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ABSTRACT

In order to study the effect of water jet arrangement on conical cutter cutting performance, rock broken mechanisms
under the three arrangement modes(no water jet mode, water jet praevia mode and water jet lateral mode) were
analyzed based on Evans theory, and mathematical model of the hole compressive stress was obtained. According to
the model, water jet praevia mode can reduce the conical cutter cutting force more obviously than water jet lateral
mode, and the correctness of above mentioned research results were confirmed in cutting test. The cutting test also
showed that: in the condition of this paper, water jet praevia mode could reduce 37.52% cutting force and increase
6.9% fractal dimension of the broken rock compared to no water jet mode; water jet lateral mode could reduce
24.36% cutting force and increase  4.6% fractal dimension of the broken rock compared to no water jet mode, but
this combination mode had obvious effect on improving proportion of big lump detritus.

Key words: Water jet; conical cutter; rock broken; rock bmokmechanism; size distribution; fractal
dimension

INTRODUCTION

The technology of cutter cutting rock combined wititer jet has been researched for nearly 40 yahish aims to
reduce the pressure on cutter body, extend sdifga# cutter and increase rock broken efficientlie main research
achievements were stated in following passage.

The radial cutter cutting experiment which combiméth water jet was carried out by M. Hood[1], whimdicated
that water jet arranged in the head position ofr#tuial cutter could get better cutting performaridee performance
of high-pressure jet in assisted drilling was resiead by D. A. Summeat al[2]and S.D. Veenhuizegt al[3], in their
research they found that ultra-high pressure wjateassist drilling can improve the drilling effésicy of 1.5~1.6
times; The experiment of cutting rock by disc aut@mbined with water jet had been done by D.Z.rgi], and this
experiment indicated that the rock crack producgdiisc cutter could be extended by following wgtty which
resulted in broken rock quantity’s increasing; Mia water jet was applied in assisting PCD cutteaeation test by
R.J. Fowelket al[5] and R. Cicclet al[6], the tests shown that with the high water jelph wear loss of cutter could
reduce obviously, and the cutters’ service timelc¢amproved 80%; Experimental research of freeimgllcutters
assisted by water jet in hard rock cutting was cotell by O. Fenm[7], which indicated that cuttimgce was
decreased with the jet pressure’ increasing, whermptessure reached 40 MPa, the cutting force weualdce 40%;
Numerical simulation method was introduced into tesearch of high water jet assist mechanical cirteock
excavation by W.H. Zhang al[8] and Chandrakanth 8t al[9], which indicated that combined cutting methaodiid
double the cutting efficiency and the optimum spae®veen cutter and water jet is 13 mm; Experinramstigation
on the breakage of hard rock by PDC cutters wiffedint combined action modes was carried out . Xi et
al[10], which indicated that water jet could efficighenhance the PDC cutters’ performance in haodk qutting;
High pressure water jet assist cutter cutting aiss applied in cobalt-rich excavation by Z.H. Huaamgd Xie
Y.[11],which indicated that the method of waterged cutter action on the same point could decrémgsminimum
and maximum cutting force at the same time.
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From the above statement, we can see that thercbseark of water jet assist mechanical excavatiame been
heavily focused on oil drilling area, rarely on migparea, especially of coal mining area. Greatrayiforce and short
service life of cutters were still the main probtewhich influence the excavation efficiency in coahing. With the

help of coal mining technology development andrtb&in advantages, conical cutters have been widenoted

and applied. Therefore, the methods research atiegd conical cutters’ cutting force and wear beedhe key point,
and introducing the water jet into the processaufical cutters’ excavation will be an appropriatéution in current
researches. As such, rock broken mechanism analydisutting tests under the three arrangement sngdewater
jet mode, water jet praevia mode and water jetdateode) were carried out in this paper

ROCK BROKEN MECHANISM UNDER THE THREE ARRANGEMENT MODES

In the present study about water jet assist cattiging rock, the arrangements of cutter with wgecould be mainly
divided into three modes. The first mode: watemjas positioned in the front of the cutter (watgrgraevia mode);
The second mode: water jet was positioned in tthe tie cutter (water jet lateral mode); The thiroder water jet
channel was positioned in cutter and the water j@ted from the cutter head. The third mode was ahslled

hydro-cutter and its fundamental form was shownHuy.1. But, high processing technology was requkste
manufacture of the third mode, and blocking phenmmnewvas occurred easier as the wateejétcontact with rock
directly, so the first mode and the second modeweed more widely. The basic idea of using therhedes cutting
rock was like that: using wedge effect of watergeack or free surface was produced in rock tocedutting force of
cutter. Compared with pure cutter cutting, streatesof rock was changed by water jet, and fors&itution on the
cutter was also changed. So in this paper, refgtianEvans rock cutting theory, rock broken mecéiusi were
discussed under the three arrangement modes (&0 wamode, water jet praevia mode and waterterél mode,
which were shown by Fig.2).

