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Plasma fluidized and spouted bed reactors: an 
overview 

AESTRACT : Thz charactersticparticlemixirg, high rate of heat 
and mass transfer and oantinuity of solid processing are the main 
advantages of fluidized systems for ultra high temperature 
operationswith dense partinilates. The assocl 'ation of plasma 
-tors w i t h  such systms is exarmned ' i n th i spape r fmnvar i aus  
pointsof view : applications, hydroayMrm 'cs, heat and mass 
transfer, chemical engineering. Fluidized and spouted beds reactors 
are presented as well as the original properties of these systms 
w i t h  respect to classicdl one. 

The association of the main advantages of both fluidized bed and plasm is 
an excitirg challage for the develapnant of a new generation of cbwcicdl reactors. 
(3-1 the o m  hand, fluidized ad spouted beds are characterized by perfect mixirg of 
the particles (i.e., low temperature gradient, large thermdl diffusivit ies),  high 
rate of heat and mass -far, mntinuousoperationwithsolid, highapparent 
density of solid; an the other hand, plasna flows are ccmposed of very reactive 
chemical species and can provide u l t r a  high temperature sources for solid heat iq .  
Thus the coupling of these tm systems gives a l o t  of opportunities for : 

- G a s  phase reactions ( i n  plasna) ambined w i t h  ' ( inf luidizedbed) ,  - High temperature solid proces~ing in SOdLl size reactors (large pcu~er 

- particles mw and 
density in the plasna ad large particle density in the bed), 

mmt by f luid-Sl id  reaction, 
-New processes based on multistqs multifunction reactors us* the 
temperature (and chemical reactivity) diffe?Erces between plasna and bed 
and (or) the possibility of particles injection in the irrmersed plasna . 
All these developrwts are ~ y 3 w  limited by the poor -ledge of basic 

technical 
problems such as particles agglawation abserved by pioneers. This paper tries to 
propose an ovezview of previous PFB and PSB -ses and to pint out the main 
hydroayMmic and transprt properties of FS3. Finally the main researchand 
developnent needs are presented in the view of new processes design. 

properties of plasma fluidized and spouted beds (PFB and PSB) and by Salk3 

The fFrst applicatians of PFB have been proposed thirtyyearsagoby 
Goldberger and oxley [l] for qlxnhng ' plasna Il3actiCx-l species in fluidized bed. The 
D.C. plasma ton31 was located vertically a t  the center of the fluidized bed c o l m ,  
and a d d i t i d  fluidizing gas was provided in  order to ensure a uniform 
fluidization. QEIldnq ' rate larger than 106 K/swasd&embedonthebas isof  
temperature distribution mamm-ent. Pyrolysis of methane was then studied by 
Amounxuc and Tdlbot [2] us* a R.F. plasna generator lccated belaw the fluidizaticm 
distributor of beds ccqcazd of sand, zirccPlia and graphite. auerchmg ' rates of 
about 0.4106 K / s  were rrreasured and maximum aoetylene conversion yields of 50% were 
obtaiwdwithpuremethme and graphite particles fluidized bed. Results were 
explained on the basis of Jxdicdls lTe3lam 'm. 
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Plasm spouted beds (FSB) were used more recently. In 1971, B a l  et al. [31 
reported erqwimentdl results a b u t  axil pyrolysis in FSB us- a DC argm-hydmgen 
plasm. 

A oadensed prwentaticn of previous FTB and PSB developllwts is proposed 
in Table 1. Three main applicaticn fields have been selected : 

(1) Pyrolysis 
(2) -s Fnocess- 
(3) bhterials process-. 

These last applicatims (3) were developed very recently i n  the ~ a r l y  nineties. 

microwaves systens were used. But in the main cases., Dc -tors were associated 
w i t h  and RF 

ccmemiq plasna generators, Dc arc torch, inductiveplasnatorchand 

minerals process- in Wch high -ture mlmmts are mnoerned, 
F22dtOrS Were US& fOr gaS & lll&EY?idLS synthesis. 

TABLE 1 : Fields of applicaticn of plasna fluidized beds (PFB) and plasm 
spouted 

TYPE OF 
APPLICATIONS 

PLASMA souw=E REFERENCE 

Amxmxuc, Tdlbot 
(1968) [2] . 

PSB B a l  et al . (1968)[3]  

PFB 

c, 6 %  4 /C" H, 

PFB Goldberger  (1965)[6] 

PFB 

PFB 

PSB 

Flamant et al. 
(1990) [lo] 

PSB 

PFB 

Pb B 

PSB 

PFB 

Pb dus t  
p-sing 

Flamant et al. 
(1992) [ll] 

Kawamura et al. 
(1990) [12] 

Surface treat- 
mt of Carkxl 

fiber 

N i l x i d i r g  of T i  0- et al. 
(1990) [13] 

c coating frcm 

Pharmaceutical 
granulations 

drying 

a 4  

Kojima et al. 
(1991) [14] 

Doelling, Nash 
(1992) [15] 
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-a- from [ 1 ] -b- from [6] 

j 2 )  PFB. Plasma out 

-a- from [Z]  

-c- from [16] 

-b- from [4] and [51 -c- from [12] and [131 

Fig.1: Solutions for the mplirg bebeen 
plasna ard fluidized bed or spouted bed. 

