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Theoretical and Experimental Studies
on the Cut Zone Generated by AWJ
Process

The aim of this paper is to make a theoretical and experimental study to
evaluate the water jet influence on a metallic material used in oilfield
manufacturing, using AWJ process. It was investigated how the scattering
of the jet has influenced the width of the kerf and neighboring area. The
metallic material is P275NL2 which is a low temperature quality steel
alloy specially used in petrochemical industry. The experimental tests were
made on the waterjet cutting machine model YCWJ-380-1520 using pre-
establish working conditions. Theoretical investigations were performed
using CFD simulation with planar 2D fluid flow on the geometrical model.
Graphical correlation was performed between theoretical outcomes given
by CFD simulation and experimental results on the regarded material,
overlapping on the theoretical searching for the cutting velocity and the

hardening velocity limits nearby the kerf.
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1. INTRODUCTION

Due to its advantages over machining 2D geometrical
shape with minimal waste of material, the AWJ process
is widely used in oilfield equipment manufacturing and
compared with plasma and laser cutting technology its
accuracy has several advantages in manu—facturing
process [1, 2].

It is known that there are a lot of parameters which
influence the AWJ process and any change of them can
cause significant modification, both of the process itself
and material quality. The surface quality of ductile
material obtained using AWJ process is related by the
kinetic energy of particles and interaction between these
particles and mechanical proprieties of the material.
Also, process parameters, like traverse speed, abrasive
flow rate, standoff distance and water pressure have
important effect on surface quality [3].

Research was performed using AWJ machine WUXI
YCWIJ-380-1520, with HPN orifice 0.25mm and
0.76mm on MT. Abrasive material used is Garnet
80Mesh and according to experimental measurements
the shape factor 0.622 was obtained for abrasive
particles. Water pressure developed by AWJ Machine is
280 MPa and abrasive flow rate was set to 4.5 g/s.

CFD simulation of the plain jet was performed
regarding flowing parameters, like water velocity,
obtained in previous flowing simulation on active parts
of AWIJ Machine. At the end of MT, it was obtained the
average velocity of water to be about 187 m/s.
According to some researchers [4, 5], the water velocity
along to the mixing tube is between 120 and 400 m/s.

To study the plaint jet, it was regarded that water
velocity distribution is given by Gauss Bell shape [6-8].
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The maximum water velocity is obtained along jet axis
and the influenced area is larger as much as mixing tube
leaves material surface.

According to these, the paper has the main purpose
to perform correlation between CFD simulation and
experiment to establish the velocity which produces the
cutting and hardening of P275NL2 material steel used in
petrochemical industry.

2. THEORETICAL INVESTIGATION OF KW USING
CFD SIMULATION

Due to the turbulences flow, the spare jet shows diver—
gent shape, and the extended diameter is proportional to
standoff distance. According to some authors, the water
velocity distribution for a plain jet it is performed with
the respect of Gaussian bell, as formula (1) [6]: In this
formula, v, represents the maxim velocity value of
water [m/s]; », means the extension radius of spare jet
[m]; x, the distance measured upward of waterjet upon a
virtual source [m].

2
v(x,r) = Vmax 'CXp{— 50; j (1)

X

The region between mixing tube orifice and piece
surface has a large influence on material quality of AWJ
process. For this purpose, a CFD simulation was
performed using Fluent from Ansys Workbench to
study water velocities variation and abrasive fluid
behavior in that region. The main flowing parameter of
the model is water velocity on mixing tube outlet, set to
200 m/s. That value was adopted from previous CFD
simulation based on real experiment measurements.
Consulting reference [9, 10], it a transient time and
multiphase flow-2D was set, Euler, regarding two fluid
phases,the primary phase was water set at the inlet of
MT, and secondary is the air for the environment. In this
study only a liquid phase presents interest in analyzing,
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considering that solid particles are united with the water
stream.

