Vojnotehnicki glasnik/Military Technical
Courier

ISSN: 0042-8469
vojnotehnicki.glasnik@mod.gov.rs
- University of Defence

Serbia

Mrdak, Mihailo R.

VELOCITY OF POWDER PARTICLES IN PLASMA AT LOW PRESSURE
Vojnotehnicki glasnik/Military Technical Courier, vol. 67, nim. 2, abril-junio, 2019, pp. 255-
269
University of Defence

Available in: https://www.redalyc.org/articulo.0a?id=661770392002

How to cite I @\_ /"

Complete issue Scientific Information System

More information about this article Network of Scientific Journals from Latin America, the Caribbean, Spain and Portugal
Journal's homepage in redalyc.org Non-profit academic project, developed under the open access initiative


https://www.redalyc.org/revista.oa?id=6617
https://www.redalyc.org/revista.oa?id=6617
https://www.redalyc.org/revista.oa?id=6617
https://www.redalyc.org/articulo.oa?id=661770392002
https://www.redalyc.org/comocitar.oa?id=661770392002
https://www.redalyc.org/fasciculo.oa?id=6617&numero=70392
https://www.redalyc.org/articulo.oa?id=661770392002
https://www.redalyc.org/revista.oa?id=6617
https://www.redalyc.org

VELOCITY OF POWDER PARTICLES IN
PLASMA AT LOW PRESSURE

Mihailo R. Mrdak

Research and Development Center IMTEL Communications a.d.,
Belgrade, Republic of Serbia,

e-mail: miki@insimtel.com,

ORCID iD: “http://orcid.org/0000-0003-3983-1605

DOI: 10.5937/vojtehg67-17121; https://doi.org/10.5937/vojtehg67-17121

FIELD: Chemical technology
ARTICLE TYPE: Original scientific paper
ARTICLE LANGUAGE: English

Summary:

Low pressure of inert gas in the vacuum chamber significantly affects the
transfer of plasma particle velocity onto powder patrticles, residence time
of powder particles in plasma and the kinetic energy of molten patrticles
before the collision with the substrate. In addition to low pressure of inert
gas in the vacuum chamber, the size and mass density of powder
particles, together with plasma arc power, have the biggest impact on the
average velocity of powder particles. To measure the velocity of powder
particles in the vacuum chamber at low pressure, a laser speedometer is
applied.The average velocity of molten powder particles V=s/t is
calculated when the length of the path of powder particles that pass
between two focus distances of the laser beam is divided by the time of
particle passage between the two focuses. Measurements are done for
vacuum chamber pressure, the values of which are usually from 6.7 to 80
kPa. The paper describes the relationship between the average velocity of
AlbO; and W powder particles and the vacuum chamber pressure,
granulate distribution, mass density and plasma arc power. It was found
that, for powder of lower mass density, the average velocity of particles
can increase for 200 m/s with a decrease in chamber pressure.The effect
of pressure on W patrticles of larger mass density is lower but still
important, because a decrease in pressure increases the average velocity
of particles up to 50%. Reducing plasma arc power reduces the maximum
velocity of both types of powder particles.

Keywords: VPS, plasma arc power, velocity of powder particles.
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Introduction

