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Summary:

For successful powder deposition and a good quality of deposited layers,
the following factors are of great importance: uniform powder injection into
the plasma jet, transfer of heat and velocity of plasma particles (ions and
electrons) to powder particles as well as the temperature and speed of
molten powder particles before the collision with the substrate. For each
powder type, depending on the distribution of particle granulation (um)
and density (kg/m°), it is necessary to determine the amount of powder
supply (g/min) in the plasma for defined gas flows (I/min), types of plasma
gases (Ar, He, H,, N, or their mixtures) and power supply levels (kW). For
the transfer of heat and speed of plasma particles to powder particles,
there must be an interaction between the ions and electrons from the
plasma and the powder particles. For already known plasma jet speed
and temperature values at atmospheric pressure, trajectories of individual
particles can be calculated using the equations of motion taking into
account viscous friction and inertia. The paper describes the relation
between the speed of Al,O3 powder injection and the velocity of individual
Al,O3 powder patrticles in the plasma depending on the distance from the
anode opening, as well as the relation between powder granulation and
the temperature of the surface of powder particles depending on powder
injection and the level of plasma gun power supply at atmospheric
pressure.

Keywords: heating, particles, plasma, powder, temperatures, transfer,
velocity.
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Introduction

APS - atmospheric plasma spray process is a thermal process of
powder deposition which consists of injecting powder particles into the
plasma jet whose particles (ions and electrons) have high speed and
high temperature values and in which powder particles, molten and
plasma sprayed, are deposited on the substrate surface. The plasma
spray process can be described as a process of energy transfer to
plasma powder particles and the transfer of energy from molten particles
onto the substrate on which they are deposited. Therefore, it is very
important to uniformly inject powder particles into the plasma and to
achieve a good interaction between plasma particles and powder
particles as well as an optimal speed and temperature of molten powder
particles. Metal surface coating is an important process for many
industrial purposes (Mrdak, 2016), (Mrdak, 2017, pp.30-44). The success
of depositing plasma spray layers depends on skillful injection of powder
particles into the plasma jet so that particles, melted without evaporating
and at optimum speed, are properly deformed at the impact with the
substrate so that they do not affect the substrate mechanical properties.
The temperature of particles in the plasma can be controlled by varying
the particle size and their physical - chemical properties, powder flow, the
nature of the plasma gas and the gas flow. The process parameters
should ensure the production of reproductive quality coatings on metal
products for the same purpose. The parameters are based on
experimental experience, and relate to: plasma arc current, composition
and flow of gases and powder and a distance between a plasma gun
from the substrate surface to which a coating is deposited. The general
studies of the behavior of powder particles in a plasma jet during a
collision with a substrate served as a basis for developing optical sensors
used to determine the trajectory of particles in the plasma, as well as to
measure speed and temperature of molten particles in the plasma
(Vardelle et al, 1996, pp.1093-1099). Experimental studies with such
sensors have demonstrated the importance of the injector (powder
injector) geometry and a carrier gas flow on powder particle trajectories.
For a particular morphology of particles and for a distribution of particle
size granulation, particle trajectories in a plasma jet are determined by
temperature and speed of particles at the time of collision with a
substrate surface, and, consequently, the coating thermomechanical
properties (Bianchi et al, 1997, pp.35-47).

With regard to the interaction between plasma jet particles and
powder particles, this paper describes: a powder feeder with a vertical
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and controlled flow of powder and carrier gas, heat transfer from plasma
particles onto Al,O; powder particles, the speed of Al,O3 powder particles
depending on the speed of powder injection at certain distances from the
substrate surface and the temperature of the surface of Al,O3; powder
particles depending on the powder injection speed and power supply at
certain distances. Based on the above, the paper clearly shows that the
coating properties can be changed regarding the distribution of particle
granulation, the nature of the plasma gas and power supply levels, which
is very important for bioinert coatings based on Al,O3 ceramics. The aim
of the study was to describe the velocity and temperature values of
individual powder particles depending on the granulation and the level of
plasma gun power supply at atmospheric pressure.

