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. The present \lAJrk descr ibes a unique application o~ plasna, techoology 

being investigated at McGill University. 

i(? 

"--"- 5team plasma was used to transform peat into a synt:hesis gas suitable 

for rœjhanol production.' Fourteen runs were made, r"~ wtdch :~e eff~~ of 
id 

t~rature and carbon/ste\3IIl nolar ratio on the produ,ct gas cœposition 

and on the carbon oanvers1on were investigated. A stainlèss steel reactor 

of 20 cm diruœter and 120 an length was used. Finely ground 'peat (Iœan 

particle size 63 microns, noisture content 15.5%) was fed, cont;inuous1y 

into the reactor top, and expJsed to rœan reaction terrperatures rangingj 

fram 1250 K te 1420 K. A carbon conversion of 89% and a hydrogen/carbon 

rronaxide rrolar ratio of 1.8 in the product gas were achieved. 
\, 

The trends in the data were investigated, and. rrodels derived ro 
,0 

reflect the results. They .. indicated that 90% $CQnv~rsÏ?n. and a 

hydrogen/carbon IlDnaxide IlDlar ratio of 2.0 could be attained . with the ,. 
J 

appropriate:operating conditions. A new reactoI; geaœtry is proposed to 

achieve this Objective~ 
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" cette\lt,thèse décrit ,une lXlUVelle application dans ui-t dànaine de la 

techn:>logié des plasmas ,dans lequel le département de Génie <llimique de, 

McGill,s'es1 ~ia~iS§. 

. 
p~ de vapeur d'eau a ~té enployé pour gazifier de la tourbe 

- et proouire un gaz de synthèse qui se pr@terait à la production 

t-hl!'I'V'\1. Q.Iatorze expéJ;iences ont été faites au cours d~s:.ruelles les 

de la t~rature et du rapport mlaire carbone/vapeur sur la 
, 

calees tion des gaz produits ont été examinées. Ce réacteur consistait 

d'un inoxydable de 20 an de dianètre in terne et de 120 
J 

- cm de haut. La tourbe, sous la forne d'une !XJUdre fine (di~tre llDyen de 

63 micr'ons et 15.5% d'humidité) etait alimentée d'UIJ; fa,F contin6,e en' 

haut du r~acteur, et exp:>sée à des tençératures noyenne entre 1250 K et 

1420 K. Une conversion de 89% du carbone contenu dans la tourbe en un gaz 
~ 

avec un rapport hydrogènejÎIOooxide de carbone 'de 1.8 a eœ atteinte. 

Des IIOd~les, ~s sur les résultats expérimentaux, ront prq?Osé. Ils 

indiquent qu'une conversion de 90% et un r~rt hydrogène;'ÎIOnaxide de 
:::. Q 

carl:xme de 2.0 peuvent certainerœnt ~tre obtenus en uti1isa

t
t des 

cooditions d'opération appropriées. Une noovelle g~trie d~ r acteur 

est pr~e pour atte~e cet objectif. 
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GamRAL IN'.mOOOCTION 

• 

J 
'. One mig?t question the inJesbœnt of 

ri 

research dollars to examine t,.l'le 
, 1 • ) 

tranSformaion of peatt to- 5Yl1:thesis gas for methanol production, using a : . 1 
steam pla' •. In the 1?~0\7ince of Quebec, special cirdmsÎ:ances justiEy.. 
,: ~ ... ~ 

this expen • 

,-

cl .. 

,- '. 

" 
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. '. 

Il 
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'lbe use of peat as a feec3st:o:k 

and ~ reserves in ()Jebec are toc 

• 

:1 
. 1 

might t8ppear • unwise. The gas, 
,1 , . l ,--

smal1 ta he of any oonsêquence. 
1 

oi1, 

Peat 

is the, only foasi1 fuel availab1e in the province, for production of 

• • organic chemicals. Table I, fran ~sesSlœnts by Ketcheson ~ Jeg1um 
. . 

(1972), Simard (1972~, Hunter (1975), and M:>neI'J::O (1977),. shows that 

Quebec bas ~y 2.5% of canada' s tOtal peat resou~ces. As reported~ at the 

~sium 00 Energy fran Bianas~ in fot>ntreal (1980), even . though there . . , 
, 

exists a large qifference, in the. peat resources reported by Ontario-and 

QJebec, llIlch of the Ontario resource is l.ocated in the James Bay and • 
r . 

Hudson Bay regions bordering CUebec. It is "quite !X)ssib1e that CUebec 

alao !X)ssesses vast D peat.land areas in similar frontier reg;ons" • 
• , li' ". 