Hydro-cutter

Jet channel

&

‘Water jet lateral
. -il ) mode

Fig.1: Structure of hydro-cutter Fig.2: Two water jet arrangement modes

Rock broken model of no water jet mode

Evans rock cutting model was a classical model,ynsgholars had used this model to develop furtbsearches on
rock cutting [12-14]The fundamental form of Evans rock cutting modaswhown by Fig.3, and this model was also
the rock broken model of no water jet mode.

In this mode, stress state of cutter presented strival distribution along AB, and cutting forceutd be obtained
just by discussing one side stress state of AhdrEvans research, torque balance equations Wweaimed by taking
the torque of force R, rock tensile force P1 wratdng the symmetrical line AB and rock tensile &kl which along
the caving line BO to O point. where, T1,T2 isthejue of P1,F1 to O point respectively, and wéi@s as the Eq(1)
and Eq(2).

Fig.3: Rock broken model of no water jet mode

T, =Rl =t] (h-e)de )

Where,t- rock tensile stress, in normal condition, t=(6:03)s, ¢ is rock compressive strength;
a- radius of broken hole;
h- cutting depth;
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e- distance to B point.

h 1 h
T,=FL,=t————=
2 PR cosar, 2cosa, @
Where @, - half break angle.
Torque balance equations was shown by Eq(3).
R sina, +t[" (-e)de=t h 1 _h 3)
cosr, a cosa, 2cosf

Just because a was very short amd a, tj:(h—r)dr could be instead by.[oh(h—r)dr . So, force R as shown by
Eq(4) could be obtained by solving Eq(3).

_ thsin® 2,
" 2co i @)
sy, sim,
According to figure 3, the force R also can be egped by Eq(5).
R:_[dR:J._a; gacosu @r = 2a sim, (5)
The compressive stress of hole g can be obtaiolving Eq(4) and Eq(5), and it was shown as Eq(6)
thsin® 2a,
(6)

" 4acos, sifia,

rd

2a

Fig.4: Calculation diagram of cutting force

The Fig.4 was the calculation diagram of cuttingéo As Fig.4 showing, the infinitesimal areaabuld be expressed
by Eq(7).

dA=rdnds 7)(
Where,r-the length of UK, and it could be insteaddy

dn-the included angle of infinitesimal radian;

ds-the infinitesimal of length s .

The infinitesimal force & could be get and it was shown by Eq(8).

dr=_0 thsin® 2z,
cosd  4dacosy sifa, cof

rdnds (8)

Where,f — half cone angle.

The infinitesimal cutting force@ could be get and it was shown by Eq(9).
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thsin® 2a,

dQ =dRsing=
R 4cos2r, sifa, cef

dndr )

The cutting force& could be shown by Eq(10).

thsin® 2, Jzn ,[a _ athsif 2y
0

=1dO = r =
Q JQ 4cos 2y, sifia, cof 0 2cog? S, B

(10)

The cutting force should overcome the compress stress caused bydkevhich contacted with the conical surface,
and theQ was approximately equal Eq(11).

Q= nalo (11)

According to the Eq(10) and Eq(11), the cuttingzéowas was shown as Eq(12).

t*h?sin® 20,
Q= i - 1 (12)
4cod 2, sifa, cosbo
From above, we could get the conclusion like thatdutting force& was mainly determined by the hole compressive
stresqy.

Rock broken model by water jet praevia mode

Due to the water wedge effect of jet, when the wjateset in front of the cutter, the crack wasdued in symmetrical
line AB of rock, then free surface was formed. The cragitldhl was determined primarily by water jet puessjet

distance and nozzle shape. Due to the free surfatier stress state changed when cutter cutticlg Bnd its rock
broken model was shown by Fig.5. As the crack syimmetrical lineAB, stress state of the rock on the sideA®f
also could be regarded as the same, so only orecsiting force research was needed. By referertcimgsearch
methods of Evans cutting theory, torque balancegu of water jet praevia mode cutting force cooatdobtained,
and it was shown by Eq(13).