Injection of powder particles into the plasma jet

For a successful deposition of powder by the plasma spray process
it is important to ensure uniform injection (feeding) of powder particles
into the plasma jet. Different designs of powder feeders have been
developed, depending on the powder feed method. The most commonly
used powder feeders are those with vertical and controlled flow of
powder and powder carrier gas. Powder speed (Ws) for vertical transport
is calculated from equation (1) (Fauchais et al, 1985, pp.1171-1178),
(Xiong et al, 2004, pp.5189-5200).

W — gdspp
189

Where g is the acceleration of gravity, d, — the diameter of individual
particles, p, — the specific mass of particles for each diameter and 7 -
the dynamic viscosity of the carrier gas. Powder speed always defines a
non-dimensional Froude number for powder and carrier gas. The Froude
number for powder is calculated from equation (2) (Fauchais et al, 1985,
pp.1171-1178)

(1)

W

Fo = \/ﬁ (2)

and for a carrier gas from equation (3),

Fo=—. (3)
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where W; is the powder speed, V, — the mean value of the carrier gas
speed through a tube of a diameter d;. The mean value of the carrier gas
speed is calculated from equation (4),

4D,
g:ﬂdz

S
where Dy is the share of the carrier gas flow. The minimum carrier gas
flow and the capacity are calculated for each tube from the relation
between the D, powder flow and the D, carrier gas flow, given by
equation (5) (Xiong et al, 2004, pp.5189-5200).

D
p=pr=3107(F, ) (5)

9

V

(4)

This equation enables the calculation of the maximum flow of powder for
a given carrier gas flow rate in a tube of a certain diameter (d). The
optimum parameters must be determined for each powder taking into
account: mean particle size, particle morphology, specific weight,
chemical composition and melting temperature. Powder particles are
typically injected directly into the anode or near the plasma jet exit from
the anode at certain angles depending on the nozzle design and the
powder characteristics. The powder should have a required kinetic
energy in order to penetrate into the plasma jet. Penetration of particles
is insufficient if the kinetic energy of powder particles is very small -
particles move towards cooler plasma zones, remaining unmelted. If the
kinetic energy of particles is too high, they pass through the entire
plasma jet and also move towards cooler areas. The carrier gas share
must be set for the average powder diameter and density as well as for
the plasma jet density in order for powder particles to penetrate into the
plasma jet axis.

Transfer of heat from the plasma to powder particles

The transfer of heat from plasma particles (ions and electrons) to
powder particles takes place in two successive stages: heat transfer from
plasma by convection (hot plasma flow) into powder particles and by
conduction (heat transfer by conduction within powder particles). Heat
transfer that takes place by plasma particle radiation onto powder
particles is negligible. Heat flow (q) transmitted by convection is defined
by the Newton's law and is calculated from equation (6),

q :aS(Tg _Tp) (6)
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where: a — the coefficient of thermal convection between the plasma jet
and powder particles, S - the surface of powder particles, T, — the gas
temperature, T, — the temperature of powder particles. Heat transfer by
convection takes place through the particle boundary layer. Heat transfer
by conduction inside the particles is calculated from Fourier's equation
(7) (Vardelle et al, 1983, pp.236-243),

dT
P dx (7)
where: q; — the heat flow density, A, — the coefficient of thermal
conductivity, T — the temperature, and x — the distance. Determining the
heat flow includes the determination of the variation of temperature and
amount of heat transferred depending on time. The coefficient of heat
transfer is expressed by equation (8),
C
a= i& (8)
P dp
where: Cg — the specific heat of the plasma gas, n — the viscosity of the
gas, dp — the particle diameter, N, — the Nusselt number, and P, — the
Prandtl number (Xiong et al, 2004, pp.5189-5200), (Chen & Pfender,
1983, pp.97-113). Heat transfer from plasma particles to the injected
powder particles in the plasma depends on the type and flow of plasma
gases, power supply of plasma guns, thermal conductivity and the
granulation of powder particles. The mean value of thermal conductivity
is calculated from equation (9) (Bouneder et al, 2009), (Hossain et al,
2009, pp.504-509).

