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Abstract. The analysis of aerodynamic and heat structure of flow in high-frequency inductive
plasma torch has been carried out. The range of plasma torch power is measured in dozens
of kilowatts.

The numerical simulation methods of the turbulent flow in the plasma torch affected by high
frequency electromagnetic field without considering the chemical kinetics are used during the
research.

The data of temperature field and induced current density in the plasma torch depending
on current amperage and frequency are obtained. Also, these data are obtained depending on
the flow scheme in the operated on argon and air plasma torches.

The inductive plasma torches can be applied to solve a wide range of tasks such as activa-
tion of coal-dust mixture with its further gasification, coating process for the stabilization
of combustion processes as well as for the recycling processes at the mobile seaport recycling
complexes.

The calculations demonstrated convincingly the advantage of the operation of plasma torches
with reverse vortex flow over plasma torches with “direct” vortex flow. Moreover the ob-
tained data allow executing the assessment of thermal efficiency of inductive plasma jet and
obtaining its optimal operational modes.

Keywords: plasma, combustion, numerical methods, plasma torch.

AnHotanus. [IpoBenen anann3 a3poIMHAMHYECKON U TETIIOBOI CTPYKTYPBI TOTOKA B BHICO-
KOYaCTOTHOM HMHAYKIIMOHHOM IUTIa3MOTpOHE. UMCICHHOE MOAEIMPOBAHUE TTO3BOJIMIO BBIS-
BUTH BIIMSTHAE PEKUMHBIX XapaKTEePUCTUK HA padoTy IJIa3MOTPOHA.

KuroueBsle cioBa: miua3zma, TopeHHe, YUCIEHHBIE METOABI, MI1a3MOTPOH.

Amnorauis. [IpoBeaeHo aHami3 aepoAWHAMIYHOI 1 TEIUIOBOI CTPYKTYPH IOTOKY Y BHCOKO-
YaCTOTHOMY IHyKIIHHOMY TIa3MOTPOHI. YHCIIOBE MOJEITIOBAHHS JI03BOJIMIIO BUSIBUTH BILIHB
PESKUMHHUX XapaKTEPUCTHK Ha POOOTY IJIa3MOTpOHA.

KoarodoBi ci1oBa: ma3ma, ropiHHsl, YUCIIOBI METO/IHU, TUIA3MOTPOH.
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Problem statement. The naval port facilities have
been growing rapidly the last 10 years. To provide the
fast growing needs of the economy and foreign trade
cargo handling it is necessary to increase the produc-
tion capacity of domestic seaports through the construc-
tion of new transshipment facilities and reconstruction
of the existing ones. At the same time modern ports
should be designed and constructed taking into account
the achievements of the world best practice for the eco-
saving systems and the maintenance of the appropriate
environmental quality.

The particular importance is given to the reduction
of the impact of production processes on the environment.
To solve the full range of environmental issues which
arise in the connection with the port development and the
centralization of the process of development of its single
environmental infrastructure it is planned to implement
the mobile eco complexes for the collection, treatment
and disposal of ship waste. It is also possible to destroy
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IMocranoBka npo0saeMbl. Mopckue OPTOBbIE COO-
pyxeHus B mocuenuue 10 1eT MHTEHCHBHO HAPAIHUBAIOT
MorrHocTH. ObecreueHus OBICTPO PACTYIIUX OTPEOHO-
CTel PKOHOMHUKHM M MEXIYHapOJIHBIX TOPTOBBIX I'Py30-
TIEPEBO30K HeO6XO}II/IMO YBEJIUYNUTH NPOU3BOACTBEHHBIC
MOIITHOCTH BHYTPEHHUX MOPCKHX ITOPTOB 3a CYET CTPOU-
TEJIHCTBA HOBBIX M PEKOHCTPYKIIUU CYIIECTBYIOIINX TIe-
PEeBAIOYHBIX MOIITHOCTEH. B TO ke BpeMsi COBpeMEHHBIC
MTOPTHI JOJDKHBI TPOCKTUPOBATHCS M CTPOUTHCS C YICTOM
JIYYIIAX MHPOBBIX JOCTHIKCHUN W TOJIBKO TPH yCIOBUU
COXpaHEHHUS IKOCUCTEM U MOAJCPKAHUSA COOTBETCTBYIO-
IIeTO Ka4yeCTBa OKPYKAIOMIEH Cpe/Ibl.

Ocoboe 3HaueHWE TPUAACTCS CHIDKCHUIO BO3IEH-
CTBHSI POU3BOJICTBEHHBIX IPOIIECCOB HA OKPYIKAOIIYIO
cpeny. Jns pemeHust Bcero KOMIUIEKCa 3KOJIOTHMUECKUX
BOIPOCOB, KOTOPbIE BO3HUKAIOT B CBSI3U C Pa3BUTUEM
MopTa, U IEHTPATU3aIIH IIpoIiecca CO3IaHus ero eiu-
HOM DKOJIIOTHYECKOW WH(PPACTPYKTYPHI IUIAHUPYETCS
MPUMEHATh MOOWJIBHBIC JKOJOTHYECKHE KOMILICKCHI
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the sludge there which will be dewatered and incinerated
with solid waste taken from the ships.

Since the 1950s, the plasma-related processing has
been a promising tool to enable and speed up combustion
processes for numerous technologies in chemical and re-
fining industry. So the plasma torches can be included
as a part of power systems of the maritime infrastructure
at the seashores, on the floating electric power plants and
on the waste recycling complexes.

The major disadvantage of the existing high-power
devices is their limited lifetime because of the electrode
erosion or its melting. This problem was successfully
solved by the International Plasma Technology Center
(IPTC) which introduced its 50-150-300 kW hybrid
plasma torches (Fig. 1) to the market with the main focus
on waste and coal gasification, electronic grade silicon
production, materials modification, nano-powder pro-
duction, and related applications. These plasma torches
are based on reverse vortex scheme, which prolong the
lifetime of the plasma torch by means of effective cool-
ing of the walls with the vortex. The other advantage
of that scheme is a constructive simplicity. For the first
time such highly swirled aerodynamic flow structures
were used for the inductive plasma torches where lami-
nar flows were used mostly.