{-e 

Another report "by Monenoo (1978), cites Statistics Canada figures . " 
... 'J'h..!F • 

. '~41::h show' CUebec accounted for a1x>ut 41.1% of the" peat actual1y prbduced 

in Canada in 1977 (see Figure 1). Thi's J?eat was produced mainly for 

agricultural purposes by smal1 family-Qlffied 'businesse~. Canada bas 30.2% 

of the wor1d's peat: resources, oot·on1y about 0.5% of its production. 

The e1ectri~al generation of the high~temperature steam reactant in 

the form of plasna is questio~le • E1ectr ical rœthods are the ItOst-

" ~enient wa,! of. maintaining !tempe.ratures in exc::es~ off 1200 celsius" bu~ 

. electr~Cal energy;s ~Ual1y!expensive~' In the provfnce of Que~, t:per~ 
~ , 

exists a surplus of hydto-e1ectric power, which is like1y to persist for 
, ' 

( , many years to cx:rœ. Indeed, due to the prob1~ of st6ring electr,ical 

\' 
~ . , 1 : 

" 
'. " , 

, , 

1 . 
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Table 1 - _ , 
Peat_Resources_ by pr,vince(Cl 

Prpvince 

Ontario 
Alberta 
Saskatchewan 
Newfoundland - -. 
British Colùmbia 
Ouebec 

... Manitoba . 
New Brunswick 
Nova Scotia . 
Prince Edward l'sland 

) 
Total 

. 

, Paat 
Resources 

(106 tonnes)(8) (b) 

1 

43,823 
17,405 
15,664 
3;481 
3,128 
2,176 

227 
106 

8 
- 4 

86,022 Jo 

- - ------'--

(a) estimated rèsources based on s'urveyea areas 
(b) assumes 50 0/0 rnoisture ; . 
(c) Anon., IIThe Scope of Peat in the danadian Energy 

Context", -from assessmen.ts by Ketchesoo and Jeglum 
(1972), Simard (1972), Hunter (1975), andl..Monenco (1977). 
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FIGURE 1: 

PEAT PRODOCTION BY PROVItCE (1977) 
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energy[ g~nera~rs Ill.lst he s'hùt-down evenings.and weekends. Hydro-Quebec 

has the responsibility of supplying poWer to aIl sectors in the province. . . 
, ," 

The Annu~ Report of Hydro-Quebec (1982) indicates t.l-tat' the overall denaoo 
; " - <.. 

:::tr~C::s::~ed=~::::e 1::d7ta:s.=:d;:e~~::\, 
r\ln, , the volwœ of electric~,ty sales ou~ide 'the p~~ince' wi~ be li.Tllited ! 
by th~ capacity of Our interconnecting lines (with the rest of Canada and 

J -- ~-~. 

\. th~ Uni-t~d States), and sc gth'e utility Itllst look 'te daœstic markets to 

) 

dispose of its surpluses". 

'. , 

WÙ:h thJs stra~ of' pronoting the use of 

electricity in dœestic sectors, hydro-electric power is available in 

Quebec at SCIœ of the cheapest rates in t.l1e werld. Industriar elecricity ... . . (, 

ih 1982 was avai~ble for an aver:~ge of .2.38 cents per kilowatt-hœr, 
. . 

although deppJ1ding on the consunption ,levels, rates a,s low as 1.7 cents 

·~:t;e possible. ThiS' Iœans rnany Pla~.j~PPlicati~ns aré a viable opt~on in 
~ . 

Quebec, where they might no.t 'hé 'e~~ere in many' arèas of the~ industrial 
, ' 

world. ~ 

.. .. 
The Research· Institute of Hydr~uebec, I~, has clearly stated a 

carmitt.rœnt to the. developrœntof plasma technology, and has snOWÎ'l. sorie 

interest in ~e I?resent W9rk. 
\ 

~ '. , 

The K.:JN'1HLY ENERGY REVIEW (June ,1983). states that the average 
, 1 • 

industrial electricity cost" .i~ the United States was 4-.95 cents· per 
> 

kilowatt-hrur in 19'82. ,Little of t,'1.is, ene,rgy. is .produced by 
. . 

hYdro-k!lectricity. Table II' shows t.l-tat gener~tion' of electricity by ,. 
, ~. ... . 

• 

e , 

.' 

" 

'j 
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Table Il 
Primary Ene1:ieS Consumed 
to Produce E ectricity, ' 
in the United States(a) 

:. ' ' , , . ' \ ." 