g, =

1
T,-T.

where: K — the gas thermal conductivity, T, — the plasma temperature,
and T; — the surface temperature of powder particles. At atmospheric
pressure, the mean value of thermal conductivity (K) is significantly
influenced by hydrogen or a mixture of hydrogen and argon as plasma
gases as soon as a temperature above 4000 °C is reached. The
influence of the ambient pressure is also important for the mean value of
the thermal conductivity of the atmosphere. In the vacuum, at a low
pressure of 6.7 kPa, the mean value (K) is lower by 30% as a result of
pressure changes. At atmospheric pressure, heat transfer is significantly
reduced for the powder particles below a granulation of 15 um. The same
effect is achieved in a vacuum for the particles of 40 um to 50 um at a

K

-[VTSP K (s)ds (9)
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pressure of 6.7 kPa. Difficult melting of powder particles at low pressure
is a result of lower plasma temperature, lower heat transfer coefficient
and the Knudsen effect (Chen & Pfender, 1983, pp.97—113).

Speed of powder particles in the plasma at
atmospheric pressure

When the distribution of velocity and temperature of the plasma jet
at atmospheric pressure is known, the trajectories of individual particles
can be calculated using the equations of motion taking into account
viscous friction and inertia. A particular attention should be paid to the
Knudsen effect that can significantly reduce the speed of particles. The
Knudsen number (Kn) is determined from equation (10) in which (L) is
the main free path of a particle, and (d) is the diameter of an unmelted
particle (Chen, Pfender, 1983, pp.97-113).

L

Kn q (10)
At atmospheric pressure, the Knudsen number Kn is < 0.01 for particles
smaller than 15 um. The same effect is achieved for particles of about 50
- 60 ym at a low pressure of 6.6kPa. These experimental results were
obtained in a plasma jet with a speed of 2-3 M at the nozzle outlet. In
order for a jet plasma to carry powder particles, there must occur friction
between plasma particles and powder particles. For example, powder
particles of tungsten with high specific weight and the size of 50 um at a
distance of 60 mm from the anode opening can hardly reach a speed of
180 m/s, while particles of 18 um reach a maximum speed of 220 m/s.
Most of particles have the least values of velocity and acceleration. It is
important to note that the particles with high speed must reach enough
high temperature to achieve a good bond with the substrate.

Figure 1 shows the mean values of the speed of Al,O; powder
particles of 18 um in the Ha/No(P=29kW) plasma jet depending on the
speed of powder injection and the substrate distance (Vardelle et al,
2001, pp.267-284). Powder particles in the plasma have different speed
values depending on the speed of injection and the injector’s distance
from the substrate. The speed of powder particles at distances of 5 cm,
10 cm and 16 cm from the anode opening shows that the injection speed
and the distance between the anode and the substrate greatly affect the
speed of particles in the plasma. In the plasma jet, the maximum speed
is reached by Al,O3 particles injected at a rate of 22 m/s, which is the
optimum injection rate for the granulation of 18 ym. At a distance of 5
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cm, powder particles injected at a speed of 22 m/s reach a maximum
speed of 300 m/s.
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Figure 1 — Speeds particles in the plasma depending on the speed of injection and the
substrate distance
Puc. 1 — Ckopocmb Yyacmuy, 8 nna3me, 8 3agUCUMOCMU OM CKOpOCMuU cmpyu u
paccmosiHusi Mex0y cmpyel u NoKpbImuem
Cnuka 1 — Bp3uHe yecmuya y nna3mu 3asUucHO 00 bp3uHe Urekmupara u odcmojarba
rnodnoze

The speed of powder particles decreases with the distance. At a
distance of 10 cm, particles injected with an optimum speed of 22 m/s
reach a maximum speed of 250 m/s, while at a distance of 16 cm they
reach a speed of 170 m/s. The optimal speeds of injection of powder
particles are directly related to the size of granulation. Optimum injection
speed values for Al,O; particles of other dimensions are shown in Table
1 (Vardelle et al, 2001, pp.267-284).