The velocity of powder particles is an important variable size of the
VPS process which affects particle melting, coating density and cohesive
/ adhesion strength. When comparing powder deposition at atmospheric
pressure with deposition in the environment with reduced pressure, for
given arc power and arc gas flow, velocities of plasma particles and
powder particles are higher at low pressure than those obtained at
atmospheric pressure (Smith & Dykhuizen, 1988, pp.25-31), (Smith et al,
2011, pp.117-132), (Mrdak, 2018, pp.415-430). Pressure in the vacuum
chamber is only one of the variable parameters that affect the velocity of
the plasma jet and the velocity of powder particles. The average velocity
of powder particles is influenced by several influential variable process
values such as: powder mass flow, powder particle size, powder mass
density, pressure in the vacuum chamber, plasma arc power, electrode
geometry, arc gas flow rate, and plasma gas composition. In order to
examine the influence of the process parameters on the velocity of
powder particles in the vacuum plasma system applying a laser
speedometer, it was found that there is a significant relationship between
the velocity of particles and the process parameters such as powder
particle size, particle mass density, pressure in the chamber, plasma arc
power, and electrode geometry. The laser speedometer method is based
on measuring lap times of individual powder particles passing between
two highly focused laser beams along the plasma axis (Young et al,
2000, pp.788-792). After the average lap time of molten powder particles
is determined, the average particle velocity is calculated based on the
known distance between two focal volumes of two laser beams. Two-
Focus (L2F) laser with the optical head Polytec model L2F-0-4000 and
the signal processor L2F-S-100 is used for measurements (Smith, 1988,
pp.77-85), (Mauer et al, 2013, pp.892-900). Within the range of the test
conditions, the velocity of powder particles is relatively insensitive to
changes in plasma gas velocity, gas composition, and powder flow rate.
Today, a large number of powders are deposited at atmospheric
pressure, but requests for high-quality coatings have led to the
development of powder deposition in the vacuum chamber, which is
maintained at a pressure of an inert gas, usually from 1.9 to 6.7 kPa
(Muehlberger, 1974, pp.245-256), (Hamatani et al, 2002, pp.79-92).
Empirical development of the vacuum deposition process parameters
has been successfully carried out for a large number of materials and
there are a lot published papers dealing with the fundamental nature of
the process of vacuum deposition. Due to the development of nano
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materials deposited in a vacuum using plasma, there is a need for further
fundamental research to improve the understanding of physics and
thermodynamics of this process. This simultaneously improves
equipment construction, coating quality, and reproducibility of coating
quality. The vacuum process is today widely used in medicine for the
preparation of implants on the basis of nanoparticles of Ti, Ta, and Nb
metals as well as organic reactive ceramic hydroxyapatite
Cao(PO4)s(OH;) and bio inert inorganic ceramics: Al,O3;, TiO,, ZrO,,
ZrO,Y,0;3 and Cr,O3; which have a wide range of applications for the
production of the most modern artificial hips and knees (Aebli et al, 2003,
pp.356-363), (Zhang et al, 2012, pp.724-728), (Ganvir et al, 2015,
pp.324-332), (Graziani et al, 2016, pp.356-363).

The aim of this study was to show and clarify the influence of the
variable values of the VPS process on the average velocity value of
powder particles in a vacuum. The paper describes the most important
parameters in a vacuum affecting the average velocity of Al,O; and W
particles for different powder granulations which differ significantly in their
mass densities and melting temperatures. Al,O; powder has a mass
density of 3.95 g/cm® and a melting temperature of 2072°C while W
powder has a mass density of 19.3 g/cm?® and a melting temperature of
3380°C. The difference in mass density values is large and is 15.35 g /
cm?® as well as the difference in melting temperatures which is equal to
1308 ° C. Based on the above, the paper clearly shows that the pressure
values of the vacuum chamber of 80 kPa, 40 kPa and 6.7 kPa
significantly affect the average velocity of powder particles of different
granulates and mass densities of powder particles because the pressure
in the chamber affects the output velocity and the plasma jet density.

The influence of the pressure in the vacuum chamber
on the velocity of powder particles depending on their
granulation and mass density