. Prlmary Energy March 1983' 0/0 of TQtal %, Change' 
Source · Production, 'production' in Production 

(109 kwh) over Y-ear 

1'. Caal 95.6 52.5 - 2.1 
2. ,.I>Hydroelectricity 30.3 16.6 + 1-.4 

;3. 'Nuclear '23.9 , 13.1 +5.0 . 
4: Natural Gas ,19.7 10.8 - 16.6 

,- 5. petroleum . 12.6 6.9 - 7.0 

, Total-' 182.1 100.0 - 2:8. 

(a) Anan., MO~THLY ENERGY REVIEW prepared by th~ U.S.~ 
" Departtnent, df Energy (D.O.E.) (June 1983). • , 
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• 
hyCfro..:electric rreans, has increasp.d, but total production of eléétr~city in 

the United States has decreased (as in Quebec) . 

Côn~:;ïderable expertise exists ,in plasna tec~~lo]y in, Quei;>ec~ As fa'r 

back as the early, 1960' 's; G:tUVt~ and Gravel (1962~. conceived the 

conversion, of carbon-containing terial in an Atomized Suspension 

Technique Reactor (ASl'R) using pla • Expertise has been g~ined in rnany 
. . 

areas ,of plastna" engineering within the PlaSll\a'.l Technol03Y Group at M:Gil1 
1 

University. Gauvin et al. (198'3) discussed a. preliminary .investigation of 

. peat conversion using superheated ste am , which provided a good basis for 
" 

the design of this warka 1hhile'le .steam plasna in the present ~rk was , ~ 

'produced by reacting hydrogen wi oxygen, t.'1e Plasma ~chool03Y Group is' , , , 

presently comnitted- in conjuncti n wit.l1 mm te developing a steam plasma ' 

torch for chemical applicat.ions •. 

Finally; there are sevèral good.reasons. to produce a 

" 

J • 

synthesis gas 
.f 

for rrethanol production. A schematic of the major steps involved in the 

'latter is given in Figure 2. The technology be'ing developed il") this wark 

would replace the first step. From a technical standpoint, a plasma-based 

system offers several advantag.es over a conventional prcx::ess. First, 
, 

l~quid water' fed te a steam plasma terch rnay be pressurized, and the ASTR 

aperated at the pressure of the rrethanol-synthesis step. This avoids 

expensive but otherwise necessary gas corrpression. Second, no oxygen is 
o 

requir~d to bum a (conventional) natural gas feedstock to generatè 

reaction tenperatures. Finally, conditions are controlled easily in the 

• 

, " 
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- F!GURE' 2: 
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MAJOR PRODUCTION STEPS IN MEI'IiAN)L SYNlHES1S 
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plasma-based system. ln this way a synthesis gas can be produced w'ith the 

desired c~sition (one with a hydrogen-to-carbon monoxide ratio of two), 

while minimizing unwanted by-prcx:lucts. No separate water-gas shift plant 
1 

1 

is thus I!equj;:ed as in the conventional system. 

i .' \, ' 
eari'ad~ '5 weste~n provinces, rièh in oil and ;natural gas, are 

responsible for aU \ the Jœth~l production in Canada. Sinee lete 1981, 
1 

when the ~ederal gÇ'V'ernrrent began to ease their National Energy program 

(NEP), industrial development in the west has accélerated. As reported by 

Kohn (1981), rœthanol plants were being considered by Celanese Canada 
/' 

(1982) , (1984) , and Done Petroleum/Alberta Gas/Alberta Energy ! BEWFG , 

/('1984) • The CaID.ined.· capacity of these three plants was expectec;l to be 3.3 
, 

million llEtr ic tonnes per year, of which much will be,exported' to the 

United St~tes. aIL WEEK (Sept. 19 1983), reports L,e present production of 

petrochemicals in Canada. 

(720,000 tonnes per year), 

Celanese has started its 

M:thanol is produced by Alb~rta Gas Olemicals 

Ocelot Industries (448,000 oblnes per yearj and . y 
production (690,000 tonne~: per year) . This 

informa tion is sumnar ized in Figure 3. The large increaSe in rœthanol 

produc:tion anticipates a rapidly expanding market in the late 1980' s. As 

reported by Kieschnick (1983), rœthanol offers potent~al. as a transport 

fuel. The October 3, 1983 CHEMlCAL ENGlNEERIN3 discusses the ongoing 
t 

methanol-car tests, and hOfi California is '''one step closer to full 
1 

cœmercialization of rœthanol as a rèplacE'!!œnt for petroleum fuels;'. 

-

/ ~ 1,. '0 
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FIGURE 3: 

MEl'HANOL PROOOCTION PLANTS IN CANADA 
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A stt;'ong. demand for tœt:l?anal~ 'with' proven 'production techoology,-

would justify a nethanol installation'in Quebec •. 
. . 