Table 1 — Optimal injection speeds for Al,O3 particles of individual granulations
Tabnuya 1 — OnTumarnbHasi CKopocTb HaHeceHus YacTul Al,O3 OTAENbHBIX FPaHYNATOB
Tabena 1 — OnmumarHe 6p3uHe umekmupara yecmuua Al;O3 3a nojeduHe epaHyname

Particle Speed
dimensions ym | Injection m/s
18 22

23 20

39 12

46 9
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Surface temperature of powder particles

The quality of deposited layers is significantly influenced not only by
the speed of powder particles but also by the temperature of the surface
of molten powder particles, which depends on the amount of heat
transferred from the plasma particles (ions and electrons) to powder
particles. Figure 2 shows the surface temperature of Al,O3; powder
particles with a granulation of 18 um in the Ho/No(P=29kW) plasma jet as
a function of the injection speed and the distance from the anode
opening. The surface temperature of particles in the plasma jet increases
initially at a distance of 4 cm from the anode opening because of heat
transfer from plasma particles to powder particles in order to achieve the
maximum value at a distance of 8 cm, and then decreases as the
distance from the anode opening increases. For the injection speed
values of 14 m/s, 20 m/s and 25 m/s, particles reach approximately the
same maximum surface temperatures in the range from 2320 °C to 2325
°C. The differences in maximum surface temperatures are small,
indicating that the speed of injection does not significantly affect the
maximum surface temperature of particles of the same granulation. For
achieving the maximum surface temperature in powder particles, the
distance from the anode opening is more important than the injection
speed (Vardelle et al, 1983, pp.236—243).

|+14 m's 20m/s ——25 mfs‘

2340 1
2320 +———- s

2300 1 o
2280 \\\:
2260

2240
2220

Temperature
of the powder particles °C

4 5 6 7 8 9 10 11 12 13 4
Distance from the opening anode cm

Figure 2 — Temperature of the surface of particles depending on the speed of injection
and distances
Puc. 2 — Temnepamypa MogepxHoCmu Yacmuu, 8 3a8UCUMOCMU OmM CKOpocmu cmpyu
HarbifeHUs1 U paccmosiHusi Mexd0y cmpyel U MoKpblimuem
Cnuka 2 — Temniepamype nospwuHe 4ecmuua y 3agucHocmu 00 6p3uHe uekmupara u
odcmojara
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Figure 3 shows the changes in the surface temperature of Al,O3;
powder particles of 18 um injected with an optimum speed into Ar/H,
plasma with a power of 21kW and 29kW.

[-—P=21kw = P =-29kwW]|

4000 =+
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Figure 3 — Surface temperature of Al,O3 particles in plasma with a power of 21 and 29
kW
Puc. 3 — Temnepamypa nosepxHocmu yacmuuy Al,O3 8 nnasme, mowHocmsio 21 u 29
KBm
Cnuka 3 — Temnepamype nospwuHe 4ecmuua Al;O3 y nna3mu, cHaze 21 u 29 kW

The surface temperature of powder particles is directly related to the
plasma gun power supply and the distance from the anode opening. Due
to a high energy of the plasma jet, the surface temperature of powder
particles is much higher than the melting temperature, which always
causes a part of powder to evaporate. The highest temperature on the
surface is found in powder at a distance of 50 mm from the andode
opening. For the plasma gun power supply of 29kW, powder particles
reach a maximum surface temperature of 3650 °C, and for the power
supply of 21kW, particles reach a maximum surface temperature of 3550
°C. The influence of the plasma gun power supply on the surface
temperature of powder particles is obvious. The increase of the power
supply from 21kW to 29kW results in increasing the particle surface
temperature difference for about 100 °C. At a distance of 140 cm from
the anode opening, the particle surface temperature decreases
significantly: the deposition power of 29 kW results in a drop in
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temperature of 600 °C, while the deposition power of 21kW leads to the
temperature drop of 500 °C. This is why it is essential to determine the
site of powder injection and the distance between the substrate and the
anode opening for obtaining high quality of deposited layers.