Latest research and publications analysis. Plasma
is a very complex phenomenon from the physical point
of view. The electromagnetic, thermodynamic, hydro-
dynamic and chemical processes which are also non-
stationary in time are present and interconnected. Thus,
the main aim of the simulation of plasma phenomena
in plasma devices has not been researched to the full ex-
tent today notwithstanding the quite big amount of works
in this field [1-4, 7, 9, 10, 12-16].

The article aim — in this work with the help of math-
ematical model of high-frequency plasma torch, imple-
mented in CFD-ACE+© software developed by ESI-
Group [6], the analysis of acrodynamic and heat structure
of the flow in the high-frequency inductive plasma torch
channel is carried out. The numerical simulation allowed
defining the impact of mode and geometrical character-
istics on the plasma torch operation and formulating the
recommendations on the high-frequency plasma genera-
tors design.

Fig. 1. Inductive Plasma Torch

Puc. 1. H1yKIMOHHBIN TU1a3MOTPOH

N°2 (2) 2014

NCCJIELOBAHNA N PASPABOTKA

IUTst cOopa, 00pabOTKK U YTIITU3AIMH CYIOBBIX OTXOIOB.
Tam >ke npennonaraeTcs yHUUTOXaTh 0CaJOK OYNCTHBIX
COOPY)KEHHH, KOTOPBIA OymeT 00e3BOKMUBATHCS M CHKU-
TraTbCA BMCCTE C TBEPAbIMU 6I:ITOBI)IMI/I oTX0o4aMu, Ipu-
HUMaeMBbIMH C KOpaOJIeH.

C 50-x romoB XX Beka IIa3MeHHas oOpaboTka
CYHTAJIaCh TEPCICKTUBHBIM METOAOM, ITO3BOJIAIONIUM
TOAJICP)KUBATh U YCKOPSATH HPOLECCHl CrOpaHUs JUIs
MHOTOYHCJICHHBIX TEXHOJIOTMH B XUMHUYECKOH W He-
¢renepepabaTpBatomieli  MPOMBIIIICHHOCTH.  TaK,
IJ1a3MOTPOHBI MOTYT 6BITI: BKJIFOUCHBI KaK 4aCTb CHEP-
TeTHYECKOTO KOMIUIEKCa MOPCKOH HMH(QPACTPYKTYpBI
Ha MOPCKOM M00epeXbe, Ha MITABYIHX SIEKTPOCTAHIHAX
Y KOMIUIEKCax I10 nepepaboTKe OTXO/I0B.

OCHOBHBIM HEIOCTATKOM CYIIECTBYIOMINX MOIIHBIX
TUTa3MOTPOHOB SIBJISIETCSI HX OTPAHUYCHHBINA CPOK CITYX-
OBl W3-32 PO3UHU IEKTPOAA WIIM €ro IUIaBICHUA. DTa
npoOiiema Oblla YCHEMIHO pelieHa MexayHapoaHbIM
LHeHTpoM Iu1a3MeHHbIX TexHosnoruit (IPTC), xoropsrit
TIPEJCTaBUI Ha PBIHKE CBOIO ymHEHKY 50-150-300 kBT
rHOPUIHBIX TIA3MOTPOHOB (pHUC. 1), OCHOBHBIM Ha3zHaye-
HHUEM KOTOPBIX SIBJISETCS Ta3u(UKaIHs OTXOJ0B U YIJIs,
CO3/JaHNEe ¥ HAHECEHHE KOMIIO3UTHBIX MAaTepHaJoB,
HAHOIIOPOILIKOB. OTH IUIAa3MOTPOHBI OTIMYAIOTCS TEM,
YTO HCIIOJB3YIOT TaK HA3bIBAEMBIH MPUHLMUII «OOpaTHO-
T0» BHXPsI, KOTOPBIH TO3BOJISIET MPOJUTUTH CPOK CITYXK-
OBl TUTA3MEHHON TOPENKH TOCPEACTBOM S(PPEKTHBHOTO
OXJIXK/ICHUsI CTEHOK I1a3M000pa3yromm razoM. Jlpyroe
TIPEUMYIIIECTBO ATOH CXeMbI — KOHCTPYKTHBHAs IPOCTO-
Ta. BriepBrle Takne MHTEHCHBHO 3aKpY4CHHBIC TECUCHUS
HCTIONB30BANIUCH ISl MHIAYKTUBHBIX IUIA3MOTPOHOB, TIE
0OBIYHO NMPUMEHSUTHCH JJAMHHAPHBIE TOTOKH T'a3a.

AHaJIM3 NOCJIeHUX UCCIIeJOBAHUI 1 MyOIMKALMIA.
[Tna3ma sBIsIETCSl OYEHD CIIOKHBIM SIBICHHEM C (hr3Hde-
CKOM TOUKH 3peHus. 3/1eCh MPUCYTCTBYIOT  TECHO B3au-
MOCBSI3aHBl 2JIEKTPOMAarHUTHBIC, TEPMOJMHAMHYCCKHE,
THAPOANHAMUYECKHE U XMMHYECKHE TPOLECCHI, KOTOphIC
TakXe HE CTal[MOHapHBI BO BpeMeHH. [loaTomy 3amaua
MOJICJIMPOBAHUS TUIa3MEHHBIX SIBJICHHH B IUIa3MEHHBIX
yCTpOICTBaxX Ha CErOJHALIHUK JAEHb HE pelieHa B IOJI-
HOM 00beMe, HECMOTPS Ha JOCTATOUYHOE OONIBIIOE KOJIH-
4eCTBO padoT B 3TOM obmactu [1-4, 7, 9, 10, 12-16].