" Thel gen~râl .objectives of: ,'~e pr~sery.t f'è:sear~h. 'project can now he 

outlin4' The sinulated steam plasma was d~, and an. ~-based 
system ~Uilt. Reaction conditions \'/ere explored ta determine whe'ther :the 

desired synthesis gas could be produced while minirnizing by-products. 

M3ximizing carbon conversion in the peat was also explored •. Slmple nodels 
Q 

were. developed, and the data was fit to the rrodels to see how the 
-0 1"; ~ i 

• - Il 

independerit var iables would affèct the system. Lastly, recœmendations, 
1 • 

for future improvements were d~veloped. 

. f 

Th / 'f' t' ft" la ' , 'd be' lo ed e g~1. 1.ca lOn 0 pea usmg ~ sma 1.S <3: un1.que 1. ea ,mg exp r, 

• by' the Plasma Te~hoology Group at l-t:::Gl.ll University. The type of ste~lli. ' 
" 

plasma used in this \YOrk is novel. A rrodel has never Oesfl deve~ped t;o~'. _;. 
, - ~! 

, 
reflect ~~e effect of physiaal variables for this sté~pear system. 

Finally., it is encooraging te no~ that the data ~eported ad proni:rsin~ 
with 7espect te further developrœnt of the process. 
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Ther of literature dealing with plasma technology has grown to 

the ~t where it is difficult· te COV'er aIl aspeCts in de ta il. The~s 

f:r~ the Pla~ Techoology Group' at ~Gill University ,have d'iscussed the 
, / " " 

d~eloEfŒnts 'of plasma engineering fairly COIIPreq.eÎls"ively: Ttiese warks 

Jill_ be referred.' t6, but i:h~s 'literature re~ie: 'will be restricted to 
f 

,pert:.inént references. 
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!\ genera1 discussion of plasma is flrst presented. It is defined,' and 
, , 

the nethod used te generate plasma .is explained. 'Ibe .pl;lys~cal va:r:::iab1es .,. 

af1fecting plasma ... charac~ristics ·.ar~ ·noted. Finally, t.l-}e rœthod of steam 

plasma production used in t.l1is work and sone of its properties ,are 

discussed, including current plasma applications. 
~', , . 

~ 
The next section introduces the reader to peat and peaUands in a 

general way, él!ld characterizes'peat physically and chemlcally. The 

transfonations of peat and the. resu1ting products are sumnarized. 
j 

Before dea1ing .with Iœthano1 produc:;tion,. a sumnary of 'related work is 

given. ~r:imeI}tal work involving pea~ conversion witl)oot plasma. is 

-discussed. Then, carbon' conversiOn m~ing plasma is reviewed. These, 

reviews are specifie, with an errphasis on recent work described, in the 

literature. Gros:lidier de Matons 1 • (1983) results are reviewed in detai1 . , 
sinee th.eY provide the bas,is for the present work. 

, . , 

Fina1ly, the eccnomids of Iœthano1 production for a plasma-based 
~ 

~rocess using peat are cœsider~. This Section is based 1arge1y on a 

study by Gauvin ~d h.lIx::an (1982) • 

. / 
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Introduction 

There' are three types of plasmas, illustrated -in Figure 1. • tIigh-terrperature plasmas are obtaÏ!led 'by nuclear ~sion, in which atomic 

particles becaœ so energized th~c~ their elect;.rical repulsion, 
." 

then collide and fuse. This pre1eases energy te the plasma;' and the process 
, , 

. becaœs- se1f-sustaining. These plasmas are tyPical1y at terrperatures qver 
, '-

one million K, and require electromagnetic devices such as the 'Ibkarcak te 

contain them. The~1 plaS1léls' ~re prcxlu~ed by electrid arc,s or' 

.eleetro-magnetic coopling. :They are gas mixtures in quasi-equ~librium, 

usually at terrperatures between three thoosand and twenty th 00 sand K.' 

These ~etlperatures a.t;"e easier to contain,'t and consequ~ntly thermal plasmas' 

'lenÇl themse1ves te chemical processing. 
o 

.. 
A thermal pla~ is used in the 

. presen,t work. ~ . Plasmas are,. generatea' under vaèuum coqditions" 

producmg an ionized gas mi:xture which 'is not in bhernal equi!librium. :Ttle 

,el~cqon tenperaturès a1:e iri th~ order of ten' to one hurrlred times[ the 

bulk tenperatUre, .of the gas. Gas t::è~e;ab.l~ee 'near arrbient _ are possible 

with this type of pla~~ f' l .' 