The optimal VPS parameters are determined for each powder taking
primarily into account the average patrticle size and shape, mass density,
and melting temperature. At low pressure, mutual friction between ions
and injected particles is necessary to occur for plasma particles to carry
powder particles with them. The interaction between ions and powder
particles initially accelerates powder particle velocity which increases
with the distance from the anode opening. The acceleration of powder
particles is directly proportional to the net force in the proper direction
and inversely proportional to the mass of particles a=F/m. The mass of a
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particle deposited depends on its size - volume, and its density mass on
the base material. Since each powder has a different particle size range,
it is necessary to compare powder particle velocities for all powder
granulate ranges. Al,O3; powder with three granulate distributions - 20-31
Mm, 44—63 uym and 53-74 um - has shown to be the most appropriate for
analyzing the influence of the particle size range on average particle
velocities in plasma. Average particle velocities are measured at several
points along the plasma axis in order to compare the velocity profiles for
all granulate distributions. The deposition parameters of one type of
powder are often used to estimate the parameters of another powder if
their mass densities are approximate. Powder mass densities often differ
even when other factors (such as particle size, particle morphology, and
melting point) are similar. In order to clarify the influence of powder mass
density on average powder particle velocities in plasma, the best is to
use W with the range of granulation of 44—74 ym whose velocity values
are comparable to those of average Al,O; particle velocities. Tungsten
and Al,O3 represent extremes in mass densities of materials which are
often deposited. The Al,O; powder density is 3.52 g/cm®, and the density
of W is 19.36 g/cm>. The pressure in the vacuum chamber significantly
affects the powder particles velocity because the pressure in the
chamber affects the output velocity and the density of the plasma jet. The
profiles of the average velocities for Al,O; and W powders were
analyzed in an Ar/He plasma jet of a power of 31 kW for the SG-100
plasma gun with the # 453 anode at the chamber pressure values of 80,
40 and 6.7 kPa. The powder particles exhibit different velocities
depending on granulation, powder types and distances (Smith, 1988,
pp.77-85), (Young et al, 2000, pp.788-792).

The comparisons of the average particle velocities of Al,Oz and W in
Figures 1, 2, and 3 show that the changes in the Al,O; particle granulate
and in the powder mass density may lead to significant differences in the
velocities of particles. At any vacuum chamber pressure, the increase of
particle size results in a steady relation with a reduced acceleration /
slowdown and lower maximum speeds of particles. The increase of the
size and mass of particles results in the increase of the projected area.
The mass increase tends to reduce the acceleration / deceleration rate
and to lower the maximum speed. Conversely, increasing the surface
area tends to increase the force of frontal resistance to particles, which
increases the acceleration / deceleration rate as well as the maximum
speed.
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Figure 1 — Average velocities of Al,O3 and W patrticles at a pressure of 80kPa
Puc. 1 — CpedHssa ckopocmb 4acmuy, Al,Oz u W nod dasneHuem 80KPa
Cnuka 1 — Cpedme 6p3uHe yecmuya Al,Oz u W npu npumucky 00 80 KPa
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Figure 2 — Average velocities of Al,O3 and W particles at a pressure of 40KPa
Puc. 2 — CpedHsia ckopocmb yacmuy, Al2O3 u W nod dasneHuem 40KPa
Cnuka 2 — Cpedre 6p3uHe yecmuya Al,Oz u W npu npumucky 00 40 KPa
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Figure 3 — Average velocities of Al,O3 and W particles at a pressure of 6.7 KPa
Puc. 3 — CpedHssa ckopocmb yacmuy, Al,O3 u W nod dasneHuem 6,7 Kpa
Cnuka 3 — Cpedme 6p3uHe yecmuya Al,Osz u W npu npumucky o0 6,7 KPa
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For a spherical particle or a molten droplet of the radius r, the mass
increases as r’, but the projected area increases only as . AlL,O;
particles are not spherical, but it is expected that the mass of particles
increases faster than the projected area. The impacts of the increasing
mass should prevail if the forces of resistance do not increase as a very
fast function of the projected surface. The experimental results confirm
that the increase in mass is the predominant factor for these three
dimensions of Al,O3; powder, Figures 1, 2 and 3. The same should apply
to other materials with a mass density greater than Al,O; (Smith, 1988,
pp.77-85), (Young et al, 2000, pp.788-792). Larger powder particles are
slower and their residence time in plasma is longer although the velocity
of plasma particles is higher compared to that of powder particles. The
result is a better transfer of heat energy to larger particles which require
more energy to be completely moltened. While this is clearly a desirable
trend, experience indicates that it is still very difficult to achieve uniform
melting of powder with a broad distribution of sizes. Figures 1, 2 and 3
show the results for the sizes 44-74 ym of the W powder. Based on the
above description, more massive tungsten particles show lower
acceleration / deceleration velocities and lower maximum velocities
compared to lighter Al,O3 particles of the similar size. If we compare all
the results at any given pressure in the vacuum chamber, there is a very
obvious progressive trend towards lower, more consistent velocities while
increasing the particle mass.

