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EPJ manusript No.(will be inserted by the editor)
Hydrodynami study of a mirowave plasma torhK. Gadonna1, O. Leroy1, T. Silva2, P. Leprine1, C. Boisse-Laporte1 and L.L. Alves2 a1 Laboratoire de Physique des Gaz et des Plasmas, UMR CNRS/UPS 8578, Orsay, Frane2 Instituto de Plasmas e Fus~ao Nulear, Instituto Superior T�enio, Universidade T�enia de Lisboa, Lisboa, PortugalReeived: date / Revised version: dateAbstrat. A hydrodynami model was developed to simulate the ow and the heat transfer with thegas/plasma system produed by a mirowave-driven (500 � 900 W at 2:45 GHz) axial injetion torh,running in atmospheri pressure helium at 3 � 9 L min�1 input gas ows. The model solves the Navier-Stokes' equations, inluding the e�et of the plasma upon the momentum and the energy balane, in orderto obtain the spatial distributions of the gas veloity and temperature. The model predits average gastemperatures of 2500� 3500 K, in the same range of those obtained by optial measurements. Simulationsshow that the plasma inuenes the gas ow path and temperature, promoting an eÆient power transfer.1 IntrodutionAmong the di�erent types of mirowave plasma torhes,the axial injetion torh (TIA for Torhe �a Injetion Axi-ale in Frenh) [1℄ has been used to reate hemially ativespeies for gas analysis, surfae proessing, and gaseouswaste treatments [2,3℄, or simply to ahieve a volumet-ri gas heating. Here, helium is injeted at atmospheripressure into a TIA (with ow rates of a few L/min), pro-duing a high luminosity, high density plasma [4℄ (3 mlength and 1 mm radius) at the nozzle's exit. The noz-zle ats also as a mirowave oaxial antenna, delivering a500� 900 W power at 2:45 GHz frequeny.The present study fous on the hydrodynami desrip-tion of a TIA, by solving the Navier-Stokes' equations forthe gas/plasma system inluding the gas energy balaneequation, in order to analyse the inuene of the plasmaand of the input gas ow on the spatial distributions ofthe gas veloity and temperature. The plasma and thewall temperature onditions required to run the modelare taken from experiment.2 Model formulation and solution2.1 Navier-Stokes' equationsThe hydrodynami harateristis of this problem havebeen disussed elsewhere [5℄ for a losed reator on�g-uration. The distribution of veloity v and temperatureTg with the heavy partiles, in the presene of a plasmaheating soure, is alulated by solving the orrespond-ing mass, momentum, and energy balane equations forneutral helium (in the present onditions, the neutral gasa e-mail: llalves�ist.utl.pt

density is about 1018� 1019 m�3, thus muh larger thanthe plasma ion density � 1014 m�3)r � (�v) = 0 (1a)�(v �r)v +rp+r � � = eniEd (1b)�Cv(v �r)Tg �r � (�grTg) + pr � v= 3 meMHene�enkB(Te � Tg) + e�i �Ed ; (1)where p = (�=MHe)kBTg is the gas pressure (with � themass density, MHe the mass of an helium atom, and kBthe Boltzmann's onstant); � is the visosity tensor givenby � = ��[rv+(rv)T � (2=3)r �vI ℄ [with � = (5=16�)(�MHekBTg)1=2=(�2
(Tg)), where � is the ollision diam-eter and 
 is the ollision integral [6℄, and I the iden-tity tensor℄; Cv = (3=2)(kB=MHe) is the gas heat apa-ity at onstant volume; �g = (15=4)�(kB=MHe) is thegas thermal ondutivity [6℄; �en(s�1) = 6:8 � 10�8ng(m�3) is the eletron-neutral ollision frequeny [7℄ (withng = �=MHe the gas density); me, ne and Te are theeletron mass, density and temperature, respetively; andEd, ni and �i are the spae-harge �eld, the ion densityand the ion ux, respetively, alulated here for ambipo-lar onditions Ed ' �kBTee rnene (2a)ni ' ne (2b)�i ' �Darne ; (2)with Da ' (kBTe=e)�i the ambipolar di�usion oeÆientand �ing = 4:49 � 1020 V�1 m�1 s�1 the redued ionmobility [7℄ (for moleular ions He+2 , the sole ion speiesonsidered under atmospheri pressure onditions).Equations (1b)-(1) (the latter dedued from ab ini-tio alulations, whih orret the formulation adopted by