T 
vI1at is a thernBl plasna? ,D::x>lit~1~ (1977) describes 'the sin;>le case, 

hydrcigen i:; 'heate9 Ùp to a' very 'high tenperature ..• it'. becaœs 
'" 

the electi'ons being driv:en .. off and t;he, pol;>itively charged' 
\ ~ ~ . " 
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High-temperature Plasmas 
('t > 106 K) -

1 

, ' 

Types .... ..r-__ ,··Thermal Plasmas 
,of Plasmas (3,000 K < T < 20,000 K) 
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FIGURE 1: 
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charged nuclei constitute what is called a plasma". The mixture is 

e1ectrica11y conducting, ,but electrica11y neutra1.on a nacroscopi~,scaie. 

,The ma l plasmas are' produced in 'several' ways, illustrated in Figure 

'2. The four, types of· therrral plasma generation devices are used by the 

Plasma 'lèChoo1ogy Group at M::GiU University. The induction plasma torch 

is described by M.mz (1974) and the 'i:;ransfer'red-arc torch by Gauvin et al. ' 

(1981) • l'he third type of torch, the OC-jet plasma \Orch,: was errployed :ip 

this research,. The torch has been used extensively 1Il the' Plasma 

Tech~lo:lY Group by Cllevalier and Kubanek (Jqly 1970), Le~is (1973), Katta 

(197!3L, Gros:1idier de Matons (1983), and Amelot t(1983). Finally, a plasma 

tord') consisting Of~011OW t bu~r electrooes sePfrated by a narrow gap is 

now under inv~stigation twill be used to. generate a steam plasma. 
o ' \ 

, . 
Requirerœnts for Plasma Generation 

, . , 
,,' 

A l:x:::-jet plasna géIierating 'system consists of three rœtin c~ents: 
0. 

utilities (inc1uding the J?CIWer supp1y), the control conoole, and tl'1e 

torch. These are sho.om in Figure 3. Thé utilities required for this 

plasma system are ccp1ing wa ter, OC current, and a suitable plasma gas .. 

They are' m:mitored by the contr~l console, ~d then fed to the torch . 

.. , , . 
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" MErIDDS OF PRODUCIOO 'l'HEfMAL ~ 
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OC-JEl' PLASo1A GENERATION SYS1'EM 
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A photo;Jraph of the torch. is given inr' Figure 4. A hydrogen plasma 

"-from this torch is shawn in Figure 5. Figure 6 gives a drawing of the . 
. ' 

bott6m ~nt of the torch where the plasna forrns. Tqe cathode is made .,p 

of thoriated tungsten, and is cone-shaped. The anode, made of ccpper, d 

sur rounds the cathcrle tip. The two electrodes form an' annulu~, t.hrough, 

which the Pla~ gas p~sSE)s. BO~ electrqdes are water-cooled';' ~s ma:;: 

injected into the base of the ~e before the plasna tai1-flame exits the 

nozzle./ 

.. 
Figure 7 gives the' !1EChanical carponents of the plasma torc}:l. The 

ceramic gas distributot' and protective seating plate allow gas to f10w . " 

uniformly around the water-cCXJled cat.hooe. The ancrle fits tightiy, into 

the. anode holder, and is held in plac~ by t.J,e re~ining' nut. 

A high-frequency discharge is prcXluced between the ancrle and cathooe 

,00 fnitia1ly strike the arc. This causes ionization of t.'e gas f~wing 

between the electrodes, and subsequent acceleration of charged particles 

in the electric field., FUr1:.her col1is~on and ionization increases t.J,e 

kine~ic energy and 1 t;.ell!?erature of thé' gas. In this way, a high terrperatureÎ" 

gl§lsma ,results~' " 

0' 
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PHOIOORAPH OF OC-JEl' PLAS>1A TOR::H 
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1'. Cooling water j~ " 
2. Cooling- water out 

~ 3. Plasma gas in 
4. Plasma gas .out 
,5, AuxiIJary gas injection 
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FIGURE 7: 

~ICAL' CCMOOmNrs.'OF LCXtmR' '1O:ocH 
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" . 
Following breakdown and ionization ,of the" plasna 'gas, an electric arc 

.is forrœd between ~e cathooe and the .~~ The el~tric arc is 
. :' . , , , 

. interrndttent, re-igniting and travelling between the electrodes thousands 
, 

of. times per second, as repor:ted by ~eaton and Dean (1961). The voltage 

drc:p across ,the annulus is characteristic for ~ given' gas and flow rate. 