The muplirg between a plasna generator and a fluidized bed of particles can 
be realized by different ways. Basic situations are schemed in figure 1. TW main 
groups can be cansidered : 

(1) the plasna jet is imTlersed inside of the bed, 
( 2) the plasna jet  is located outside of the bed. 

The f o m  can produce very rapid reaction rate (querhmg rate) because of 
thedirect =tact between the plasna and theparticles, but it can mute 
instabilities and local agglaneration. 
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The FSE reactor (situation ( 3 )  ) appears as a p a r t i d a r  case of design 1-a 
in w h i c h  additianal fluidizing gas in introduced in the bed. 

Reactor 1-b w a ~  by [6] as "Fluidized electrode pl- reactar" in 
ordar to ircmase the plasna torch efficienzy. This design lodcs l ike a .transferred 
arc sysben ard it was f d  to be very stable. Unfortunately, scme aqgl-tim was 
cbserved. Rcis obematim points out clle of the main difficulties erylxlIltered 
using PFB ard PSB : the of s w h  reactors is canplex and so far it is 
not raderstood well ercugh. 

-CS OF PLAEN4 SHXFED BED AND PLAEN4 FLUIDIZED BED 

In PSB the plasna jet transfers m t u m  andenergytotheparticles; 
therefore, thehydrodynarm 'cs of this sy&m is mxe critical than that of PFB 
because agglaneratim aepenaS cm a very fragile equilibrium between the particles 
mean residence time i n  the spout and the plasna-particle kat transfer rate. In PFB 
this equilibriun my be mdified by injecting sane a d d i t i d  gas. 

Main characteristics of fluid and solid cirailaticm in stardard spou -bed 

A multi-dimensid rrcdel of spouted bed was proposed reoently by [ 171, they 
proposevelocitiesdistributimforboththegas and the particles as shown in 
figure 2 .  The gas flows upward in the spout and in the annulus (fig.2.a) but the 
ve loc i ty in the fo rmrzone i soneonkr  of magnitude larger than that in the 
latter. Gas recirailatim exists in the lawer part of the annulus.The particles mve 
upward i n  the spout an3 ckwnwad i n  the annulus (fig.2.b). The velocity reverses a t  
the interface between the spout and the annulus, and inside the fountain. Particles 
velocity distributim measured by [18] in the axial direction is skwn in figure 3. 
A parabolic-like profile is observed in the spout. ' solid m t r a t i o n  
distributicm, relativedata havebeen&tair& using optical fibers m W  for 
measuTirg the variatim of transmu 'tted light by [19]. The map is plotted in figure 
4. Three main regime have been identified :at the axis, the gas is enriched with 
particles from the bottan to the top. On the ccntrary in the annulus, the porosity 
is low and ccclstant (packsa bed). A n  inlzermdl ' a te reg im is detected between the 
spout and the annulus in which the midage is laryer than in the annulus and snaller 
than in the spout. Tile variation of spout voidage a l q  the axis was predicted by 
[17]; i n  agreement w i t h  our experiments, it varies fran 1 a t  the i n j ec t i cm orifice 
to a b u t  0.6 a t  the bed surf-. 
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Fig.3: l+asurd ax ia l  mean vertical velo- 
city of particle in a SSB after [la] 
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Fig.s: Minirmrm ytiq Szlccity versus 
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Temperature and plasm effect m hydroayMrm 'cs 

The effect of temperature mspoutedbedhydrodyMrm 'cs was studied up to 
880°C by [20]. The autbrs point out the poor -t between literature equations 
and results about minimum spouting velocities ( U r n s ) .  As observed for mininwn 
fluidizatim velocity 1211, measured (fig.5) an increase of Urn, with 
temperature large particles (dp - h) while for snal l  particles Urn, decreases 
(dp - Imn). As a rule, a tmperature in=rease nafiows the stable spouting rarge,i.e. 
the rnaximm spoutable bed height % der=reases withtanperature. -imental and 
theoretical data are plotted in figure 6. 

