0.6099 x 1010 gm / c m - s 2 ) at t = 0 .5 X 1 0 '3 sec A fter In itiation  o f  the 
Pulsate Flow ). (T est conditions are identical to  those in Fig. D. 1 )

j i i rrrrrrrn
i 1 i i ! V: t i i  ii i : i i i : : :  11
j i i i i ; i  I i  % i

313 3 5

F ig u re  D .5 V elocity V ecto r Plot for Pulsed N o zz le  ( u ^  =  1002 m  is 
and u a  = 2 3 0 m / s )  a t t = 0 .5 X 1 0 '3 sec A fter Initiation o f  the Pulsate 
Flow ). (T est conditions are identical to  those in  Fig. D . l ).
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\
Eo«,~sm
+

>>
'o

0.59994

0.19774  -

0.«10  0.343  0 .5 8 7  1.052  1.375  1.719
nr;

F ig u re  D .6 Axial Velocity D istribution A long the F low  Axis 
a t t = 0.5X1 O '3 A fter In itiation o f  Pulsate F low  ( test
rn n H i t in n c  ar#* irJpntira l  t n t t i n Q p m  Ficr D O
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( a )  u ™, =  9 5 2 m / s a n d  u _  =  215 m / s  at t = 0 .1X 10"3 secv /  max c o l

:n i l n i n MS n m t i

( b )  u rai!=  9 2 2 m / s a n d  u ra( = 2 0 2 m / s  at t  = 0 .5X 10-" sec

i h ' i m i i  in tt

1 I I I

! i : M : : : i j :I \ ! ! ! ! ! ! ! !
1 I 1 I t I I M 1 i I

( c ) u m® = 902 m Is and uCT, = 189 m / s  at t  =  0 .1 X 1 0 '2 sec

i l M

1 i i i ! T “ i I ! I l i  i 1 ' •

l u i h i

( d )  Umm= 883 m / s a n d  uedl= 1 7 8 m / s  at t  = 0 .5 X 1 0 '' sec

F ig u re  D .7 Velocity V ector P lot for Pulsed N ozzle at D ifferent 
T im e A fter Initiation o f  Pulsed Flow  ( test conditions are identical 
to  those in Fig. D . l )
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a t  N o z z l e  E x i t

0 I I I

l i m e  {xl O ' - ) s

Figure D.8 Variation o f  Axial Velocity w ith Tim e at the E xit o f  Pulsed 
N ozzle (by N um erical Simulation).
M axim um  axial velocity is presented at the central line o f  the nozzle and  test 
conditions are identical to those in Fig. D. l .
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1.0

0.0

■0.5

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.3 0.9 1.0
l i m e ( x l 0 ‘ 2) s

( a ) The Length o f  D ownstream N ozzle is 2 m m
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If Axial Velocity with lime 
at Nozzle Exit

1-1o »-t

( b ) The Length o f  D ow nstream  N ozzle  is 4  mm

Figure D.9 The effect o f  D ownstream  N ozzle  on Perform ance o f  Pu lsed  W J N ozzle
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cavity

dow nstream

co n cav e

angle

up stream d ow nstream
nozzle nozzle

( a ) D ownstream  Edge w ith C oncave Shape

cavity

dow nstream

(convex '

angle

upstream dow nstream
nozzle nozzle

( b ) Downstream Edge w ith Convex Shape

F ig u re  E . l  Schem atic o f  Pulsed W J N ozzle with D ifferent G eom etry o f  D ow nstream  Edge
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( a ) S tream line C ontour P lot for D ow nstream  Edge 
w ith  C oncave Shape

( b ) S tream line C ontour Plot for D ow nstream  Edge 
w ith C onvex Shape

F ig u re  E .2  Stream line C ontour Plot for D ow nstream  Edge w ith  D ifferen t G eom etry
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r=0.0mm

( a ) V elocity at the E xit o f  N ozzle w ith C oncave Shape o f  D ow nstream  Edge
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V a r i a t i o n  O f  A x i a l  V e l o c i t y  w i t h  T i m e  
a t  N o z z l e  E x i t

1.5

1.3

0.7

0.5

0.3

0.1
n 1Ui

■0.3

■0.5

0.0 0.1 0.2 0.3 O.'l 0.5 0.6 0.7 0.8 0.9 1.0

Time (xl O-2) s

( b ) V elocity at the Exit o f  N ozzle w ith C onvex Shape o f  D ow nstream  Edge
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( c )  V elocity  a t the Exit o f  N ozzle w ith  Plate Shape o f  D ow nstream  Edge

F ig u re  E .3  The Velocity at the Exit o f  N ozzle with D ifferent G eom etry o f  D ow nstream  
E dge (T he results show  the best perform ance o f  the concave dow nstream  edge)
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0 . * » * * • * » /

| I i I ■ I ■ ! i ! . I i ! , 1 , I , I , I

0.0  0.1 0.2 0.0 0.0 0.5 0 .0  0.7 0 .8  0 .9  1.0
Time ( x 1 0 '2) s

( a )  T he pulsed je t  perform ance w ith the angle o f  dow nstream  edge o f  80°
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(  c ) T he pulsed je t perform ance with the angle o f  dow nstream  edge o f  7 0 ° .
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