HOEJb CTATBU — anamu3 a’poauHaMU4ecKou
U TEIUIOBOM CTPYKTYpP MOTOKa B KaHaJe BBICOKOYACTOT-
HOTO UHYKIIMOHHOTO 1a3MoTpoHa. C UCTIOIb30BaHUEM
MareMaTH4eCKOW MOJEIH IUIa3MEHHOTO BBICOKOYACTOT-
HOTO IUIa3MOTPOHA, peann3oBaHHoN B mporpamMe CFD-
ACE+© [6]. UncneHHOE MOICIMPOBAHHUE ITO3BOJIUIIO
ONPEACIIUTEL BIHUAHUEC PCKHUMHBIX W T'COMCTPUYCCKUX
XapaKTepUCTUK Ha paboTy IUIa3MOTpOHA U BBIPAOOTAThH
PEKOMEHJaNH IO MPOCKTHPOBAHHUIO BHICOKOYACTOTHBIX
IUIA3MEHHBIX T€HEPATOPOB.

H3no0xeHne 0CHOBHOTO MaTepuaJa. Maremaruue-
CKast MOZIeNb, HEOOX0AMMast IJIsl MOAEINPOBAHUS JaHHO-
TO IIa3MOTPOHA, COCTOUT M3 JIByX OCHOBOIIOJIAratoINnX
MIOAMOJIEIIeH: MOJIENU TYPOYJIEHTHOTO TEYSHUSI K MOJICIIH
MarHUTOTHPOANHAMUYECKOTO B3aMMOAEHCTBHUS IOTOKA
1 MarHUTHOTO TIOJISL.
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Basic material. The mathematical model required
for the simulation of the present plasma torch consists
of two fundamental submodels: a model of turbulent
stream and a model of magnet hydrodynamic interaction
of flow and magnetic field.

For the inductive plasma in the present mathematical
model a range of assumptions has been used which are
justifiable for such plasma type and usually not appropri-
ate in cases of low-temperature, discharge and nonequi-
librium plasma:

1. Plasma is in the state of the local thermodynamic
equilibrium;

2. The turbulence impact is considered by means
of RNG k—¢ turbulence model [8];

3. Plasma is optically transparent and losses on the
radiation are defined only by the presence of the plasma-
supporting gas;

4. The viscous heating is not considered in the equa-
tion of energy conservation;

5. The displaced currents which appear in the sole-
noid are not considered.

The physical behavior of plasma in the present mod-
el is calculated in a three-dimensional performance and
described by the following main equations of mass, im-
pulse and energy conservation:

V-(pv)=0,

V-(pw)=-Vp+V-1+pg+Fj,

kg _
Vo) ==V | Lk V| 3| g+ VT, ||+ 840,
CP i Cp

where, p is density of the plasma flow; v is velocity;
p is pressure; T is the stress tensor; g is gravity force;
h is the total stream enthalpy; ke/f is efficient thermal
conductivity of the flow; ¢, is heat capacity of the flow
at constant pressure; O are the volume losses of heat
from radiation; Y is chemical components concentration;
J, is the diffusion current in the i-th component; P, is the
Joule heating; F, is the Lorentz force.

The Lorentz force and Joule heating can be defined
in the following way:

F; =0,51(J x B¥);
Py =0,51(J x E*),

where J is a vector group of the current density induced
in plasma; B is a vector group of the magnet field induc-
tion; E is a vector group of the electric field intensity.
The «*» index means that the value is a complex conju-
gate number.

For the aerodynamic characteristics prediction the
RNG-based k—¢ — turbulence model was used. The trans-
port equations have similar form as a standard k—¢ — tur-
bulence model:

0 0
—(pk) +— (phku,) =
at(p )+ax,.(p u;)

0 ok
25 (akueﬁ')g +Gk+Gb_p8_YM+Sk3
J J
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Jnst iHyKIMOHHOM TU1a3Mbl B JaHHOM MareMarnye-
CKOM MOJIesT! OBbIT UCTIONB30BaH PsiJL JIOIYIIIEHHH, 103BO-
JIUTEJbHBIX UIMEHHO JUIsl TAKOTO BU/IA TIIa3MbI M OOBIYHO
HE MPUEMJIEMBIX B CIIy4asX HH3KOTEMIIEpaTypHOI, pas-
PSAAHON U HEpaBHOBECHOM IIa3MBI:

1. ITna3mMa HaxXOoUTCS B COCTOSHUM JIOKAIBHOTO TEp-
MOJMHAMUYECKOTO PABHOBECHSL.

2. DbdexTsl TypOYICHTHOCTH YYHTHIBAIOTCS TPHU
oMot RNG k—e-monenu TypOyneHTHOCTH [8].

3. IIna3Ma sBISETCS ONTUYECKH IIPO3PavyHOil, U Io-
TEpU Ha U3ITyYCHNUE ONPEEIISIOTCS TOJIBKO MPUCYTCTBHU-
€M T1a3M0o00pa3yIoIIero rasa.

4. BA3KOCTHBIA HarpeB B ypaBHEHHH COXPaHEHUS
SHEPrUH HE YYUTHIBACTCS.

5. Pacnonaraemele TOKH, BO3HHKAIOIIHE B COIEHOU-
Jie, He YYUTBIBAIOTCSI.

duznyeckoe MoBeJCHUE TUIA3MBI B JAHHOW MOJICIIH
paccuuTHIBaCTCS B TPEXMEPHOI MOCTAHOBKE M OIHCHI-
BaeTCsl OCHOBHBIMH YPaBHEHUSIMH COXPAHEHUsI MaccChl,
UMITYJIbCa M DHEPTHH:

V-(pv)=0;

V-(pw)=-Vp+V-14+pg+F;;

k _
v-(pvh):—v[ effwljw- Z(Ji+£VYiJ +P, 40,
C C

P i j2

rIe p — IUIOTHOCTH IJIa3MEHHOTO TMOTOKa; U — CKO-
pOCTh; p — JaBJI€HUE; T — TEH30p HaIpsDKEHUH; g —
IpaBUTAIIMOHHAS CUJIA; i — CyMMAapHasi SHTAJBIIHS 110~
TOKa; K, g 3 PeKTHBHAS TEIUIOMPOBOIHOCTh MMOTOKA;
c,— 1300apHas TETIOEMKOCTh MOTOKa; ) — oObeMHbIe
TIOTEPH TETUIOTBI OT U3JTYYEHHS; ¥, — KOHLICHTPALMS XH-
MHUYECKUX KOMITOHEHTOB; .J, — Ju(y3HOHHBIA TOK B i-M
KOMITOHEHTE; Pj — Jlkoynes Harpes; £/, — cwia Jlopenua.