Pl~sma ~ratirig Condit1ons 

j , -

. 'lbe pararœters affecting , t.lJe stability and efficiency of a .OC-j e t" 
' .. 

plasna torch are i.rrq?ortant in dete,3llU.ning the operating conditions for 

experimentation. Efficiency 'is defined as thé ratiol 

energy' abrorbed by the plasna gas 
total electr icQ.~ energy provided 

.0 

1 • 

BÇ>khari and Ballos (1980) describe rrany of' the basic paraneter~ affecting ",' 

the torcti / operation. The "type o~ plasma gas, gas flow rate (ve~ity), 

'\ current, and spacing of eleetrodes aIl. a:ffect torch effi.c~ency a~d' 
/ stability. These are now discussed. 

'IbberSJn and 1 'Ihring (1969.) give the currentjvoltage characteristics , , 

of several plasna .gases. At constant gas flow rqtes, the voltage drop in 

the torch is uœhanged for charq ing 'currents abov'e 350 anperes. A high 

curre~t is used to produce a high plasma gas terrperature. It has been 

fourrl that decreasing current increases torch efficiency. This rnay be 

explained by the fact that less energy is transferred ta each unit mass of 
o 

gas with . a lower( . current, result ing in a lower gas tent?erature and hence 

less energy loss by radiation to the anode. The lower limit of current is 
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With ,increased plasma gas flow rate~ the char~cte'ristic 'volta~e drop 

across the electrodes mcreaseS. It has been determined that this is due 
'" e-, \ 

to the electr ic arc l;>eing push~ further down the anode tube, and the 

correSponding increase in arc length results' in increased voltage drop. 

Also, "tt:e greater gas flow ccols:the plasma arc: this lowers 1 the exit 

terrperature of the plasma gas, loweI'ing 'its electr ical conductiv ity , and 
\ 

raising the potential drop apross the electrodes. The lower arc 

terrperature again results in increased ,efficiency. The lower limit of gas 

flow is set by anode degradation:, inadequate gas flow results in· extre~ly 

high tenperatures and subsequent melting qf the anoàe. On the ot.~er·hand, 

Hl the gas flow is too high, the arc will blow out. 
~ • t 

Anode length and electrode spacing are crucial traIlEters. . Since 

oost of the -energy losses are attributable to the cool ng of the anode, 

-' reducing anode size increases efficiency. Often, ad uate cooling for 

short anodes is not possible, resultÏ!1g in the !ll2lting of the anooe. 

____ --. _______ ElectrOde. spacing is set by operat,ing exper1ence. - Varying the 

varies the arc length and hence the torch stability. 

spacing 
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;~ Steam PlaSma Production 

In this work, steam r plasrrÎa is the gastfying rœdium. Steam' plasma 

, torches, ~ile they do exist, are expensive and have limited availability. 
l "-

" 

1 
'Ille only steam p~sma torch which rœty be purchased is made by A1.usuisse in 

Switzerland, developed for the production of ,fine siliea. Sheer et al. 

(1979) produced a 'plasma of steam mixed with other gases, in work 

~escribed ~ter. The' present stuc;; uses a steam plasma generated by 

injecting oxygen into a hydrogen plasna. The extrerœry turbulent plasma 

prorrotes very effective mixing. The explosion kinetics, investigated by 

Aiken (1982), results, 'ln a near-equilibrium state within a fractioP1 of a 

second. 

In - .order ta urrlerstand rrore fully the reacting rœdium of steam 

plasma, 'ealculations were made. by the author to establish the pr~perties 

of steam at different tenperatures. These were done by minimizing the free 

energy of a system containing ionic and nonionic (hydrogen- and 
o 

oxygen-contain

t
' g) species. The data required for calculations are 

available in e Jànaf Tables (1970). . The system, then, ~'las assurœd to be 

made of ideal a~s at equilibrium, and at atnospheric pressure. All ionie 

species, and many nonionic . species are of neglig ible concentrations at 

tenperatures' up to s'ix thoosand K. The nole fractions of t.~e significant 

species are shawn in Figure 8. vmen cœparing the data ta that by Ihara 

(1977), good agreerœnt is obtained. The ste?UII plasma dissociates in ta 

atoriric species, with only negligible dissociation until two thousand K~ 

, . 
.. 
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EQUILIBRIDM. S~IES FRfN WATER 
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Figure 9 gives the tenperatu~e of st~~ versus electrical eriergy, as 

calculated 'using a corrputer program by Bale et a;t. (1979) . The 

e<;iuilibrium terrperature frorn' the energy of the hydrogenjoxygen cCIIlDustiôn 
, 

. is slightly over 3000 K. The steam is begiryning ta dissociate at this . 
t~rrp~ratu~e, causing the 1evelling of the curve. Larg~ quantities of 

, 
energy are required te: raise the terrperature of dissociating steam. This 

~ 

information is important in estimating the condition of t.1-te st;.eam plasma 

in contact with the peat. 