Fig.5: Rock broken model by water jet praevia mode

h . hy =y h, 1 h,
sinag, +t -e)de=t =

R cos o, L . -e) cos@, 2 cos, (13)
Whereh,- cutting depthh,=h;
h;- crack depth;
o4- half break angle.
ForceR,; as shown by Eq(14) could be obtained by solvinfLBQ

th,sin® 20,  th? cos2,_th] sif 2,th; cos @, (14)

_2003272 sir, 2sim,h, 2cog?, sinh,

As the hole compressive stragscould be expressed by Eq(15).
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_thZsin® 2, th/ cos 2,
4acos 2, sifa,h,

(15)

From Fig.5, Eq(6) and Eq(15), we could see thie anglex, would be smaller than anglg, because the pressure

spread on linéB in fig.5 was smaller than that in fig.3; With ttack deptlh, value’s increasing, the half break angle
o, would become more and more small; when half beeale 2, was smaller than cutter half cone ang@lehe
contact of the cutter head and rock will become eemplex, and the calculate cutting force woulchhech smaller
than real force which used the Evans rock brokeorghto calculate. But, whatever above mentionedstil could
concluded that the water jet exiting was able wuce the cutting force on occasion of water jeepiea mode
(Ri<R).So, if cutter half cone angt&2a, , g, could be expressed by Eq(15).

Rock broken model by water jet lateral mode

When the water jet was set in a side of the cuttercrack was produced, and the rock broken medsishown by
Fig.6. As the water jet impinging was unilaterainfp the force state on both sides of symmetricel AB should be
analyzed separately. The torque balance equatione$ide with water jet was shown by Eq(16) , fiinque balance
equation of the other side could be shown by Eq(17)

Fig.6: Rock broken model by water jet lateral mode

Rz h4 Sina'3+tjh" (h4—e)cb:t h4 1 h4
cos v, a cos#, 2cosf

(16)

whereh,- cutting depthh,=h;

hs- crack depthhs= h;sing;

f- incident angle of water jet;

a3, o4~ half break angle, in normal conditiotan2r, # /h,;

| -distance of water jet incident position to symriced line AB.

Rs—h“_h3 sina4+t.[:“ (h,—e)de=t h-h; 1 hh,

cos 2y, cosaz, 2cosg, A7)

Stress force of cuttd®,, R; could be separately obtained by solving the Eq#@§17), as shown by Eq(18), Eq(19).

th, sin® 2,
= 18
R 2cos 2y, sim, (18)
t(hi sin® 2o, - Znh,+h3)

2cos2r, simr, [,—h;)

As R, andR; were shown by Eq(18) and Eq(19), the g2 and g&ldoai gotten and shown as by Eq(20) and Eq(21).

g = tusin2r, (20
* Jacos 2y, sifa,
_t(h?sin? 20, - Zhh, +h?) (21)

° dacosa, sifa, b,-h,)
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Just for the hole compressive strgsandq; caused by the same cutter, theshould be equal tg;, and it was shown
by Eq(22).

hsin® 27, _ (2sirf 2r,— Bh,+h?)
cosar, sifa,  cosa, siw,h(-h, )

(22)
According to rock broken model by water jet lateralde, the moments to poi@tshould achieve a balance which

was shown by Eq(23).

h4
’2cos 2r,

(R, cosa, +R, cow, , tan@,+Rh, sia ,+F, cos;a’ZAh‘(erh3 IF
(23)

F,sin2a, (, tan2r, + h, ;h3 tan2, yhR, sio,

Also, in the whole process, the main forces shaclieve balances, and they were shown by Eq(24Eg(i2b)
R,cosa,+R, cosr,=F, sinZ,+F, sin2, (24)
R,sina,-R,sina,=F, cosz ,-F, cos@, (25)
The relationship of; anda, could be obtain by solving Eq(23), Eq(24) and Bjy(2nd it was show in Eq(26).

coszr, _ h,
coszr, h,—h,

(26)