The waterjet flowing was simulated in a spare region
of 70 mm against a solid wall and the obtained water
velocity contour is presented in Figure 1. The entire
model was meshed using quadrat elements so that to
simulate as possible as it can the real behavior of
flowing, resulting in 1665 elements with 1799 nodes.As
can be seen, the waterjet has a diverging structure since
water particles tend to minimal resistance regions like
atmospheric pressure of environment. The maximum
velocity value is about 214 m/s and it is constant along
jet axis up to the wall where stagnation zone is acting.
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Figure 1. Contour of water in CFD simulation [11]

The graphical shape of water velocity up to 4 mm
standoff distance resulted within a pale of CFD
simulation as presented in Figure 2.
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Figure 2. Water velocity distribution according to CFD
simulation [11]

It can be noticed that all graphics present a Gauss
Bell feature, except for MT outlet where distribution of
water velocity is characterized by turbulent flow. Also,
for all distributions it was recorded that maximum value
of velocity to about 200 m/s is on an aperture of 0.21
mm from jet axis. The jet influence can be distinguished
where water velocity increases, wich means that in case
of Imm above the material surface water velocity can
be regarded up to 0.667 mm from jet axis and in case of
4mm standoff it is about 1.1 mm.

3. EXPERIMENTAL INVESTIGATION OF KW

For experimental investigation of kerfs the schematic of
sample presented in Figure 3 was adopted. To highlight
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the AWIJ influence on kerfs, four stages of MTH, five
values of SOD and transversal speed rate of about
4mm/min were regarded.
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Figure 3. Schematic of material sample [11]

Due to some factors of material uniformity, like
remanent stresses, the AWIJ process was performed
along 27mm and 9mm between kerfs, without material
exit along traverse moving on the axis.

The material used for experiment is P275NL2, a soft
alloyed steel used for high pressure equipment,
containing 0.17% C and the yield strength is about
275MPa, according to standard [12].

3.1 Kerf width analysis

For geometrical investigation of KW were performed
measurements using optical instruments included, both
at the entrance of the jet to the material and to the exit,
since kerf geometry presents the tapering shape [13].
Measured values of KW in the upper region are
presented in Table 1. Due to material thickness, it has a
low influence on kerf width generation in the upper
zone. The average of measured values obtained for each
SOD were calculated.

Table 1. KW values on top region, ws [mm] [11]

MTH Standoff distance [mm]

[mm] 1.0 1.5 2.0 2.5 3.0
10 0.895 | 0.923 0.980 1.007 1.089
20 0.867 | 0.894 | 0.868 | 0.927 1.047
30 0.845 | 0.901 0.957 | 0.998 1.039
40 0.829 | 0.899 | 0.928 | 0.946 1.034

Average | 0.859 | 0.904 | 0.933 | 0.969 1.052

Figure 4 depictes the graphical representation of
width kerf variation at the entrance of the jet through the
material, according to SOD.
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Figure 4. KW variation on top region [11]

As can be noticed, KW in the top region presents an
increasing variation tendency as much as the MT leaves
the material surface. This fact occurs due to the jet of
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water diverge with the increase of SOD and the
influenced material area by particles impingement
becomes larger in its turn.The measured values of KW
at the bottom of material are presented in Table 2.

Table 2. KW values on lower region, w; [mm] [11]

MTH Standoff distance [mm]
[mm] 1.0 1.5 2.0 2.5 3.0

Average

10 0.926 | 0.919 | 0.927 | 0.943 | 0.967 0.936

20 0.942 | 0.956 | 0.978 | 1.005 | 1.023 0.981

30 1.006 | 1.023 | 0.979 | 0.971 | 0.976 0.991

40 0.922 | 0.897 | 0.924 | 0.782 | 0.892 0.883

In KW study at the bottom of the material the
average of standoffishness was performed, since the
distance between the surface material and MT orifice
has minor influence on cutting width to the bottom of
the material.

The graphical representation of KW variation with
respect of material thickness to the bottom of the sample
is depicted in Figure 5. As can be noticed, the kerf
width increases up to 30mm depth and after decreases
with a high slope up to 40mm depth. According to some
authors [14], this fact occurs since there are two
mechanisms of wear which rule the AWIJ process along
jet trajectory inside the material. So, the upper zone is
characterized by cutting wear and the lower zone by
deformation wear. The kerf is tighter but more distorted
to the bottom of the material since jet deflection is more
visible in this region.
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Figure 5. KW variation on bottom region [11]

Concerning graphical distribution, the equations
which govern the kerf formation process were
developed. It was obtained that kerf width to upper
region is varying with polynomial distribution given by
relation (2) and to the bottom, according to relation (3)
[11]. In both cases a fitting around 99% was obtained
between tendency curves and experimental.

w, =0.042-6 —0.228-5%2 +0.463-5+0.5814  (2)

I
w; =1.002—-4.78-107"° -exp(gm)—2-869_n(gzm) @)
S

In the above formula, w, and w; mean the kerf width
at top of material respectively to the bottom [mm], J
represents the distance from surface material to mixing
tube orifice [mm] and g,, is material thickness [mm].