Cuny Jlopenna u J[>xoyneB HarpeB MOXKHO 3amucarhb
B CJIEIYIOIIEM BHJIE:

F; =0,51(J x B¥);

P, =0,51(J x E¥),

rae J — BEKTOPHBIM KOMIUIEKC IUIOTHOCTH TOKa, UHIY-
IIMPOBAHHOTO B TUIa3Me; B — BEKTOPHBIN KOMIUIEKC WH-
OYKIIAA MarHUTHOTO TONS; £ — BEKTOPHBIN KOMIUIEKC
HaTIPSOKEHHOCTH DIIEKTPUYECKOro mmois. MHAEKe «*»
O3HAYaeT, YTO BEIWYHMHA SBISCTCS KOMITJICKCHO-COTIPS-
JKCHHBIM YHCIIOM.

JUis IpOTHO3MPOBAaHUS a3POANHAMHYECKUX Xapak-
TEPUCTHK Obla ucmonb3oBaHa RNG-pa3HOBHUIHOCTD
k—e-momenn TypOyNCHTHOCTH. YpaBHEHHUS IIepeHoca
JAHHOM MOJIETTH aHAJIOTUYHbI YPaBHEHHUSAM CTaHJAPTHOMN
k—e-monmenn TypOy/IeHTHOCTH:

o o
2 (pk) + 2 (phu;) =
at(p )+ax,. (pku;)

0 ok
:g (akueﬂ)g +Gk+Gb_p8_YM +Sk’
J J
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0 0 0 Oe
—(pe)+—(peu;) =—| | O blps | — |+
o 09 5 o= 2 (ctomep) )

2
€ €
+Cls %(Gk +C38Gb)_c23p7_Rs +S£'

In these equations, G, represents the generation
of turbulent kinetic energy depending on the mean veloc-
ity gradients, G, is the generation of turbulence kinetic
energy due to the buoyancy for the perfect gases, Y, rep-
resents the contribution of the fluctuating dilatation in the
compressible turbulence to the overall dissipation rate.
The a, and o, quantities are the inverse effective Prandtl
numbers for k and ¢, respectively, and S, and S, are the
user-defined source terms.

The electromagnetic field which was generated
by the currents in coils (/) of wire and inductive cur-
rents of plasma (J) is described by the Maxwell equa-
tions, written in the vector form:

V24 —iopyoA+ gty =0,

where p =4n107 is the magnet permeability of vacuum;
o is the plasma conductivity; =2mxf"is the electromag-
netic field frequency; 4 is the electromagnetic field po-
tential.

The vector complex of the £ electric field intensity
and the vector complex of the B induction of magnetic
field are defined by means of the 4 value with the help
of the following equations:

E=—iwA;
B=Vx4;
as well as the simplified Ohm’s law:
J=cE.

The inductive plasma torch with capacity of 50 kW
the simulation of which is carried out [8] (Fig. 2) is de-
veloped for a wide range of tasks such as activation

I

Fig. 2. Scheme of High-Frequency Inductive Plasma Torch
Operation:

Puc. 2. Cxema paboThl BBICOKOYACTOTHOTO HMHIYKIIMOHHOTO
IUIa3MOTPOHA!

1— Inductive Section / nunyxumonHas cexuyst; 2 — Output Sec-
tion / BeIXOzHas cekuust; 3 — Input Section / BXOQHAs CEKIMs;
4 — Copper Coil | mennas tpybka; 5 — Plasma-Supporting
Gas / nnazmoobpasyromuii ra3; 6 — Direct Vortex | npsmoii
BUXPb; 7 — Reverse Vortex | obpatusiii Buxpb; 8 — Fuel Sup-
ply / nogaua toruuBa; 9 — Plasma / nnasma; 10 — Plasma
Flame / nnazmenHslii paken
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B otux ypaBnennsx G, NMPeACTABISET TEHEPALUIO
TypOyJIEHTHOW KUHETUYECKON SHEPTUU B 3aBUCUMOCTH
OT IPATUEHTOB OCPEIHEHHBIX CKOPOCTEH, G, — renepa-
U0 TypOYJICHTHOW KUHETUYCCKOW IHEPTUU B PE3YIIb-
Tare MIaBydeCTH Ul MACANBHBIX Ta30B; Y, — BKIA.
MyJABCAITMOHHOTO PACHIUPEHUS JUIS CKUMAEMBIX TOTO-
KOB, BEJIMYMHBI 0, U 0, BBICYMJISIOTCSA C MCIOJIb30BAHHEM
AHAJTUTHYCCKOTO BBIPAKCHUSI, MOJTYYCHHOTO B TCOPHH
PEHOPMHUPOBAHHSA C HCIIONB30BaHHEM d((DEKTHBHBIX UH-
cen [TpasatTins muist kK ¥ € COOTBETCTBEHHO; Sk u Sg — WcC-
TOYHHUKOBBIE UJICHBI.

DJIEeKTPOMArHUTHOE TIOJIE, CTCHEPUPOBAHHOC TOKa-
MU B BUTKax (Jcm.l) 00OMOTKHM ¥ HHIYITUPOBAHHBIMU TOKa-
MU TI1a3MBI (J), OTIMCBIBaeTCs ypaBHEHUAMHU MaxkcBera,
3alMCaHHBIMK B BEKTOPHO# (hopme:

V2 A—-iopyoA+ g,y =0,

rae p,=4mn-107 — MarHuTHas MPOHUIIAEMOCTh BAKyyMa;
G — DIIEKTPOIPOBOIHOCTD TUIA3MBIL; © =27f, A — dacTo-
Ta U MOTEHIUAIl JIEKTPOMArHUTHOTO TOJI.