The influence of pressure in the vacuum chamber on
the average velocity of powder particles for a constant
range of granulates

The influence of changes in pressure in the vacuum chamber on the
average velocity of powder particles with a constant range of granulates
is shown in Figures 4, 5 and 6.

These results can be explained on the basis of changes in the
velocity and density of the plasma jet related to the pressure, as well as
on the basis of the density of the surrounding gas in the vacuum
chamber. The exit velocity of the plasma particles from the plasma gun is
approximately 1700 m/s at an operating pressure of 80 kPa, 2455 m/s, at
40 kPa, and 3300 m/s at 6.7 kPa.
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Figure 4 — Average velocities of Al,O3 particles with a granulation of 20-31 um with the
change of pressure
Puc. 4 — CpedHsisi ckopocmb yacmuy, Al,O3 epaHynayuu 20-31 uym ¢ udMeHeHuem
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Figure 5 — Average velocities of Al,Oj3 particles with a granulation of 63-74 um with the
change of pressure
Puc. 5 — CpedHss ckopocms Yacmuy, Al,O3 epaHynayuu 63-74 um ¢ usmeHeHUem
OasrieHust
Cnuka 5 — Cpedr-e 6p3uHe Yyecmuuya Al,O3 epaHynayuje 63-74 um npu npomMeHu
npumucka
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Figure 6 — Average velocities of W particles with a granulation of 44-74 um with the
change of pressure
Puc. 6 — CpedHsa ckopocms yacmuy, W epanynayuu 44-74 um ¢ nepernadom dasreHus
Cnuka 6 — Cpedre 6p3uHe yecmuuya W epaHynayuje 44-74 um npu npoMeHu npumucka

This is in compliance with the results of the average velocities of
Al,O3 and W powder particles shown in Figures 4, 5 and 6, which show
progressively higher maximum powder particle velocity values as the
pressure in the chamber decreases (Smith, 1988, pp.77-85), (Young et
al, 2000, pp.788-792). Plasma density decreases with the decrease of
the pressure in the chamber. Higher plasma velocity in relation to powder
particles tends to increase the velocity of particles, but a plasma density
decrease has the opposite effect. Based on the net combined impact of
these opposing trends, the model predicts that the maximum acceleration
of particles occurs at a chamber pressure of 45 kPa.

The results shown in the figures support this prediction because the
particle velocity is at its highest at the first measuring point of 2.5 cm at a
pressure of 40 kPa. The influence of the resistance of the surrounding
gas in the vacuum chamber becomes more important with an increasing
distance from the nozzle outlet. At lower chamber pressures, the
resistance is lower to slow the plasma jet and depositing particles.

Therefore, as the chamber pressure decreases, the particle velocity
maxima are moving away from the anode opening and the particle
velocity decrease becomes more gradual. The dependence of the mass
is also visible in the figures. The same trends associated with the
pressure were observed for each of the three powders, but the changes
in the average velocity profiles are much bigger for lighter Al,O; particles.