Uses of Plasma 

Therm:ü plasmas provide a nurrber of potentia1 advantages for \ the ~ 

ch€I!Ûcal ~ndustry. Ettlinger et al. (1980) list a nl.lITber of processes for 

which they appear ta ~ particular1y'we11-suited: 

1. processes invOlving high1y endothermic reactionsi 

2. processes requir ing high tenperatures ta obtain 

reasonab1e reaction rates; 

3. ,processes with reactions needing excited species 

ta obtain reaoonab1e reaction rates; 

4. processes neecling gases of high energy, ,withoot 

dilution by corrDustion gases and; , 

5. processes requiring phase chang'es of matE;!rials with 

high rre1ting or boiling points. 

This work uses advantages l, 2, and 4. 
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. , 
t., psfu'g 1:1)e ASTR system ~liminates the likelihoad. of , advantage 3. Thé . 

tenperatûre of the plasm.a drops quick,ly on exit frem' the p~sna torch as 
, 

reported l?Y I.èwis and Gauvin (1973) " te levels where excited species are 

~ long~r pre'sent in any signif~cant quantities. using Figure 9, one nay 

estirnate the naxim.uii tenperature of the steam plasma at the bfCh. But, 

.. re~t;ion te~eratures are, low e~OUgh' a~ the steam/peat mixing' ation to 

, . '... . 
be measur~1.i with _chr0Ite1-al~1 t..~erm::>c~ples tless than 1500 K). Fig\lte 8 

1 
, 01 

shows that water dœs not disscx::iate at the~ .tenperatures •. 

(. 

Advantage' 5 is used in appJ,.ications s~ch as, spr~y-coa~ing with high 

mé1ting point, materia~ (f?r exanPle ceramics) ~ . 
{. 

.' 

•• 
. , 

_ The,re 'f iS, a 'growing spectrum of. plasma' app1:ications_ in, extractive' 

metalluz;~y., organic and inorganic reacti.Qns,. and heat treatrœnt of ... 
··~te.rials. '):'he flO~t wide1y-used ~plications of, therinal plasmas lie in the 

0., . 

last catègory, including: . 

1. cutting. and welding of metals; 

'2': sprai-c~ting of f!Bteri.à~; . ' 
~ '.. . 

3.' par~icle' prq.::essing (spheroidization) i. 

4. reduction qf mineral ~xidesi 
" 

5. production of· acetylene and' ethyl~ne; 
, 

6. smelting of rœtals: , . 
7. product;.ion of ferro-alloys and: 

. . 
8. pço.luction of refractory rretals (titaniurn etc.·) . 

1 
'.' 
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c. PEAT PROPERTIES AND USES 

. ' 
/ Introduction 

, \ 
pea~s: .. ~ sbil cOllered .e~tirely by plant material, and ~sed of . 

organ~c reSidues., It i9 forIœd by the anaerObic . decc::rrposition of 'deàd 

plânt material. ~e extent of decarposition d~s .upon several facto~s 

including depth ,of buriaJ. and water drainage. Peat is, a non-renewable 
• , • • c _. \ , ' 

.:res::>urce ~inc.e ~t bogs grCM at the ra:1:€!' 0p."nlY.~ to three mirl.üneter,s 

in dep~ per year in Canadian c,limatic pond' ,tions. ' , .' 
" 1" " - - ~ • '. , 

, ~ - ~ 

. , 
Peatlands are classi~ied'according fp their. 'geolOgiçal relationship 

...-'Wi:th the nain grourrlwater system. Peatlands are callèà" "low-nPor" 'if they 
.; ~ , ".i -', , 

are ad"tinuoos with the maïn grourrlwater:' sy~t~m, aha . "hlgi~r l'if they 
1 : ._ 

, ,,~ ~ ... 
'ace !')Ot. The peat1an~~ from 'whicl1 the peat fqr" ~is 'wo~k wâs ootained were 

"high-m:x>r". ,~ter in these deposits caœs . fr'om rain ot: snOW', arid 

, therefore the mineraI content ~f' 'the water' ls low.· "Hîgh-:-m:;x:)r" peaUand is 

characte rized , by its conten~ of IlOsseS. Sphagnum noS5e,s, 

"varieties, are caJon :il) these regions: . 

" 

df several 

.. 

Many classification SCh~S .èx.ist. ~ot peat:,:The I1D~t t~~del'Y.\~· is 

t.'-le vpn Post system~ This system groups differ~nt types of peat into ten 

ca~~r,ies aecording ta their deg~ee of humi~ication (decœposition).· The 

. categories, Hl to HlO, 

\. : < 

l ' --~ 
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and are discussed in detail by E\1chsnan ~). Hl peats are cœpleœly 

undeccrrposed, with the Rlant maœrial in it easily discernable. The Hl-a 

classification rèfers to tarpletely decœposed peat with no vis mIe plant 

structure. The peat used in' this wOrk has an H5/H6 classification. 