Figure 4 shows the effect of the Al,O3; powder particle size on the
surface temperature with regard to distance.

l ~+18um-~ 46|.1m[
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@ . - -
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Figure 4 — The effect of the Al,O3; powder patrticle size on the surface temperature
Puc. 4 — Bosdeticmsue senu4uHsl Yacmuy, Al,Os nopowka Ha memnepamypy
nosepxHocmu
Cniuka 4 — Ymuuaj senuduHe yecmuya npaxa Al.Oz Ha memnepamypy nospuwuHe

Particles with a size of 18 uym reach a higher temperature than
particles of 46 um, but they also cool down faster (Fauchais, 2004,
p.R86-R108). The particles reach a maximum surface temperature at a
distance of 50 mm from the anode opening, and reach the lowest value
at a distance of 160 mm. The maximum surface temperature of 3670 °C
can be achieved at a particle size of 18 ym and the maximum surface
temperature of 3510 °C is achieved at a particle size of 46 um. With the
increase in the distance of 70 cm from the anode opening, the
temperature of the particle surface decreases to the same value of 3490
°C, regardless of a large difference in the particle size. Further increase
of the distance from the anode opening significantly increases the
difference in surface temperature and, at a distance of 160 mm, the
temperature is 300 °C (Fauchais, 2004 p.R86-R108) for Al,O3 powder of
18 pm.
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Figure 5 shows the influence of the plasma gun power supply on the
surface temperature of Al,Oj; particles of 18um.

|—-—p:29kw o P=21kW p:u.akwf
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Distance from the opening anode cm

Figure 5 — Effect of the plasma gun power supply on the surface temperature of Al;O3
particles
Puc. 5 — Bosdelicmeue MouwjHOCMu nna3mMeHHO20 pacrbinumers Ha memmnepamypy
nosepxHocmu yacmuy, Al,O3
Cnuka 5 — Ymuuyaj cHaze Hanajara nna3ma-nuwmorba Ha memrnepamypy nospuiuHe
yecmuuya Al,O3

The highest surface temperature of 3670 °C is reached by powder
particles with a maximum plasma gun power of 29kW. With the decrease
of plasma gun power supply to a level of 21kW, the surface temperature
of powder particles also decreases for 100 °C at a distance of 50 mm
from the anode opening. The difference in the surface temperature of
powder particles for these two power supply levels is reduced to a level
of 40 °C for a distance of 150 mm from the anode opening. In plasma
without hydrogen, the plasma gun power supply is only 13.3kW. The
surface temperature of powder particles is much lower at a distance of 50
mm from the anode opening - 3300 °C. This value is lower by 450 °C in
relation to the value of the surface temperature of particles deposited
with a Ar/H, mixture of gases. The plasma jet without hydrogen is much
shorter, and the speed values of powder particles and the plasma are
lower as well. Due to a shorter plasma jet, the surface temperature of
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particles rapidly decreases with a distance from the anode opening and
it is only 2750 °C at a distance of 110 mm.

Figure 6 shows the values of the surface temperature of Al,O;
powder particles depending on the share of hydrogen as plasma gas for
the same level of the plasma gun power supply.

—— Ar H 2= 7515 imin.P=19KW
Ar M 2= 40/7Vmin. P=19KW
w— Ar =75 Umin.P=18KW
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Distance from the opening anode c<m

Figure 6 — Effect of H2 on the surface temperature of Al,O3 powder particles
Puc. 6 — Bosdelicmsue H2 Ha memnepamypy nosepxHocmu Yacmuuy, nopowka Al>Os
Crniuka 6 — Ymuuyaj H2 Ha memnepamypy nospwuHe Yecmuya rpaxa Al2O3

In plasma with pure argon, the surface temperature of powder
particles is lower for 500 °C. At a distance of 60 mm, powder particles
have a surface temperature of 2400 °C which drops to a level of 2000 °C
at a distance of 170 mm from the anode opening. For the same power
supply of 19 kW, the same argon / hydrogen ratio, and two times lower
share of hydrogen, powder particles have a lower surface temperature
for 50 °C, regardless of the distance from the anode opening.