2 K. Gadonna et al.: Hydrodynami study of a mirowave plasma torhother authors [8,9℄ when writing the balane of the inter-nal energy with the system) update our previous hydrody-nami desription of the problem, by onsidering the iondrag-fore (eniEd) and Joule heating (e�i �Ed) supple-mentary terms to aount for the plasma inuene on thegas transport and heating. The latter is ahieved mainlythrough elasti eletron-neutral ollisions, desribed bythe �rst term on the right-hand side of equation (1).2.2 Work onditions and numerial solutionThe axis-symmetri setup under study (see �gure 1-left)onsists of a nozzle (2 mm diameter for the gas injetionhannel) loated inside a dieletri tube (57 m length and5 m diameter). The input gas ow is of 3 � 9 L min�1(yielding input axial average veloities of hvinzi = 16 �50 m s�1), whih ensures subsoni and non-turbulent owonditions (the Mah number and the Reynolds' num-ber are M < 0:3 and Re < 2000, respetively). Here the
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Fig. 1. Left: axis-symmetri 2D omputational domainadopted in the simulations (dimensions are in mm and thediagram is not to sale). The plasma (in red) is loated at thenozzle's end (starting at position z = 45 mm). The orange re-gion represents the oaxial antenna. Right: radial (a) and axial(b) pro�les for the eletron density (solid urves) and temper-ature (dashed urves). The points are OES measurements ofne.plasma is de�ned by imposing the radial and axial pro�lesXe(r; z) = XeMAX Xer(r)Xez(z) (with X � n; T ) shownin �gures 1-right(a) and (b). Note that the axial pro�leof ne (a ombination of o-sinus funtions) is hosen a-ording to optial spetrosopy measurements (OES) ofthe Stark broadening of the H� and the H� atomi lines.

These measurements show that the maximum of the lightemitted by the plasma is loated � 1 mm away from thenozzle, suggesting the formation of a hollow axial pro-�le for ne [see �gure 1-right(a)℄, due to a dragging ef-fet. Typial values for the eletron density and temper-ature maxima (the latter de�ned aording to [10℄) areneMAX � 3� 1014 m�3 and TeMAX � 2� 104 K.The boundary onditions are the following. At theaxis (r = 0), axis-symmetry onditions are used. At thewalls (of the oaxial antenna and the dieletri), we im-pose v = 0 (orresponding to a no-slip ondition), theTg values measured with a thermal probe (at the diele-tri), and Tg = 390 K (at the metal). At the input open-ing (z = 0) we set the gas veloity aording to vz(r) =2hvinzi �1� (r=R)2� (R is the nozzle's radius); at the out-put opening we set the pressure p = patm and the gastemperature Tg = 290 K.Simulations use the ommerial software COMSOLMultiphysis r [11℄ adopting the solver PARDISO [12℄.Meshing is performed automatially using triangular fea-tures; the onvergene riterion imposes relative errors,between onseutive alulations, smaller than 10�6.3 Results and disussion3.1 Inuene of the plasmaFigures 2(a)-(b) plot, respetively, the axial pro�le (atr = 0) within the plasma region and the radial pro�le (atz = 15 mm, orresponding to half of the plasma height),up to 10 mm outside the plasma, of the gas temperaturealulated for an input gas ow of 5 L min�1, at variousneMAX and TeMAX values. Notie that Tg is very sensi-tive to hanges in the eletron energy-density, exhibitingan inrease with both neMAX and TeMAX due to the en-hanement in the plasma-to-gas ollisional power transfer.To allow for a omparison with experimental results,�gure 3 shows the axial pro�le of the alulated radiallyaverage gas temperature hTgir and of the measured rota-tional temperature, obtained by �tting the ro-vibrationalspetra emitted by the seond positive system of N2, us-ing the SPECAIR software [13℄. These diagnostis are per-formed perpendiularly to the disharge axis, by olletingall the light emitted by the plasma at given z positions, fordi�erent mirowave powers. One observes that the alu-lated gas temperatures have the same order of magnitudethan the measured ones. The di�erenes in the axial varia-tion of Tg, predited by simulations and dedued by mea-surements, might evidene the fat that we didn't adoptself-onsistent plasma pro�les in the present alulations,but an also introdue a disussion about the experimen-tal results (beyond the mere observation that measure-ments have a signi�ant unertainty, on�rmed by the er-rors bars depited in �gure 3). In fat, the nitrogen usedin the measurements is dragged into the plasma-jet fromthe air envelope whih surrounds it, meaning that proba-bly the experimental gas temperature doesn't auratelyaount for the plasma-to-gas heat transfer ourring nearthe disharge axis.