For a clearer KW variation to the outlet area of the
jet from the material, it was proceeded to its spatial
representation depending on the SOD and the depth of
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penetration of the jet into the material, as shown in
Figure 6.
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Figure 6. Spatial representation of KW [11]

It can be noticed that the dependence of the KW
with respect to MTH is like the curve presented in
Figure 5. As regarding the KW with respect to SOD,
graphical representation on spatial coordonates is not so
suitable in the range of MTH between 20-40 mm.
Analytical dependence of KW in spatial coordinates for
P275NL2 steel is given by equation (4) and coefficient
of determination R°=0.794.

Wy =0.69-8.57-107° - g, +0.452-5+833-10*. g2 —
—0.242-5% +8.165-10% . g, 5-1.4-107*. g2 + 4)
+0.041-8° +2.62-10* . 5%g, —8.4-107 . 5g2

The analytical relations obtained in KW study can be
used to optimize process parameters, like SOD and

material thickness, to obtain the required quality of
regarded material, using AWJ process.

3.2 Kerf tapering analysis

Considering the results obtained by various researchers
[15, 16], as well as the results from this study, it was
noticed that the shape of the cut obtained by AWJ pro—
cess is not perfectly straight, it can be either convergent
(we> wy) or divergent (w, <w;), as shown in Figure 7.
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Figure 7. Kerf Tapering [11]

Knowing the values of KW previously depicted, it
was established KT and KTA using formulas given by
the relation (5) and (6). Due to KT and KTA
analytically related, graphical representation of both,
depending on SOD have the same shape, excepting only
the values of angles.
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C= Wy =W (5)
Emat
o = @tan_l (gj 6)
T 2

In the above formula, C is the kerf taper [um/mm],
and oy represents the kerf-taper angle [deg].

The obtained values of the and KT and KTA
performed on the P275NL2 steel are presented in Table
3, It can be noticed that in the case of positive sign of
tapering the shape of the cut is convergent along jet
axis, and divergent in the case of negative one.

Table 3. KT and KTA values, C [um/mm] / a, [deg] [11]

MTH SOD, [mm]
[mm] 1.0 1.5 2.0 2.5 3.0
10 -3.067 | 0.400 | 5300 | 6.467 | 12.133
-0.176 | 0.023 | 0.304 | 0.371 | 0.695
20 -3.767 | -3.083 | -5.483 | -3.917 | 1.200
-0.216 | -0.177 | -0.314 | -0.224 | 0.069
30 -5.367 | -4.056 | -0.733 | 0.878 | 2.089
-0.307 | -0.232 | -0.042 | 0.050 | 0.120
40 -2.333 | 0.067 | 0.083 | 4.100 | 3.550
-0.134 | 0.004 | 0.005 | 0.235 | 0.203

In the case of AWJ machining at SOD of 1mm, the
taper of the cuts is negative, which means a divergent
shape, and at the maximum distance between the nozzle
and the piece the taper value has the positive sign for all
four MTH considered. Inside SOD interval, all
graphical representations of tapering present an
increasing distribution, except for 20mm MTH which is
varying irregularly, as can be seen in Figure 8. That fact
occurs due to material is not uniform along jet direction.

16
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Figure 8. Kerf Tapering Distribution [11]

The maximum positive value is 12.1 pm/mm
processing the thickness of 10mm at SOD of 3mm, and
the maximum negative value is 5.48 pum/mm. The
optimal values (those close to zero) were obtained for
the MTH of 40mm at the SOD between 1.5-2mm. The
furthest values from the normal were obtained in the
case of 10mm MTH. In such case it is not recommended
to use a soft feed-rate (4mm/min) in the case of thin
parts machined by AWJ process.

3.3 Hardness investigation

There is an area near the cuts for which the impact
velocity of the sand particles has no longer energy to
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remove the material, but they have effect on the
microstructural properties of the material. For this
purpose, the area next to each cut was analyzed to
observe the changes produced by the abrasive jet in
terms of surface hardness.

For each sample, the Vickers hardness layer in the
vicinity of the cut was measured, starting at 0.05 mm
from the edge of the cut toward exterior (unaffected
region) until the measured value reached or fell below
the specific hardness of the material. The measurement
interval between Vickers intender marks was set to
0.07mm. Since Brinell hardness of P275NL2 steel was
measured to be 167HB, by equivalence according [17],
a Vickers hardness of 176HV resulted.