BekTopHBIl KOMILIEKC HAIPSI)KEHHOCTH 3JIEKTpUYe-
CKOro 1ol £ ¥ BEKTOPHBIN KOMITJIEKC HHAYKIUK B Mar-
HUTHOTO TOJS HAXOIAT 4Yepe3 BEIUYUHY A, UCHONb3Yys
CIEIYIOUINE BBIPAKEHHS:

E=-ind;

B=Vx4;

a TaKKe YIpOIICHHbIH 3akoH Oma
J=0oFE.

Mogenupyemblil UHIYKIUOHHBIHN MJ1a3MOTPOH MOLL-
Hocthio 50 kBT (puc. 2) [8] pa3paboran il IIMPOKOTO
CHEKTpa 3aja4, TaKWX, KaK aKTHBAIHs IbLICYTOJbHOU
CMECH C ee moclenyromei razudukamnuei, mepepador-
Ka OTXOJI0B, HAHECEHHUE MOKPBITHNA. OH COCTOUT U3 TPEX
OCHOBHBIX YacTeW: BXOIHOW CEKUUH 3, MHIYKIIMOHHOI
ceKuuu / ¥ BBIXOAHOH cexuuu 2. UHAyKIMOHHAs CeKIUs
TIpe/iCTaBIsIeT co00H TPyOy M3 KBApLIEBOTO CTEKJIA.

[Tma3moo06pasyromuii BO3ayx 5 momaercst yepes 3a-
BUXPHTEIb BBIXOJHON CEKIUH W 00pasyeT 0oOpaTHbIH
Buxpb 7 [11].

BxonHas cexiysi UMeeT 3aBHXpPHUTENb, Yyepe3 KOTO-
PBIf B TNIA3MOTPOH TIOZIAeTCA TUIa3MO00Pa3yIONIHii ra3 5
(apron mnm Bo3ayx). Uepes oTBepCTHS B TOHBIIIKE BBHI-
XOTHON CEeKIMM MOXHO IOflaBaTh TOPIOYYI0 CMech §
7100 APYToe TOIIIUBO.

B nanHOM citydae pacueT MpOBOAMIICS JUIS ILIA3MO-
TpOHa, pabOTaIOIIEro Ha aproHe U BO3ayxe. AproH ooma-
JIaeT MOBBIIICHHON M0 CPABHEHUIO C BO3YXOM, JIEKTPO-
IIPOBOTHOCTBIO, CIIEA0BATEILHO, TOIYINUTH INIa3MEHHBIH
(baken mms Hero Jierde u TpeOyeTcs MEHbBIIE SHEPreTH-
YECKHX 3aTPaT, 4TO U OBUIO TOATBEPKAECHO YHCIEHHBIM
9KCTIEPUMEHTOM.
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of coal-dust mixture with its further gasification, waste
recycling, coating process. It consists of three main
parts: the input section 3, the inductive section / and the
output section 2. The inductive section is a pipe made
of fused glass.

The feed of plasma-supporting gas 5 is carried out
through the swirler of the output section, forming a re-
verse vortex 7 [11].

The input section has also a swirler through which
the plasma-supporting gas 5 is supplied to the plasma
torch (argon or air). It is possible to supply the dust mix-
ture § or any other fuel through the holes in the output
section base.

In this case, the calculation was carried out for the
plasma torch which works on argon and air. Argon has
high electric productivity comparing to air. Thus, it will
be much easier for the argon to obtain a plasma torch and
it requires less power consumption which was proved
by the numerical experiment.

The properties of argon and air which are required for
the numerical simulation are taken from the source [5].

In both cases the argon and air were supplied in the
lower tangential admission 3 (see Fig. 2) to develop the
reverse vortex stream with the flow rate of 2 g/s under
the atmosphere pressure. The argon feed to the higher
admission 5 develops the direct vortex flow 6. The cal-
culations were carried out for the operation modes of the
plasma torch with the frequency of 3.5 MHz and range
of currents in the inductor from 1 to 5 A with the reverse
and direct vortex of argon.

As a result of executed numerical experiments the
following plasma jet characteristics were obtained. Fig-
ure 3 shows the temperature distribution along the plas-
ma jet axis with the reverse vortex.

Also, according to Figure 3 and 4,5 we can notice
that while the distance increases from inductor, the plas-
ma temperature goes down very quickly. A drop in tem-
perature for the 5 A current is 65%. So we can make
a conclusion that it is reasonable to lead up the waste
feed stream as close to the plasma jet exit nozzle as possible
in order to get maximum effect of its plasma activation.

From the graphs data and from Fig. 3 one can ob-
serve that the maximum temperature in the plasma torch
reaches in the inductor field. We can make a conclusion
that the plasma torch length should not exceed the gen-
eral inductor length on more than 20 % because of the
reasonable usage of the inner plasma torch space and the
losses increase of the total pressure in it.

At the same time the comparison of the impact of the
type of the argon flow on the temperature field inside the
plasma torch was carried out. As is clear from Fig. 4,0
the reverse vortex allows concentrating the high tem-
perature area closer to the axis of the plasma torch and
provides the additional wall cooling while the direct vor-
tex scheme (Fig. 4, a) gives high temperature zones close
to the plasma torch shortening the lifetime of the plasma
torch. So, the further calculations were carried out only
for the plasma torches with the reverse vortex.
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CBoiicTBa aproHa u Bo31yxa, HeOOXOIUMBIE ISl UUC-
JIGHHOTO MOJICJIMPOBAHMSI, B3SIThl U3 UCTOYHHKA [5].