262




The influence of the plasma arc power and a nozzle
type on the average velocity of powder particles in the
vacuum chamber

The geometry of the nozzle — anode affects the exit velocity of the
plasma jet. Anode model # 453 has a divergent part at the nozzle exit
designed to produce supersonic flow of plasma at atmospheric pressure.
Anode model # 450 is similar to anode # 453 with the exception that
anode # 450 is constructed with a simple nozzle with a flat opening for
subsonic operation at atmospheric pressure. Although these anodes
were originally designed to operate at atmospheric pressure, both work
well at low pressure values in the chamber. Since the arc power is easy
to control and observe, it is an important variable in the process of
optimization of the conditions for depositing powders. The effect of the
plasma arc power on the average velocity of particles was investigated
by comparing the velocity profiles measured for the power values of 31
kW and 21 kW (Smith, 1988, pp.77-85), (Young et al, 2000, pp.788-792).
Figure 7 shows the influence of the plasma arc power on the average
velocity for fine Al,O3; powder particles with the particle size of 20-31um
and for coarse W powder particles with the granulation of 44-74 um,
injected through anode # 453 at a chamber pressure of 6.7 kPa.

£ 600 6.7 KPa 453 anode
£ 500 ‘/ﬂ\i’_.

2 400 ZLKW o 4—20-31um Al203
S

3 300 - —8-20-31um Al203
$ 200 - y;ﬁ’_y 44-74um W

(=)

=] 21 KW

= 100»4)/' —A4 - 74pm W
0

0 10 20 30 40
Distance from opening anode cm

Figure 7 — Influence of the plasma arc power on the average velocities of Al>O3 and W
particles at 6.7 KPa
Puc. 7 — Bosdelicmeue cusbl nna3meHHoU dyau Ha cpedHtot ckopocmb Yacmuy Al,Os u
W Ha 6.7 KPa
Cnuka 7 — Ymuuyaj cHaze rnna3meHoe riyka Ha cpedme 6p3uHe yecmuua AlOs u W Ha 6,7
KPa
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Figure 8 — Comparison of the average velocities of Al-O3 and W particles sprayed with
453 and 450 anodes at 6.7 KPa
Puc. 8 — CpasHeHue cpedHeli ckopocmu Yacmuy, Al,O3 u W ¢ aHoOHbIM crioem 453 u 450
Ha 6.7 KPa
Cnuka 8 — Komnapauyuja cpedrwe 6p3uHe yecmuuya Al,O3 u W HanpckaHux ca aHo0ama
453 u 450 Ha 6.7 KPa

Reducing the plasma arc power from 31 to 21 kW significantly
reduces the acceleration and the maximum velocity for both powder
types. The actual value of the maximum velocity reduction is higher for
Al,O3; powder and the relative change in velocity is roughly 20% for both
powders. These results show that changes in the plasma arc power can
significantly affect the velocity of powder particles, but it is clear that a
change of the plasma arc power of only 1 or 2 kW during depositing will
not have a significant impact (Smith, 1988, pp.77-85), (Young et al, 2000,
pp.788-792). Figure 8 shows the comparison of the average velocity
profiles for fine Al,O; powder with a particle size of 20-31 ym and for
coarse W powder particles with a granulation of 44-74 um, injected
through anodes # 453 and # 450 in a pressure chamber of 6.7 kPa.
Changing the anode resulted in the reduction of the maximum velocity of
about 10% for both powders. The results show that the anode change
can also affect the velocity of powder particles.

Different flow rates and gas compositions did not show any
significant effects on the velocity of particles within the range of the
conditions studied. This is very interesting because these variables can
have a significant effect on particle melting and the quality of the deposit.
Since most plasma systems are designed to maintain a constant power
supply to the plasma arc, it is emphasized that the experiments are
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carried out at constant plasma arc power values. The flow of arc gas and
the composition affect the relation of the current and the voltage of the
plasma gun. Therefore, changes in the flow rate or in the gas
composition will lead to changes in the arc power if the electric current
intensity is not adjusted. If the arc power is allowed to vary as a function
of the arc gas flow rate or its composition, the particle velocity will be
changed as well, as shown in Figure 7(Smith, 1988, pp.77-85), (Young et
al, 2000, pp.788-792).

Conclusion

The paper presents the influence of low pressure in the vacuum
chamber and the plasma arc power on the average velocities of Al,O3;
powder particles with different granulation as well as of W powder
particles of extreme mass density. Based on the above, the following has
been established.