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Fig. 2. (a) Axial pro�le (at r = 0) and (b) radial pro�le (atz = 15 mm) of the gas temperature in the plasma nearbyregion, alulated at 5 L min�1 input gas ow, for (i) TeMAX =2� 104 K and the following neMAX values (in 1014 m�3): 1.5(dashed urves), 3 (solid), 6 (dotted); (ii) TeMAX = 2:7�104 Kand neMAX = 3 � 1014 m�3 (dashed-dotted).
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z (mm)Fig. 3. Axial pro�le of hTgir, for the gas temperature al-ulated in the same onditions as in �gure 2 (urves) andfor the measured rotational temperature (points), obtained at5 L min�1 input gas ow for the following mirowave powers(in W): 500 (triangles), 600 (diamonds), 700 (irles).

Figure 4 plots, within the plasma region, the axial pro-�le (at r = 0) of the modulus of the gas veloity jvj,alulated for the same onditions as before. The resultsin this �gure show that the plasma inuenes also thegas ow path, ating as an obstale responsible for a ve-loity peak whose intensity inreases with the eletronenergy-density (i.e. with both neMAX and TeMAX). ForneMAX = 3 � 1014 m�3 and TeMAX = 2 � 104 K, �g-ure 4 shows results alulated with and without the sup-plementary ion term in equation (1b). One an observe theinuene of the negative ion drag-fore at the beginningof the plasma [for 45 � z(mm) � 46 where the eletrondensity is rapidly growing, see �gure 1-right(a)℄, whihextends throughout the entire plasma region to indue amore rapid derease in the axial pro�le of jvj.
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Fig. 4. Axial pro�le (at r = 0, within the plasma region)of the modulus of the gas veloity, alulated at 5 L min�1input gas ow, for (i) TeMAX = 2 � 104 K and the followingneMAX values (in 1014 m�3): 3 (solid, with ion terms; irles,without ion terms), 6 (dotted); (ii) TeMAX = 2:7 � 104 K andneMAX = 3� 1014 m�3 (dashed-dotted).The insert is a zoomover the beginning of the plasma region.3.2 Inuene of the input gas owFigure 5 shows the inuene of the input ow on the gastemperature pro�le, inside and outside the plasma region.Under ow onditions, the gas temperature features a hol-low spatial distribution near the nozzle's tip, whose depthbeomes larger for longer energy relaxation lengths, as-soiated with the e�etiveness of the plasma-to-gas heattransfer. Figure 5 shows that an inrease in the input gasow leads to longer relaxation lengths in the axial dire-tion for Tg, yielding a derease in its maximum (in theplasma region) and a simultaneous inrease in its tail (out-side the plasma). However, for the �xed ne and Te pro�lesonsidered, the maximum of the gas temperature pro�leis loated always around z = 54 mm in the axial diretion[see �gure 5(a)℄, whih in any ase is after the maximumof the eletron energy-density neTe [see �gure 1-right(a)℄.