For PSB cur lllaasurements with D.C. jetdonotreveallargeinfluen=eof 
temperaturemminimumspoutingvelocity because the plasma jet prcperties are 
daninant. The dimensionless pertinent parameter for describing this transitim is 
the stokes number [a]: 

their 

for 

Q,, 4 are the particle h i t y  and diameter, p the fluid vismsity, D, the 
injectim orifice diameter, U the plasma velocity. p and U are calailated at the 
film Ixqexature : T = TF = T-+Tb/2, where T- is the mean plasna terrperature at  the 
orifice, a n d T b  is themeanbed temperature. With this assunption, the mininun 
spouting velocity is well predicted by the following equation: 
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D,: w l m  diameter, H: bed b i g h t ,  v: Cinematic Visaosity. 

Ekp3Ammta l  d t s  are plotted in  f igure7,  theywerecbtainedinthe 
foiiowirg range : iw<st,,<i07, o . m <  < 2 . 3 h ,  2600<~,<3500 - 3 ,  ~mn<~,t7m, 

canoerning PFB, the minirmnn fluidization velocity of a micruvam-assisted 

rweal m ccerventimal behavior since minirmrm fluidization velocities ixxease w i t h  
temperature for anall particles, which can be q la ined  by inter-particles forces. 

8(hn<H<lO(mn (D, =9(hn). Corresponding 3 ociti- between 200 and 600 w . 
low pressure (266-266OPa) fluidized bed was studied by [24]. -imental data 

The maxinun spautable b i g h t  var ia t ionwi th themanbedtapmturewas  
repnrted by [25], it is plottea in figure 8. The arnpariscm between figure 6 and 
figure 8 shows a ample- antradict ion of the results with stardard spouted beds. 
It is because, as shown previously, the bed temperature is not a pertinent parameter 
for i n  PSB. 
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~ig.7: -isan of &dated  and mam- llig.8: Maximum spoutable depth as a f a -  
red transitim Stakes r*rmbers for a Dc tl01-1 of mjan bed taperature, after [25]. 
P l a s m  spouted bed after [a]. 

HEAT TF!ASFER IN PLASMA SK)UI'ED BED AND PLASMA FLUIDIZED BED 

Heat transfer i n  PSB and FFB was s t u d i d  by [11,[21 and 1251. Quenching 

w b - ~  the plasm jet is located outside of the bed [Z]; i n  the f o m  case, rates 
as large as 50 106 K / s  are reported 0.4106 K / s  are ob- in the latter 
situation. QI the basis of transient aqedmnts, p l a s m / p a r t i c l e k a t  transfer 
efficiency and bed effective axial and radial arduct iv i t ies  (A, ,A, ) were determined 
by [25]. Even for  bed M g h t  lower than K ,  mre than 90% of plasm energy is 
transferred to particles w i t h  nitrogen and about 70% w i t h  argon. Effective thermal 
properties A, and A, were identified by numerical f i t t ing  between experimental 
temperature distributions and calculated mes as plotted i n  figure 9. An intensive 
axialmixingwas shown, because Az i s t h r e e o r d e r s o f  magnitude larger than in 
packed bed (A, - 103 W . ~ r r l K - ~ )  and a rather poor radial d i f f w i m  was mBasured ( A r  - 
10 W . m l K - l  ). 

rates by particles ob- with hnersed plasm system [ l ]  are rmach larger than 
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tsmgeratu~~ distributim in a PSB after ( 9 /,a ) 

Typical radial temperature distribution obtained with a rrwirg thermocouple 
at level Z = 2ckrm is plotted in figure 11. Four regions are well identified fran the 
spout axis to the column w a l l  in agreement with fig.4. 

(1) The core of the spout wtlere temperature is maximum (its size is about the 

( 2 )  The -transitim zcne (imluded in the so-called ' ' z p x t ' ' )  affected by a large 

(3)  The annulus where SUE significant tagera- variatim is obtain&, 

injector diameter), - gradient, 
(4 )  The vicinity of thewall withtemperaturedecreaseduetoheat 

lOSSeS. 

The distributian shape is m t  affected by 0perati.q -ti=, the 
temperature difference d y  c h r g ~ ~  with mean bed t e m p r a m .  

DISCUSION AM) aXCLXJSJ.CN 

The ccup1i.q of plasnawitha fluidizedbedof particles offers a large 
m q e  of original properties for the develapnent of rn chemical such as : 

- of highly reactive species and out of equilibrium gas phase 
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reactim. In particular, the influenz of H ard radicals in t k  pyrolysis of 

- Ulm high temperature mineral s or wastes processing insnallsize 
reactors. ccpltin- operatim can easily be obtained by solid circulation as skwn 
in fig. 11. eed temperature is regulate3 by a change of particle mass flowrate for a 
aonstant plasna power or reverse. - Material elaboratim such as particles aat3.q. 

The mln difficulties pointed cut by Wtigators are agglawratim and 
particle attrition [lo], [261. The former can be solved by a better a of 
a n p k  of PFB ard PSB. the lattercanbe limitedby using acold 
plasma whi& ptwides reactive species without a strcrg thermal effect. 
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