Conclusion

This paper describes the speed of powder particles for the vertical
transport of powder into the plasma jet. It also presents the transfer of
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plasma particle (ions and electrons) speed to powder particles as well as
the plasma heat transfer to Al,O; powder particles at atmospheric
pressure.

Based on the above, the following conclusions can be given.

Powder feeders with a vertical and controlled flow of carrier gas and
powder provide a steady supply of powder into the plasma jet and a
successful powder deposition on substrates by the plasma spray
process.

The heat transfer from plasma particles to powder particles takes
place exclusively by convection (hot plasma flow) and conduction (heat
conduction) within powder particles, while the heat transfer by plasma
radiation to powder particles is negligible.

Injection speed and the distance from the anode to the substrate
affect the particle velocity in the plasma to a large extent. For a given
granulation, particles reach a maximum speed at a certain distance and
then the speed decreases with the distance. Optimal injection speed
values are directly related to the size of granulation.

The surface temperature of powder particles in the plasma initially
rises to a maximum value at a certain distance due to heat transfer, and
then decreases with the distance from the anode opening. Reaching the
maximum surface temperature of powder particles is more influenced by
by the plasma gun power supply and the distance from the anode
opening than by the injection speed.

This document has shown that the properties of Al,O; powder
coatings can be changed depending on particle granulation distribution,
power supply levels and plasma spray distances.
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NEPEOAYA TEMNA N CKOPOCTU YACTWL, MIA3Mbl HACTULIAM
MOPOLLUKA B MNMPOLECCE NITASMEHHOIO HAMbINEHNA MPA
ATMOC®EPHOM OABJIEHUN

Muxauno P. Mpaak
LleHtp uccneposanunm n passutusa A.O. «MMTEJT kommyHuKaumum»,
r. benrpag, Pecnybnuka Cepbusa

OBJNIACTb: xumn4yeckme TexHomnormm
BWAO CTATbW: npodeccrmoHanbHas ctaTbs
A3bIK CTATbW: aHrnuickuin
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Peswome:

Ans ycrniewHoeo u ka4ecmeeHHO20 HaHeCEHUSs MOPOLKOBO20 MOKPLIMUS,
o4YeHb BaxkHbI criedyrouue Oelicmaeusi: pasHOMEPHOE 8rpbiCKUsaHue
fopowika 8 cmpyro Mnna3mbl, repedaya memrepamypbl U CKoOpocmu
yacmuy, nnasmbl (UOHO8 U 3/IEKMPOHOB8) Yacmuuam ropowka Uu
memrepamypa U CKOPOCMb pacriiasneHHbIX Yacmuy, ropowka 00
COMPUKOCHOBEHUSI ¢ OcCHosaHueM. [lo kaxdomy eudy nopowka 8
3agucumocmu om pacrnpedenieHuUs epaHynauuu  Yacmuy, (um) u
rnomHocmu  (ke/m3) Heobxodumo ornpedennums Kou4ecmeo nopowika
(e/muH) e nnasme Ons onpedenieHUsi Nomoka 2aa3o8 (f/MuH), eudos
nnasmeHHbIx ea3o08 (Ar, He, H2, N2 unu ux cmecu) u yposHs MouwHocmu
(kBm). [ns mozo 4ymobkl ocywecmeauriacs repedaya meria u ckopocmu
yacmuy nna3vbl  Ha Yacmuubl ropowka OO/KHO  rpou3olmu
g83aumodelicmeue Mex0y UoHaMu U 3[eKmpoHamu  rnasmbl U
yacmuyamu ropowka. B cnydae, ecnu u3gecmHbl CKOpocmb U
memrepamypa nnasmMeHHolU cmpyu rnpu ammocghepHom OasrieHuu, mo
MOXHO paccyumambs mpaeKkmopuro omaoeribHbIX Yacmuy, C MOMOWbIO
ypasHeHull OB8UXXEHUST, y4umbigasi 8UCKO3HOe mpeHue U uHepuyur. B
OaHHoli pabome rnipedcmaesrieHbl CKOpocmb HaribineHusi nopowka Al,Oz u
ckopocmb omolesnibHbIXx dHacmuy rnopowka Al,Os; 6 nnasve, 8
3asucuMocmu Om paccmosiHUsi om aHoOHO020 Omeepcmusi, a Mmakxke
€68sA3U 2paHynayuu rnopowka u memriepamypbl N08epxHocCmu dYacmuy,
ropowika, 8 3agUCUMOCIU OM 6rpbICKa MOPOWKa U YPOBHSI MOWHOCMU
M1a3MEHHOZ0 Pacribliumerisi fpu ammocgepHOM OaseHuU.