For the same low pressure in the vacuum chamber, with increasing
Al,O3 granulation, the acceleration and the velocity of powder particles
progressively decrease to 200 m/s. Also, larger Al,O; particles are less
sensitive to the chamber pressure change from 6.7-80 MPa. Larger
powder particles are slower and their residence time in plasma is longer
even though the velocities of plasma particles are higher in comparison
to powder particles.

W particles of larger mass density are less susceptible to a change
in pressure in the vacuum chamber in relation to Al,O; particles.
However, even W particles show an increase in the average velocity of
powder particles of 50 m/s to 150 m/s with a reduction in pressure in the
chamber from 80 MPa to 6.7 MPa. At lower pressure in the chamber,
there is less resistance to slow plasma jet and particle deposition.
Therefore, when pressure in the chamber decreases, the maximum
particle velocities move away from the anode opening and particle
deceleration becomes more gradual.

With the decrease of arc power from 31 kW to 21 kW, it was noticed
that acceleration was reduced as well as the maximum particle velocity
for both powders. The actual value of the reduction of the maximum
velocity is higher for the powder of lower mass density (Al,O3;) and a
relative change in velocity for both powders is roughly 20%. The results
show that a change in the plasma arc power can significantly affect the
velocity of powder particles, but it is also clear that a change of plasma
arc power of only 1 or 2 kW during deposition will not have a
considerable impact.
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This article has shown that the change of pressure in the vacuum
chamber for Al,O3; and W powders can lead to a change in the average
velocity of powder particles with the plasma spray distance depending on
particle granulation distribution and the plasma arc power.
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CKOPOCTb YACTWL, MOPOLLKA B MNJIASME NMoa HA3KNM
OABIEHVEM

Muxauno P. Mpaak
LleHTp uccneposanuin n passutust A.O. «MMTEJ1 koMMmyHMKaLun»,
r. benrpag, Pecnybnuvka Cepbus

PYBPUKW: 61.13.21 XuMmunyeckne npouecchl
BWO CTATbW: opurmHansHas Hay4Has ctaTbs
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Pe3swome:

Huskoe daeneHue UHepmMHO20 2a3a 8 8aKyyMHOU Kamepe OKa3blsaem
3Ha4yumernbHoe 8030elicmeue Ha nepedady CKOPOCMU M/1a3MeHHbIX
yacmuy, Ha Yacmuubl rMopouwlKa, 8pemMsi HaxoX0eHUsl rNopoLUKa 8 rniasme
U KUHEMUYECKYIO 3HEpeUl0 pacrnaefieHHbIX 4Yacmuy 00 MOMeHma
COMPUKOCHOBEHUSI C 3aUyUMmHbIM crioeM. Ha cpedHio ckopocme Yacmuy,
MOpoWiKa, KPOME HU3KO20 OaefieHuUs UHEepMHO20 2a3a 8 8aKyyMHOU
Kamepe Haubornbwee go030elicmeue OKasblgaem  gesluyuHa U
MIOMHOCMb Yacmuy, ropowKa, a makxke cuna nnasmeHHol Oyau. [ns
U3MEPEHUsT CKOpocmu 4Yacmul, ropowka 6 eakyymHol Kamepe oo
HU3KUM OasrieHUeM UCMOb3YIMCs J1asepHbie uaMepumesiu cKopocmu.
CpedHsiss ckopocmb 4Yacmuy —pacrnaeneHHoeo rnopowka V = shi
paccyumsigeaemcsi, criedyrowumM obpasom: OnuHa nOymu Yacmuy
rnopowka, npowedwux mMexdy O8yMs 04Ya208bIMU PacCmMOSIHUSAMU
1a3epHo20 Jlyda Oenumcs Ha 6PeMs MPOXOXOeHUs] HYacmuy MexO0y
osyms ¢hokycamu. VamepeHue OaeneHusi rpou3sooumcsi 8 8aKyymHoU
Kamepe, ripu dasreHuu, Komopoe Yauje 8ceao npumeHsiemcsi: om 6,7-80
kPa. B OaHHoU pabome rnpedcmaesrieHO Kakum obpa3om OasrieHue 8
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8aKyyMHoOU Kamepe, pacripederieHue 2paHyrnsima, niIomHocme U cuna
rnasmMeHHoU Oyau enusirom Ha CPeOHIoK CKOPOCMb Yacmul, ropowika
AlL,Ozu W. UccnedosaHusi nokasarsnu, 4mo CKOpoCmbe Yacmuu, rnopowika ¢
MeHbwel IomHOCMbIO MoXem yeenudugambcsi Ha 200 m/c nipu
CHWXeHUU OasrneHusi 8 kamepe. BbisienieHo, 4Ymo aghgbekm OaerneHusi Ha
yacmuupl ¢ 6onbwel nnomHocmsto W 3Ha4umesibHo MeHble, Xomsi OH
MoXe B8aXeH, MaK Kak Mpu CHUXeHUU OaeneHusl ysenudueaemcsi
ckopocmb Yyacmuy, 0o 50%. [Npu ymeHblWeHUU curbl riasmMeHHou dyeu
CHUWXaemcs yOesibHasi CKopoCmb Yacmuy, 060oux 8udo8 ropoLIKO8.