The Vickers test was performed according to the
normative presented in [18], using microhardness tester
Emcotest DuraScan 20, presented in Figure 9. For each
sample was applied a load of 0.2 kgf.

Figure 9. Vickers Microhardness Test

Values of Vickers hardness obtained in the vicinity
of the cuts for 20 mm step thickness with respect to
SOD, are presented in Table 4. For all samples, the
measured values of hardness are around 190 — 200 HV
for those in the vicinity of the cuts. Toward unaffected
region, hardness values are between 160 — 170 HV,
except for some values that come out of this range. It
can be noticed that the upper layer of material is
affected by particle impingement.

Table 4. HV values for 20mm MTH [11]

SOD, Influenced length, [mm]

[mm] 0.05 | 0.12 | 0.19 | 0.26 | 0.33 | 0.40
1.0 194 | 189 | 179 | 175 175 171
1.5 194 | 187 | 183 175 | 167 | 167
2.0 197 | 192 | 192 | 177 | 171 167
2.5 214 199 189 179 167 167
3.0 196 | 192 | 189 | 183 179 | 175

The hardness variation diagram in the influenced
area in the case of the 20 mm MTH is presented in
Figure 10.

The hardness values at 0.05 mm from the cutting
edge are around 195 HV, except for 210 HV at distance
of 2.5 mm from the part.The influence of the jet
particles is active up to 0.242mm from the cutting edge
in the case of Imm SOD, and for 3 mm above from
material surface the jet has an influence on the distance
of 0.381 mm from the cutting edge. All influenced
length values were obtained performing graphical
representation, according to measurements of HV.

Values of influenced areas by the water jet,
depending on the distance between the nozzle and the
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surface of material, are presented in Table 5. Since the
water jet has generally the same influence on the
material surface, the arithmetic mean of distances from
the cutting edge was calculated for the three MTH
analyzed. The average value of the hardened layer in the
case of lmm SOD is 0.153mm away from the cutting
edge, and in the case of 3mm above the material surface
the value of 0.305mm was obtained.
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220 l |

0.381|
|
|
|
|
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Hardness HV

5 —

e
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0.05 0.1 0.15 0.2 0.25 03 035 0.4

Influenced distance, [mm]

Figure 10. Hardness variation for 20mm MTH [11]

Table 5. Hardened layer width, w, [mm] [11]

SOD, MTH, [mm] Average, In%t\lx(}mg

[mm] 20 30 40 wy, [mm] [mm]
1.0 0.242 | 0.110 | 0.106 0.153 0.582
1.5 0.251 | 0.184 | 0.137 0.191 0.643

2.0 0.271 | 0.259 | 0.143 0.224 0.691
2.5 0.277 | 0.329 | 0.175 0.260 0.745
3.0 0.381 | 0.345 | 0.190 0.305 0.831

According to the values obtained in hardened layer
of P275NL2 steel, the graphical variation of hardened
width layer according to SOD was performed, as is
presented in Figure 11.
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Figure 11. Chart of hardened layer width [11]

It can be noticed that the dependence of influenced
area varies according to a third order polynomial
function, whose equation is given by the relation (7)
[11]. This law is valid only in the adjacent area of the
cuts and does not take the KW into account.

wy, =0.0092-5° —0.0504-5% +0.1591-5+0.0347  (7)

In the above formula, wy, is the hardened width layer
[mm], 0 represents SOD, [mm].
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4. CORRELATIONS BETWEEN EXPERIMENTAL
AND CFD SIMULATION

Using graphical distribution of water velocity obtained
in CFD simulation, along with physical measurement of
KW and Vickers hardness, were established particles
velocities generated by AWJ process which produce
cutting and hardening of steel P275NL2.

To establish the particle velocity which produce the
material cutting of P275NL2, it was regarded the water
velocities distribution generated by CFD simulation
along with average values of cuts width obtained by real
measurement, namely 0.859 mm and 1.052 mm for the
extreme values of SOD of 1 mm, respectively 3 mm. By
overlapping the cuts width on water velocities
distribution, it was obtained the particles velocities
which produce material cutting, presented in Figure 12.
According to the investigation, the velocity of 104.66
m/s at distance of 1 mm from the part surface, and 95.66
m/s to 3 mm above was obtained. Normally, the cutting
velocities should be equal irrespective of standoff
distance and difference between them corresponds to an
error of 9%. For the other values of standoff distance, it
can be regarded those cutting velocities are placed
inside hatched area.
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Figure 12. Cutting velocity diagram [11]

To establish the particles velocities which produce
material hardening, it was regarded the graphical
distribution of water velocities given by CFD simulation
in case of 1 mm and 3 mm SOD, and average values of
influenced material region, namely 0.153 mm and 0.305
mm. By overlapping the velocities distribution and har—
dness modification area, it was obtained the particles
velocities which produce P275NL2 hardening, presen—
ted in Figure 13.