The situation of the break angle smaller than ciizéf cone angle which mentioned in water jet pimenode might
also happen in this mode. In order to avoid thmeg,ibcident anglg must be smaller than cutter half cone angle (
£).But from Eq(26), we could conclude that the tm#ak angle:; was smaller than the half break angleSo, thex;

also should meet the condition®f 20;.Beyond thatg; also should not be larger thapwhich was the half break
angle on occasion of no water jet mode. So, theémce anglg should meet the request which was show as Eq(27).

arcos@ cof ¥ 908< arcog(h_—h3 cos2 (27)

Yy

As seen from the Eq(6), Eq(15) and Eq(20), we catrtlie calculate result of th&t > d, > g, when the effect of

break angle on cutting force was ignored. Howevethe actual situation, force balance state ofecututting was
changed due to the presence of water jet. Wherr yedteraevia mode was employed, the half breakeango,, and
the difference betweean, anda, is governed mainly by crack depth, cutting deptti eock property. But in general,
the difference was not large. When water jet lateade was employed, half break anglevas determined primarily
by incident angle of jet, crack depth and rock prbp and also, half break anglgwas influenced by,. According
to the current researches, cutter break angleagagtan the maximum break angle and was morédiacone angle
of cutter alloy head in whatever situation. In nafroondition, when the rock was hasd@5 Mpa), the half cutter
cone angle should be more than 35°, and the razkiangle might be more than 50°. Within this scop#ing force
would not greatly affected by break angle. Socdwclusion could be got from the above establighgting force of
cutter model: under the normal condition, cuttettiog force of the water jet praevia mode was thss that of no
water jet mode and water jet lateral mode.

TEST REASEARCH OF THE THREE ARRANGEMENT M ODES

In order to validate the correctness of the abbeertetical analysis, the cutting process were éxgatal studied in
three modes: no water jet mode, water jet preavdamand water jet lateral mode. The test-bed waslyn@onsisted
of four systems: hydraulic system, oil system, ciittg system and mechanical system, and its streiciagram was
shown by Fig.7. Water jet pressure, nozzle postiod jet incident angle were adjusted by wateresysSlide guide
speed and cutter position were adjusted by oilesysind mechanical system; Slide guide speed and cn#ing

force of cutter were detected by detection system.

In the test, jet outlet diameter was 3mm,; jet thdigtance was 10mm; the type of conical cutter W82 which was
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produced by Kennametal company; cutter cuttingemgls 35°; cutting depth was 20 mm; compressiength of
artificial rock was 26.4 MPa; tensile stress wat8IMPa; slide guide speed was 4 m/min; water jesgure was 2
Mpa. Rock breakage after being dried under thestareangement modes were shown by Fig.8 (the paeeasnef
water jet lateral maat the height from nozzle to rock is 10 mm; jeidient angle 8 =40°, and it pointed to the cut
head). The cutting force of this three arrangemssdes were shown by Fig.9. Main Statistic of cgtfiorce in this
test was showhy Table 1. Particle size classification under thige arrangement modes was shown by Table Z
crushed rock weight was the weight after di

Conical cuttey WVater jet nozzle

Pressur
sensr Atrtificial coal
Slide guide
MECHANICAL
5 SYSTEM
”“"IXI \ﬁ/ =N . HYDRAULIC
olL sysTemL : SYSTEM
— ﬁ? [%/
Velocity
sensor
L
DETECTING
SYSTEM

(a) nowater jet mode (b) water jet praevia mode (c) water jet lateral mode
Fig.8: Rock breakage after being dried under the three arrangement modes

400, 160 200

o o b
| C LA T e

20 25 2
Time (5)

2
o

Force (N)

Force (N)

Force (N)

00 05 0 5 20 25 30 35 40 45 50 0. 45 50

Time (s) Time (s

(a) nowater jet mode (b) water jet praevia mode (c) water jet lateral mode
Fig. 9: Cutting forces of the conical cutter under the three arrangement modes