B oboux cimy4asx W aproH W BO3IyX IOJaBaJINCh
B HIDKHUH TaHTCHIUATBHBIA ToBO 3 (CM. puc. 2) amis
CO3MaHUA OOPAaTHOTO BHXPEBOTO TEUCHUS C PACXOIOM
2 1/c mpu armochepHoM naBineHuu. [lomada aproHa
B BEpXHMH MOABOJ 5 OTCyTCTBOBasa. Pacuersl mposo-
JAITUCH JIJISL PeXKUMOB PaOOTHI TUTA3MOTPOHA C YaCTOTOM
3,5 MI'u u nnana3zoHa TOKOB B MHAYyKTOpe oT 1 10 5 A.

B pesynprare mpoBeIEeHHBIX UYHCIEHHBIX JKCIEpHU-
MEHTOB OBIIH IMONYYCHBI XapaKTePUCTUKH IUIa3MOTpPO-
Ha. Ha puc. 3 moka3zaHO pacmpeneneHue TeMIepaTypbl
T10 OCH IIJIa3MOTPOHA, PabOTAIOMIEro ¢ «OOpaTHBIMY BUX-
PEBBIM TCUCHUCM.

Taxoke u3 puc. 3 u 4,6 3aMeTHO, YTO IO Mepe yaa-
JICHHUS OT WHAYKTOpa TeMIlepaTypa Iia3Mbl JOCTaTOYHO
pe3ko magaet. [ Toka 5 A mameHue TeMiepaTypsl co-
craBisier 65%. [loaToMy MOXHO ciaenarb BBIBOM, YTO
TOPIOUYIO CMECH 1[eJIeCO00pa3HO TOIBOANTH KaK MOXKHO
OMIDKE K BBIXOJHOMY COILTY IDIa3MOTPOHA, YTOOBI TO-
JyYUTHh MaKCHUMAJIBHBIN dPEKT ee MIa3MeHHON aKTHBA-
U,

W3 naHHBIX TpauKoOB, a TAKKE U3 PHC. 3 BUIHO, UTO
MaKCHMaJbHbIE TEMIEpaTyphl B IUIA3MOTPOHE IOCTHU-
raloTcsi B 00J1aCTH MHIYKTOpPA, U3 Yero MOXKHO CHeNaTh
BBIBOJI, UTO JUIMHA IJIA3MOTPOHA HE JTOJDKHA IPEBHINIATH
001Iy10 JIMHY HHAYKTOpa Oonee yeM Ha 20% B CBsI3H
C paIfoHAIBGHBIM HCIIONE30BaHUEM BHYTPEHHETO IIPO-
CTpPAHCTBA TJIA3MOTPOHA U YBEIMYCHHUEM TTOTEPH MTOITHO-
IO JIaBJICHUS B HEM.

[IpoBeseHO cpaBHEHHE BIUSHUS THIA TEYEHUS apro-
Ha Ha TeMIIEpaTypHOE I0JIe B I1a3MOTpoHe. 13 puc. 4,6
BHJHO, YTO «OOpaTHBII» BUXPh ITOMAaraeT CKOHIICHTPU-
pOBaTh 30HY BBICOKHX TEMITEpaTyp OMmke K OCH IuIa3-
MOTpPOHA U 00ECTICYNBACT AOMOTHUTEIIEHOE OXITaKICHUE
CTCHOK, [T0 CPABHEHUIO C «IIPSIMBIM» BUXPEBBIM TCUCHU-
eM (puc. 4,a), KOTOpoe CO3/1aeT BBICOKOTEMIIEpaTypHbIC
30HBI OJIMKE K CTECHKAM IUIa3MOTPOHA, TEM CaMbIM CO-
Kpaimas ero pecypc. Takum oOpa3om, nanbHeHIe pac-
YeTHI IPOBOAMIACH TOIBKO JJIS TNTa3MOTPOHOB C «00par-
HBIM» BHXPEBBIM TCUCHHEM.

T,K
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2000

0 100 200 300 400 L, mm

Fig. 3. Temperature Distribution along the Plasma Jet Axis,
which Operates on Argon:
Puc. 3. PacripezienieHue TeMIeparypsl [0 OCH IUIa3MOTPOHA:

1 A, ...... _ 2 A’ _ e 3 A’
e —4A——— 5A
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As a result of calculations we also got the depen-
dence of the induced current density distribution along
the plasma jet axis (Fig. 5-6).

It should be noted that there is a rapid increase of in-
duced current density in a range of current within the
inductor from 4 A and 3.5 MHz current frequency
in operated on argon plasma jet (Fig. 5). This indicates
a so-called plasma “breakdown”. We can notice a simi-
lar rapid increase of the plasma jet operated on air for
current of 4 A with 7 MHz frequency. The parameters
assessment of the “breakdown” current is an essential
characteristic of plasma jet operation.

Also the numerical experiment allowed executing
the assessment of thermal efficiency of inductive plasma
jet according to the thermal and accepted powers.

The efficiency calculation was executed according
to the following formula:

n= Pthermal 100%,

induct
where P, is a thermal power in the output plasma jet
section, Wt; P, . is an inductive power absorbed by the

induct

plasma torch, Wt.

T_107 - degk
116664004

LAE+004

1E4004

a)
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B pesynbrare pacyeToB TakxKe Oblila OJIyYeHa 3aBU-
CUMOCTB pacHpeacjICcHus IIIOTHOCTH MHAYIUPOBAHHBIX
TOKOB TI0 OCH TIa3MOTpoHE (puc. 5, 6).

CrnenyeT OTMETHTh PE3KMH POCT MJIOTHOCTH HHIY-
LIUPOBAaHHBIX TOKOB B JMala30HE TOKA Ha WHIYKTOpE
ot 4 A u vacToToii Toka 3,5 MI'11 B mia3mMoTpore, pado-
TaloIIEM Ha aproHe (CM. puc. 5), 4TO yKa3blBaeT Ha TaK
HA3bIBAEMBIN «IIPOOOW» TTa3Mbl. AHATIOTHYHBIA CKauOK
JUISL TIIa3MOTPOHA, paboTaromero Ha Bo3ayxe, HalIo-
nmaeTcst yxke amst Toka 4 A ¢ wacrorot 7 MI'm. Onenka
IapaMeTPOB TOKA «IIPOOOs» SIBISIETCS] BAKHOM XapakTe-
PHUCTHKOW pabOTHI TNIa3MOTPOHA.