Knwodeeble  crosa: Hazgpee, yacmuubl, n7asma,  MOPOWOK,
memnepamypa, nepedaqa, CKOPOCMb.

MPEHOC TOIMNMOTE N BP3NHE YECTUUA MJTASME HA YHECTULIE
MPAXA'Y NMNA3MA-CIPEJ NMPOLIECY HA ATMOC®EPCKOM
MPUTUCKY

Muxauno P. Mpaak
UcTtpaxmeadku n passojHun ueHtap UMTEJT komyHukaumje a.g.,
Beorpag, Penybnuka Cpbuja

OBNACT: xemujcke TexHomnorunje
BPCTA YJIAHKA: cTpy4HuM unaHak
JESNK YJTAHKA: eHrnecku

Caxemak:

3a ycriewHo OernoHoeare rpaxa u 0obap keanumem OeroHO8aHUX
criojesa 00 8e/lUKO2 3Ha4aja je paBHOMEPHO UH-EKMUpaH-€ rpaxa y mrias
nnasme, fpeHoc moriome u 6p3uHe decmuuya nnasMme (joHa U
efleKmpoHa) Ha 4Yecmuue rnpaxa, Kao U memnepamypa U 6p3uHa
ucmorybeHUX Yecmuuya rpaxa npe cydapa ca rnodsno2oM. 3a ceaku murl
npaxa, y 3asucHocmu 00 pacriodene epaHynauuje dYecmuua (um) u
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2ycmuHe (kg/ms), HeorxodHo je odpedumu Konu4uHy domypa rnpaxa
(¢/min) y nnasmu 3a OegbuHucaHe rpomoke 2acoea (I/min), muroee
nnasma eaacoea (Ar, He, H,, N unu muxose mewasuHe) u HUBoe cHaze
(kW). da 6u dowrio do npeHoca moririome u 6p3uHe yecmuuya rnnasme Ha
yecmuue ripaxa, mopa dohu 00 uHmepakyuje usMeRy joHa u efieKmpoHa
u3 nasMe U JYecmuya rpaxa. 3a no3Hame bp3uHe U memrepamype
Mriasa rjasMe Ha ammocehepCKOM MPUMUCKYy Mogy ce u3padvyHamu
nymare rojeduHuUx 4Yecmuuya TrpPUMEHOM jeOHa4yuHe Kpemarba,
y3umajyhu y ob3up 8UCKO3HO mper-e U UHepuujy. Y pady je npukalaHa
eesa uamehly 6psuHe umekmuparba npaxa Al,Os; u 6p3uHe nojeduHuX
yecmuya npaxa Alb,Oz y nnasmu y 3asucHocmu o0 odcmojarba omeopa
aHode, Kao U eesa epaHynauuje npaxa U memriepamype nospuiuHe
yecmuua rpaxa y 3asucHocmu 00 UreKkmuparba rfpaxa U Hueoa cHaze
Hanajarba nasma nuwimosba Ha ammMocgepCKOM MPUMUCKY.

KrbyyHe pedu: 3aspesare, Yecmuue, nnasma, rnpax, memrepamype,
rpeHoc, bp3uHe.
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