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Fig. 5. Axial pro�le (at r = 0) of the gas temperature insidethe plasma region (a) and outside the plasma region (b), al-ulated for neMAX = 3� 1014 m�3, TeMAX = 2� 104 K andthe following input gas ows (in L min�1): 3 (dashed urves),5 (solid), 7 (dotted), 9 (dashed-dotted).This explains the more e�etive plasma-to-gas heat trans-fer ourring at lower input gas ows.Experimentally, we observe the plasma length to in-rease with the input gas ow, evidening the importantrole played by the residene time of speies. In the presentsimulations, with imposed eletron density and tempera-ture pro�les, the inuene of the plasma length annot beevaluated self-onsistently. However, numerial tests showthat an inrease in the plasma length (at onstant max-imum eletron density) leads to higher Tg maxima, thusreduing the e�et observed in �gure 5(a), also favouringthe gas heating outside the plasma region.4 Final remarksThe development of a hydrodynami model for a miro-wave-driven TIA, operating in atmospheri pressure he-lium in an open reator on�guration, has allowed to de-sribe the inuene of the plasma (using presribed pro-�les for the eletron density and temperature with maxi-mum values of � 3� 1014 m�3 and � 2� 104 K, respe-tively) and of the input gas ow (3�9 L min�1) on the gas

veloity and temperature distributions. The model solvesthe Navier-Stokes' equations, inluding the e�et of theplasma in the momentum and the energy balane equa-tions, where some supplementary terms were onsideredto aount for the drag-fore and the Joule heating due tothe ions.The model predited average gas temperature valuesof 2500� 3500 K, in the same range of those obtained byOES diagnostis. Simulations showed also that the plasmahanges the path of gas ow and that there is an eÆ-ient plasma-to-gas power transfer, whih demonstratesthe inuene of the eletron energy-density on the gasheating via elasti eletron-neutral ollisions. Moreover,an inrease in the input gas ow was found responsiblefor (i) longer relaxation lengths in the axial diretion forthe gas temperature, and (ii) a derease in its maximumvalue.The present work is part of a more extensive researhprogram for the self-onsistent modelling of the TIA.Workis in progress to develop a plasma model, desribing thetwo-dimensional drift-di�usion transport of harged parti-les in the system. This model will provide self-onsistentinformation about the plasma (in terms of its size and ofthe harged partile density and temperature), throughits oupling with the hydrodynami model, improving thedesription of the gas ow and heat transfer.5 AknowledgementsWork partially supported by the Portuguese Foundationfor Siene and Tehnology (FCT) and the PortugueseMinistry of Siene, Tehnology and Higher Eduation(MCTES) (Projet PTDC/FIS/65924/2006).Referenes1. M. Moisan, G. Sauv�e, Z. Zakrzewski and J. Hubert, PlasmaSoures Si. Tehnol. 3 (1994) 5842. C. Tendero, C. Tixier, P. Tristant, J. Desmaison and P.Leprine, Spetrohimia Ata B 61 (2006) 23. S.J. Rubio, M.C. Quintero, A. Rodero and J.M. FernandezRodriguez, Journal of Hazardous Materials 148 (2007) 4194. A. Riard, L. St-Onge, H. Malvos, A. Giquel, J. Hubertand M. Moisan, J. Phys. III 5 (1995) 12695. L.L. Alves, R. Alvarez, L. Marques, J. Rubio, A. Rodero andM.C. Quintero, Eur. Phys. J. Appl. Phys. 46 (2009) 210016. J.O. Hirshfelder, C.F. Curtiss, R.B. Bird, Moleular The-ory of Gases and Liquids (John Wiley, 1964)7. L.L. Alves and C.M. Ferreira, J. Phys. D: Appl. Phys. 24(1991) 5818. J. Henriques, E. Tatarova and C.M. Ferreira, J. Appl. Phys.109 (2011) 0233019. Y. Kabouzi, D.B. Graves, E. Casta~nos-Mart��nez and M.Moisan, Phys. Rev. 75 (2007) 01640210. J. Torres, O. Caraba~no, M. Fern�andez, S. Rubio, R.�Alvarez, A. Rodero, C. Lao, M.C. Quintero, A. Gamero andA. Sola, J. Phys. Conferene Series 44 (2006) 7011. http://www.omsol.om/12. http://www.pardiso-projet.org/13. http://www.speair-radiation.net/