UHCIIEHHBI JKCIEPUMEHT II03BOJIMI  IIPOBECTHU
oneHky terioBoro KITJ{ nHAyKIIMOHHOTO IIIa3MOTpOHA
[0 COOTHOIIEHHUIO TEIUIOBON M MOMIOUIEHHOW MOIIHO-
creit. Pacuer KII/] mpousBoamics mo Gpopmyie

n= Ehermal -100% ,

induct

e Pthzrmal — TCIUIOBas MOIIHOCTH B BEIXOOHOM CCYCHHHU

maazmMorpoHna, Br; P,

induct

— WUHAYUUPOBaHHAas MOIIHOCTb,
TIOMIOIICHHAs IJIa3MCHHBIM q)aKCHOM, BT.

T_T07 - degk
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Fig. 4. Temperature Field in Plasma Jet Section, which Operates on Argon for 5 A Inductor Currents with Direct Vortex (a) and

Reverse Vortex (b)

Puc. 4. Ilone Temmneparyp B C€U4EHHH IIIa3MOTPOHA, pabOTAIOIIEro Ha aproHe, UIA TOKa HAa MHAYKTOpE 5 A C «IIpIMBIM» (@)

1 «0OpaTHBIM» (0) BUXPAMH

I, A/m?
1,40E+05

1,20E+05 “\\
1,00E+05

8,00E+04
6,00E+04
4,00E+04 -
2,00E+04 /)
0,00E+00

0 100 200 300 400 L, mm

Fig. 5. Induced Current Density Distribution along the Plas-
ma Jet Axis, which Operates on Argon, Inductor Frequency
is 3.5 MHz with Reverse Vortex:

Puc. 5. Pacripesienenne MioTHOCTH MHIYHHPOBAHHBIX TOKOB
10 OCH IIa3MOTpPOHA!

_____ 1 A’ veeves
e — 4A;——— 5A

I, A/m?

1,0OE+05

6,0E+04

8,0E+04 IA\
| /
|

4,0E+04

2,0E+04

YP2)
0,0E+00 # ,,__»,:....‘.,% s‘u_‘
0

100 200 300

400 L, mm

Fig. 6. Induced Current Density Distribution along the Plasma
Jet Axis, which Operates on Air, Inductor Current Strength
is 4 A with Reverse Vortex:

Puc. 6. Pacnpe)leneHI/Ie IJIOTHOCTU HMHAYIUPOBAHHBIX TOKOB
I10 OCH IJIa3MOTpPOHA, pa60Tanmer0 Ha BO3yXeE:

------ — I MHz/ 1M1 ———— 2 MHz /2 Mt —+—— 3,5 MHz /
3,5 Ml —— — 4 MHz /4 MT'; — - — 5 MHz / 5 MI';
— 6 MHz/ 6 MI'y; —— — 7 MHz / 7 MI'n
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The thermal power is calculated according to the for-
mula

Pthermal =8¢ (Tout - Tin ) Wt,

where g is an argon consumption, kg/s; T is a plasma
jet output temperature, K; T, is a plasma jet input argon
temperature, K; ¢ is an average argon specific heat in the
temperature range from 7, to 7, (J/kg-K).

For the plasma jet operated on argon the current
of 5 A corresponds to the accepted power of plasma
torch of 10 kW and thermal power of 5 kW. Correspond-
ingly, the plasma jet efficiency is about 50 %. In the same
time the efficiency of plasma jet operated on air with the
inductor current of 4 A but with frequency of 7 MHz
is 75 %.

CONCLUSION. 1. The high temperature operation
modes along with compact dimensions make the plasma
torches of such construction optimal for the stabilization
of combustion processes as well as for the recycling pro-
cesses at the mobile seaport recycling complexes.

2. The calculations demonstrated convincingly the
advantage of the operation of plasma torches with re-
verse vortex flow over plasma torches with “direct” vor-
tex flow.

3. The output plasma jet nozzle temperatures can
be up to 5000 K for both argon and air. We should only
choose the proper values of the current strength and fre-
quency.

Combustion mixture or other fuel is reasonable
to lead up as close to the plasma jet output section as pos-
sible in order to get the maximum effect of its plasma ac-
tivation, since the temperature goes down rapidly in case
of removal from the nozzle.

The plasma torch capacity depends mostly on the
inductor current frequency. In such a way, the inductor
current strength increase from 4 A to 6 A with constant
frequency of 3.5 MHz for the plasma jet operated on air
gives thermal power growth from 4.3 kW to 8.2 kW. The
frequency growth from 3.5 to 7 MHz with constant cur-
rent strength of 4 A gives power growth from 4.3 kW
to 26.5 kW. So it is reasonable to increase the frequency
for plasma jet capacity and efficiency increment, but not
the inductor current strength.

Cnmcok 1uTeparypbl
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TennoBy10 MOIIHOCTE PACCUUTHLIBAIIH 110 (OPMYIIE
Pthermal =8¢ (Toul - Tm) Br,

rjie g — pacxofl aproua, kr/c; I, — TemIeparypa Ha Bbl-
xome u3 TazMotpona, K; 7, — Temmeparypa aprona
Ha BXOJIC B IU1a3MOTPOH, K; ¢, — cpensis TenoeMkocTh
aprona B quanasone temmeparyp ot 7, no 7, Jhx/(krK).

Jns ma3MoTpoHa, paboTaroIero Ha aproHe, TOKY
5 A COOTBETCTBYeT IOIVIOIIEHHAs MOIIHOCTh Ila3-
MeHHoro ¢akena 10 kBt u TemoBas — 5 kBt. Coor-
BercTBeHHO KITJ[ mnasmorpona cocrasnsgeTr okono 50 %.
B 1o xe Bpems KIIJl mmasmorpoHa, paboTaroriero
Ha BO3/yX€ C TOKOM Ha MHAYKTOpe 4 A, HO 4acTOTOM
7 MI'u, paBen 75 %.