Table 1: Test statistic of the cutting forces

Project no water jet modg water jet praevia modevater jet lateral moc
Maximum cutting force (N 373.17 134.55 170.3:
Mean cutting force (M 108.57 67.83 82.17
Mean square error 41.09 8.01 15.2¢
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Table 2: Particle size classification under the three arrangement modes (dry weight)

no water jet mode water jet praevia mode watdajetal mode
Particle size classification (mm) W&i]g);ht proportion (%) W&i]g);ht proportion (%) W?gi]?ht proportion (%)
<5 261.7 42.5 439.9 62.8 547.6 57.3
5-10 164.7 26.7 138.1 19.7 87.7 9.2
10- 20 97.2 15.8 97.3 13.9 94.2 9.9
20-30 69.5 11.3 24.8 35 201.1 211
>30 23.1 3.7 0 0.0 24.7 2.6
Fractal dimension 2.60 2.78 2.72
Square error 0.940 0.911 0.958
DISCUSSION

From Fig. 9 and Table 1, it can be seen that: thrimum cutting force, mean cutting force and megrase error of
water jet praevia mode were less than othersm#gimum cutting force was 63.94 percent smallen tha water jet
mode, and its mean cutting force was 37.52 persmaller than no water jet mode; the water jet &tarode also
could reduce the maximum cutting force, mean cgtforce and mean square error, but it was infadowater jet
praevia mode, the maximum cutting force could redb4.36 percent value according to n water jet,thednean
cutting force could reduce 24.36 percent. From tloisclusion, we can confirm that the theoreticadlgsis was
correct. Simultaneously, the test results alsociatgid that the cutter cutting force and energy waypsion could be
reduced obviously when the water jet was added.

From the changes of cutting force in Fig.9, it te@nseen that: The fluctuation period of cutteringtforce which

added or not added water jet was totally differénttting force and the fluctuation period coulddhanged by water
jet, this appearance was more obvious in Fig. @(al) Fig. 9-(b). When cutter cutting the rock withter jet, more
crack and free surface were produced in the rookdier jet, and it changed the rock broken formlamodken energy
which affects the fluctuation form of cutting forda other word, the particle size classificatidrbooken rock could
be predicted by fluctuation form of cutting forte this test, change cycles of cutting forces i Bi(a) and Fig. 9-(c)
were much larger than that in Fig. 9-(b). Basehispioint, we could concluded that the numberdgdér size broken
rocks which obtain from no water jet mode and wgedateral mode were much larger than that froatew jet

praevia mode, and this conclusion was well provwedable 2.

From Table 2, we could see that: On occasion oémjat praevia mode, the size of broken rock wisictaller than
5mm or larger than 30mm didn't exist at all; Bu¢ tlarge size broken rocks were easier to obtaimedcoasion of
water jet lateral mode. For further quantitativalgsis of the broken rock size distribution, thécakation formula of
fractal dimension had been introduced from refezdi&] which was shown by Eq(28). Correspondintig, fractal
dimension D of broken rock under this three condsiwere obtain by Eq(28). The calculate resultewbaown by
Table 2, and the fractal distribution of brokenkegas shown by Fig.10.

IN% /X, =(@B-D)Inm /m (28)

Wherex-particle diameter of broken rock, mm;
Xmax-Maximum size, this test was 40mm;

m-weight of broken rock whose size was smaller thakg;
m-total weight of broken rock,k g.

From the fitting line of Fig.10 and square erroiable 2, it can be seen that: the particle sizieroken rock in the
three modes all had the fractal feature, and thetdt characteristic was more apparent on occadioo water jet
mode and water jet lateral mode. As seen in Taldl@m&al dimension of water jet praevia mode veagest, and water
jet lateral mode occupied the second. This sitmatiocurred just because the water jet could ineréhs rock
breaking degrees. But it was also different underttvo arrangement mode. Small size broken roékr(sm) was led
to increased by water jet praevia mode, while trepertion of large size broken rock (>20 mm) wadueed,;
Although water jet lateral mode brought a certaoréase in the number of small size broken roekeffect on large
size broken rock number increase was more obvibius.main reason was that: crack would be generaltedh the
rock was directly impacted by water jet, and treckrgeneration was due to the small size brokek smcsmall size
broken rock number would be increased as long &snjet existed; On occasion of water jet praeviala) the crack
was first generated in the middle position of tbek; and the probability of breakage in rock midptesition was
increased which was disadvantage to the generatitamge size broken rock; But beyond that, Asdhter cutting
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the rock, the crack in the middle position wasinect contact with cutter which caused the incnegsif the cutter an
rock contact area, andg more complicated friction and extrusion effeotid bring more small size broken rock;
occasion of water jet lateral mode, the producimagic was located in the left of the cutter whichuldbbring largel
lateral force, and when the cutter cuttthe rock, more large size particles would be peed generated from tt
rock.