For the regarded material, it was obtained the
particle velocity which produce hardening to be 36.685
m/s for 1 mm SOD and 27.956 m/s to 3 mm. As the first
case, these hardening velocities values should be equal,
but the difference between them would influence a
region of 0.02 mm.

A metallography investigation of steel P275NL2 was
performed near the cuts to establish the grain
modification  occurred during sand  particles
impingement of AWJ process. According to [19] was
establish the average grain size index (G) using
comparison image with standard charts. It was
investigated the metallographic structure by reelevating
images for those affected regions nearby the cuts,
presented in Figure 14, and unaffected region, presented
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in Figure 15. According to SEM investigation
magnification 250x was set for, and comparison factor
of magnification 100x was adopted for each sample.
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Figure 13. Hardening velocity diagram [11]
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Figure 15. Metallographic image for unaffected region [11]

Since investigated image magnification is different
from 100x, the mean grain size index was established
using formula (8) [19]. In this formula, G, represents
the comparison grain size factor corresponding to
magnification 100x, while g, is magnification image
screen used for metallographic samples (250x).

gn
G=G, +6.64-1o 8
o g(moj ()

Grain characteristics of P275NL2 obtained from
microscopic analysis of the two regarded regions are
presented in Table 6. The average diameter of grains
was adopted using [20] and comparation index
according to standard charts presented in [19].
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Correlations between metallographic investigation of
the grain size and Vickers hardness results specific to
two areas of influence, are presented in Table 7. The
percentage ratio between the affected and unaffected
area of the two sizes is made.

Table 6. Grain characteristics modification [11]

Affected | Unaffected
region region
Comparison grain index, G [-] 6 5.5
Grain size index, G [-] 8.6 8.1
Average grain area, [mm’] 0.012 0.017
Number of grains, [grains/mm’] 3200 2263
Average grain diameter, [um] 18.9 22.5

Table 7. Characteristics modification of P275NL2 [11]

Average Grain size
hardness, HV index, G [-]
Affected region 192.13 8.6
Unaffected region 176 8.1
Percentage modification 8.39 5.78

The same study was performed in [21] for carbon
steel subjected to Vanadium-Carbide coating process,
using microhardness and SEM investigation of the layers.
In this paper was noticed that substrate microhardness is
significantly reduced (up to 30%) directly below the
coating with respect of hardness of deeper substrate,
while carburized region is modified up to 10%.

5. DISCUSSIONS

Both KT and KTA are influenced by MTH and the
technological parameters of the process. An important
factor is the nature of the processed material, as well as
its degree of homogeneity. During AWJ process, it is
important that cut section is as close as possible to the
ideal conditions (tapering must be as small as possible).
For P275NL2 steel it is recommended to adopt a high
value of the feed-rate when processing small
thicknesses of material, and the distance between the
MT and the surface of the processed material to be
between 1.5-2mm. Similar conclusions were obtained in
the paper [22], where KW is reduced as feed-rate
increases, whereas KTA has constant behaviour.

In the case of experimental tests presented in the
paper [23], the same increasing dependence of the KW
was obtained for MTH included in the range of 10-
30mm. In this paper an acrylic material is processed
using 1.33mm MT with SOD of 1Imm and feed rate in
range of 1-5 mm/s.

In reference [6] a layered com—po-site material
consisting of carbon fibre (CFRP) and tita—nium alloy
(Ti6Al4V) was processed. 0.76 mm MT, 0.25mm HPN,
water pressure of 280 MPa was used, and the feed rate
varying from 5 to 95 mm/min. When the titanium alloy
is above CFRP, the cut configuration is “X” sha—ped,
and when CFRP is above a barrel-shaped confi—guration
was obtained. Compared with P275NL2, it can be
concluded that in the case of divergent conicities
(negative KTA), the material had breaking CFRP beha—
viour, and in the case of positive KTA the material had
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the behaviour of metallic materials with much more
difficulty of machinability.