BBIBO/IBI. 1. BeicokoTemmiepaTypHbIe peXKUMBI pa-
0OTBI Hapsly ¢ KOMIIAKTHBIMH pa3MepaMu JICNAroT T1a3-
MOTPOHBI }IaHHOf/lI KOHCTPYKIIUM OINTUMAJBHBIM U JIsA
CTaOMIM3ali TIPOIIECCOB TOPSHUS U TIEPEepadOTKH OT-
XOJIOB B MOOMITBHBIX MPUIIOPTOBBIX IepepadaThIBAIOIINX
KOMILIEKCax.

2. PacueTpl TMPOAEMOHCTHUPOBAIH IPEUMYILECTBO
paboThl IUIA3MOTPOHOB C «OOpPATHBIM» BHUXPEBBIM Te-
YEHHEM HaJl TJIa3MOTPOHAMH C «IIPSIMBIM» BHXPEBBBIM
TEUCHHEM.

3. Temneparypbl Ha BBIXOJE M3 COIUIA IIA3MOTPOHA
MOKHO ztoBectu 10 5000 K kak [uist aprona, Tak U 1is
BO3JlyXa, BBIOMpas COOTBETCTBYIOIINE 3HAYEHHS CHUJIBI
1 4aCTOTHI TOKA.

Toprouyro cMech MM APYroe TOIIMBO PalMOHAIBHO
IIOABOJUTH KaK MOXHO OnMmKe K BbBIXOAHOMY CC€YCHUIO
IUTa3MOTPOHA, YTOOBI TIONYYUTh MAaKCHMAIbHBIA 3(-
(exT ee IIa3MEeHHOI aKTHBAIMH, TaK KaK IPH yAaJICHUH
OT COIUIa TEeMIIEpaTypa Pe3Ko MaaaeT.

MomHOCTh TIa3MEHHOTO (hakena 3aBUCHT B OOJb-
IIeil CTEeNMeHW OT YacToThl TOKa Ha WHIyKTope. Tak,
YBEJNIMYCHNE CHJIBI TOKA Ha WHAYKTOpe ¢ 4 10 6 A mpu
MMOCTOSTHHOM yactote 3,5 MI'1 st ra3MoTpoHa, pado-
TAIOIETO Ha BO3/JYXE, JaeT MPUPOCT TEIUIOBOI MOIIHO-
ctu ot 4,3 o 8,2 kBT, Torna Kaxk IOBBIIIEHHE YACTOTHI
ot 3,5 no 7 MI'y mpu nmocTosiHHOM cuie Toka 4 A naer
mpupocT MommHocTH ot 4,3 kBt 1o 26,5 xBT1. s yBe-
mmaennst MomHocTy 1 KI1/] mrasmMoTpoHa pannoHaaIbHO
YBEJIMYHMBATh YaCTOTY, & HE CHJIy TOKa Ha MHYKTOpE.
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g MHUHHUCTEPCTBO OBPA3OBAHMS U HAYKH YKPAMHBI ‘ ‘
‘. ] HAI{HOHAJIbHBIA YHUBEPCUTET KOPABJIECTPOEHMS
i MMEHH AJIMHPAJIA MAKAPOBA B cOopHuKe paccMOTpeHBI OCHOBHBIE STallbl

(7
Q

CO3lIaHMsI, CTAHOBJICHUS WM Pa3BUTHs Kadenpbl TypOuH
MaimHOCTpOUTENBHOTO MHCTUTYyTa HanmoHanbHOTO

CBOPHHK CTATEN

YHHBEPCHUTETa KOpaOJIeCTpOCHNsI UIMEHH aaMupana Ma-
K 50-JIETHIO kaposa. [IpuBeneHsr MaTepualibl 00 yUeHBIX U TIearorax,
KOTOpBIE BHECIIM 3aMETHBII BKJIaJ] B MPOLIECC CTaHOBIIE-

KA®EJPHI TYPBUH HUS KabeIpHL

» CranoBnenne kagenpbl COBIAIO C MHTCHCHBHBIM BHE-
CBOPHUK CTATEH JIPEHHEM Ta30TYPOMHHBIX JBUraTelieil B OTeUECTBEHHYIO
KopaOeNbHY0 U CYIOBYIO SHEPTeTHKY. DTO CIOCOOCTBO-
BAJIO TECHOMY COTPYIHMYECTBY Kadeapsl TypOuH ¢ op-
raHn3atusaMu U MpeaAnpUuATUAMUA, KOTOPBIC 3aHUMAJIUCh
MIPOEKTUPOBAHUEM M NPOU3BOACTBOM IOJOOHON TEXHH-
ku. B mepuon ¢ 1963 mo 1988 . kadenpoii 6110 BBIY-
mieHo 6osiee 1800 MHKCHEPOB-MEXaHUKOB T10 CIICIIHANb-
Hoctu 0521 «TypOunocTpoeHue».

IToo peoakyueit npo. I'. @. Pomanosckozo
JneKTpoHHOE P 0 HCTIOJIE na DVD-ROM
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Kadenpa Typ6iH

Kadenpa TypOuH ropaurcs CBOMMH MHOTOYHMCIICHHBIMH
BBIITYCKHUKaMH, aCIUpPaHTaMH M OBIBIIMMH COTpPYIHH-
KaMH, YCIICIIHO pC€an30BaBIIMMU WU PCATU3YHOUINMHA
B HACTOsIIIIEE BpEMsl CBOM 3HAHMS M TBOPUYECKUII IOTEH-
1an B HaroHalbHOM YHHMBEpCHTETE KOpaOJIeCTpOCHUS
nMeHu agmupana Makaposa, HayqHo-1pon3BoncTBEHHOM
KOMITIIEKCE Ta30TypOOCTpOeHUS «30psD» — «MaIIpoeKT.

1963
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