0.0
021+

04F -7

-0.6 -

Inm;/m

-0.8

-2.0 -1.5 -1.0 -0.5 0.0

Fig.10: Fractal distribution of broken rock
CONCLUSION

(1)Base on Evans rock cutting theory, rock broketmanisms of no water jet , water jet in aheadtjposandwater
jet in side position were researched, mathematizalel of the hole compressive stress was obtaivethrding to
the model, we could concluded that the cuttingdaytwater jet praevia mode was minimum, and n@&mjet mode
was maximum.

(2)Thecutting tests of the three water jet arrangemerdangere carried out, and the tests indicated thaier jet

praevia mode could reduce 37.52% cutting force water jet lateral mode could reduce 24.36% cutforge

compared to no water jet mode; Wwater jet, conical cutters work environment couédobviously improve and
their service life would be extend

(3) The fractal characteristic of broken rock undifierent conditions were investigated. The resaliowshat: the
fractal dimensiorof broken rock was enlarged as a result of the mateexistence, and the rock broken degree
improved; The percentage of small rock fragmentseiased dramaticy when the rock breaks under water
praevia mode; On the contrary, water jet lateratlencould enhance the percentage of big rock fraggmbstinctly

(4) According to the effects of water jet arrangam@ode on cutting force and the broken rsize, the water jet
praevia mode is suggested to apply in the desigmamf rock cutting mechanism for improving the rbcken degre
and reducing the tool consumption. However, theenjat lateral mode is recommended to apn the design of soft
rock cutting mechanism to reduce the equipment pawd improve the rock fragments s

Acknowledgements

The authors would like tacknowledg the Foundation of National 863 Plan of Ch{812AA062104, the Nation
al Natural Science Foundation©hinz (51005232), the project funded by the PrioAtademic Program Develop
ment of Jiangsu Higher Educatibrsiitutions,

REFERENCES

[1] M Hood.J. S Afr. I. Min. Metall.,1976, 77(4), 79-90.

[2] AS David Dwight J. Bushnell, Preliminary experimentatichtioe design of the water jet drilling device.!
International symposium on jet cutting technolatpnuary1976, Rdla,Missouri, USA:2:-40

[3] SD Veenhuizen, DL Stang, DKelley, JR Duda, JK AslaksorDevelopment and testing of downhole pump
high-pressure jeassist drilling. SPE Annual Technical Conferencd Brhibition, £-8 October, San Antonio,US:
Society ofPetroleum Engineers,1-190.

[4] DZ ChengHigh Pressure Water Jet, 1982,72, 1-13.

[5] RJ Fowell, OTecen, Studies in water jet assisted drag pick exclvation, 5th ISRM Congress,-15 April 1983,
Melbourne, Australia: International Society for Rddechanics ,2C-213.

[6] R Ciccu, G BattistaRock Mech. Rock. Eng., 2009,43(4),465-474.

[7]1 © Fenn.Tunn. Undergr. Sp. Tech.,1987,87(4),137-147.

[8] WH Zhang,ZM Wang, JQ YiChinese Journal of Rock Mechanics and Engineering, 2005, 24(23), 4373-4382.

1220



K.D.Gao et a J. Chem. Pharm. Res., 2014, 6(3):1212-1221

[9] S Chandrakanth, XM Deng, EB Abdétt. J. Mech. <ci.,2003, 45(6-7),1201-1228.

[10]1XB Li.,DA Summers.,G Rupert, P Santunn. Undergr. Sp. Tech.,2001,16(2),107-114.

[11]ZH Huang, Y Xie, 2011,Cutting Cobalt-Rich CrustgshwWater Jet. 2nd ICDMA, 5-7 Augu2011, Zhangjiajie,
Hunan, China: IEEE Press,335-338.

[12]1 EvansColliery Guardian,1984,232,189-191.

[13]1 Evans. Int. J. Min. Endl984,2,63-71.

[L4]RM Goktan, N Gunesl. S. Afr. I. Min. Metall,2005,105, 257-264.

[15]SY Liu, CL Du, JP LiJournal of china coal society,2009,34(7),977-982.

1221