In terms of microstructure analysis, referring to work
[24] it was AWJ processed Brass-353 using 1.27mm
TM, 4mm SOD and feed-rate in range of 20-140
mm/min. It was stating that the water jet causes changes
in the microstructure of the material, but without any
effect on the hardness in the vicinity of the cut. This fact
occurs due to Brass is machined using a feed-rate value
much higher compared to steel presented in this paper.
The feed-rate speed being high the impact of abrasive
particle on material surface could be insignificant.

6. CONCLUSION

From CFD simulation it was obtained that maximum
velocity value of water is around 200 m/s in the jet core
and has influence on 0.21 mm per radius for all standoff
distances. Up to 4mm above the piece, waterjet diverges
up to 1.1 mm/radius and all velocities graphics present a
Gauss bell shape like.

It was obtained that kerf wide at the top of P275NL2
steel is varying according to a polynomial distribution
with standoff distance. To the bottom, the kerf width is
influenced, especially by material thickness and varies
according to an exponential distribution.

According to tapering investigation of kerfs, it was
concluded that optimal SOD is around 1.5-2mm for
high MTH (40mm), and in case of small MTH (10mm)
it is not recommended to use slow feed-rate (4mm/min),
kerf shape is much more divergent in this case.

It was obtained that the particles velocities which
produce material cutting are in the range of 95.66 —
104.66 m/s, corresponding to 1-3mm standoff distance.
It can be appreciated that for the other values of
standoff, particles velocities can be placed inside the
interval, according to CFD simulation.

From hardness investigation next to the kerf, it was
obtained that the range of particles velocities which
produce the material hardening are between 27.95 -
36.68 m/s, corresponding to 1 mm up to 3 mm above
from piece surface. From metallic structure
investigation it was obtained that grain size is modified
with 5.78% next to the kerf and the influenced area is
less than 0.305 mm from the cut edge. The influenced
area is insignificant compared to other cutting processes
where metallic structure is clearly modified.

Since CFD simulation was performed without
regarding abrasive particle parameters, in subsequent
study the influence of roundness and sharpness of
abrasive particles on cutting process of P275NL2 using
AW] technology will be analyzed.
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NOMENCLATURE

AWJ  Abrasive Waterjet

HPN  High Pressure Nozzle

MT Mixing Tube (Focusing Tube)
CFD  Computing Fluid Dynamics
SOD  Standoff Distance

KW Kerf width

KT Kerf-Taper

KTA  Kerf-Taper Angle

MTH Material thickness

HV Vickers Hardness

SEM  Scanning Electron Microscope

TEOPUJCKO U EKCIIEPUMEHTAJIHO
HNCTPAKUBAIBE 30HE PE3AIBA
HACTAJIE MIPUMEHOM AWJ IPOLHECA

A. llatupnak, P.I'. Puneany, U.H. Pamagan

Ipumemwen je AWJ mpomec y muby TEOPHjCKOT H
eKCIIEPUMEHTATHOI HMCTPKUBaMka yTUIAja BOJAEHOT
MJIa3a Ha METaJIHM Marepujaj]l KOju ce KOPHUCTH 3a
n3pajy onpeme 3a HadTHa 1MoJba. McTpakeHo je KOInKo
pacuname Mia3a uUMa yTHLAja Ha LIMPUHY pe3a
cycenny perujy. Kopumhenn wmarepmjan je wmeran
P275NL2, kBanureTHa Jierypa 4ejauKa HUCKE TeMIle—
parype, KOju ce KOPHCTH Yy MHETPOXEMHjCKO] HHIYC—
Tpuju. EKCIeprIMeHT ca BOAEHUM MJIa30M j€ U3BEICH Ha
MammHN 3a pe3ame YCWJ-380-1520 y mperxomHo
JNe(pUHUCAHUM PATHUM YCJIOBUMA. Y TEOPUjCKOM HCT—
paXuBamy je Ha I'€OMETPHjCKOM Mojeny KopuurheHa
CFD cumynanuja ca manapauM 2D nporokom duryuna.
HcnutuBana je rpaduuka kopenanuja usMmely ncxona
CHMyJIallije W EKCIIEPUMEHTAJIHUX pe3yliTara, NpeK—
Jlaramke TEOPHMjCKOT HCTpaKMBama Op3WHE pe3ama U
rpaHuna Op3UHE OTBPIBHABAKA HETIOCPEIHO Y3 Pe3.
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