Kntouesnle cnosga: Bl1H, cuna, nnasmeHHas dyaa, CKOpoCcmb Yyacmuy,
MopowiKa.
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Caxemak:

Husak npumucak uHepmHoe eaca y 8aKyyM-KOMOPU 3HamHO ymu4ye Ha
npeHoc 6p3uHe Yecmuua rnasMe Ha yecmuue rpaxa, epeme bopaeka
yecmuuya rnpaxa y nnasmu U KUHemuyKy eHepaujy UCmor/beHUX Yyecmuya
npe cydapa ca rnodnozoM. Ha cpedry 6p3uHy yecmuua npaxa, rnoped
HUCKO2 rpumucka UHEepMHOe2 2aca y 8aKyyM-KoMopu, Hajeehu ymuuaj
UMa eefiuyuHa U MaceHa 2ycmuHa 4Yecmuua rpaxa u cHaza riasma-
nyka. 3a meperse bp3uHe 4Hecmuuya rnpaxa y eakyymy Ha HUCKOM
MPUMUCKY KOMOpEe MpuMeryje ce racepcku mepady 6p3uHe. Cpedra
bp3uHa Yecmuya ucmorirbeHoe rnpaxa V = s/t npopadyyHasa ce kada ce
OyXuHa nyma decmuua rpaxa Koje npoRy usmelly 08sa XuxHa
odcmojarba nacepckoe 3paka rodesie ca 8pPeMeHOM rposiasa Yecmuya
uamehy dse xuxe. Mepera ce obaesrbajy 3a npumucak y eakyymM-KoOMopu
Koju je Hajdyewhe 00 6,7 0o 80 kPa. Y pady je npuka3zaHa ee3a uamehy
cpedr-e bp3uHe Yecmuuya npaxa Al,Osu W'y 3agucHocmu 0d npumucka y
8aKyyM-KOMOpU, pacriodesie epaHysama, MaceHe 2ycmuHe U CcHaze
niasma-siyka. YcmaHoes/beHo je 0a ce 3a rpax Marse MaceHe 2yCmuHe
MOXe, Y3 CMarbere npumucka y Komopu, rnoeehamu rnpoce4yHa 6p3uHa
yecmuya 3a 200 m/s. Ecpekam npumucka Ha yecmuue eehe maceHe
eycmuHe W je marsu, Mada je bumaH, jep ce ca cMaH-eHeM Mpumucka
yeehaea cpedma bpsuHa yecmuya 00 50%. Cmamere cHaze riasma-
JlyKa cMarsyje MakcumarsHe bp3uHe Yecmuuya 3a oba rpaxa.

KrbyuHe peyu: BlIC, cHaza nnasma-riyka, 6p3uHa Yyecmuua rpaxa.
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