In a peat bog, a °variety of ,different peats are observable. It 'is 1.:-
/ 

difficult ta assess· its classification. Indeed, OOIœ peat is 50 humifIèd 

that it YtUllld appear ta have no 'orgânic content at all~ other peats 

. enècuntered in the sarœ bog are so slightly deccnposel!i that . t.he leaves, 
n g co \ 

J , 
rodts and stems tnay he identified. For ~is reason, a nore comron peat 

classification will be used for qualitative considerations, witQ the von 
'" t \'\ f 

EOst Scheœ used qnly for ItOre exact classifications. Tibbetts and Fraser 

(1918) define twq d:lst'inct peat type~:. 
, ) ,. 

(1) Peat.M:>ss: A ~at of very litt;te humification. It subsequently 

has a distinct plant structure, is light in colour, 
, ~, 

~d ~ has a 10w bulk 

density. 
• 1 

(2) Fuel, Peat: A .peat of significant humification. The plant 

structure is difficult ta d iscern, and· the peat 15 Illiddy and dark in . .. 
colpur"'oo Fuel peat was used in this wq;k. '/} 

" 
1 '" 

, .1 

lthre quantitative cla~sification schemas are:;; -proposed in the 

41iterature, but IX>I1e are_universally accepted. The associations primarily 

responsiq,le for these developrrents are the Internat~onal Peat Society 
, . . 

~ ~ <E') ) 

(IPS) and the .American SOciety for Testing and Materials (ASlM). . 
-" 

~\ 

\ 
;' 

'0' 

" 

Q 

o 

--r 
~q 

, 1 



,t~, ~ .... 

( 

( 

.' -

34 

. l 

'l\rK) pootographs are. included to illustrate the 8efinitions presented 

~e. The peatlands from Which the, peat ,was: taken is sh~ in Figure 10. 

rt is l.ocated in t:?e ccunty of IDbiniere, nea~ Çuebec City, oh the sou~ 
! • 

shore of the St. Lawrence River., Note the short t:rees pres@'!nt in this 
• ' "r 

bog. The groom ,is !'lOt firm,enough to suppor~ large trees. The untouched 

" groon::'i is portrayed in Figure Il. The 'entire are a ' is COI.Tered mainiy by 
: 
Sphagnum, ~ich through tiIœ is COITered, decœp:>sing i?to a nore energ~tic ' 

(hUIItl:f±ed) type of peat .• 

O1emical and physiéal Properties 

p~at may ~ considered a gedl?9 ;LeaUy yalIl3 boal. praximate analyses 
" 

and heating values of peat 9J1d various other fuels are given ,in Table l, 

as coopiled by ~nenco (1981) • The series 0f wood/peat/lignite 

coal/subbituminous cœl shows a gradual change ',in cacpOsitiol) ~ physical 

properties. With mcreasing geolDgical age, 'carbbn content increa~s and 
. .. ;.' 

vola tiles content deçreases. lnc.reasing cœpression results in a higher 
, ~ " 't" 

tlensity. for coals. An important result -of theèe transformations i5 the 
, . 

increa5ing heating value pf the fuels •. 

, 

The prq;>Ê!rties' of 

d · .. abUleÎ ecarposltl.On. T II 

different peats,. also change with increasin,g 

sumnarizes chèmical properties of different lJèat:, 
.... • t. 

f"" types. As previously stated, the peat used ~ in this ,work i5 in the H5;1l6 

classification of the von :Ebst· sëale. This peat is fairly dëcooposed, }'Iith" 
~. '. \ 1 • 

\ ' .' ao indlstinct plant: growth. l.t was ob~ined un::'ierneath the top grCMth 

• 0 
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FIGURF;: 10: 

:EB:)']XX;RAPH OF PEATI:.ANDS 
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FIGURE li: 
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Table' l , , 
Properties of Peat 
and Related Fuels<d) 

, . 
36' , ' 

\ 

, ~ • '.' ,.' \ ( '* h 

-, 1] 

, . ~ .' . 

: . .. 

Property Fuel 

Wood Paat 

0/0 Carbon(c) 48-50 50-60 
Plo Hydrogen 6.0-6.5 5.0-6.5 
010 Oxygen 38-42 30-40 
0/0 N itrogen 0.5-2.3 1.0-2.5 
0/0 Sulfur . - 0.1-0.2 , 
0/0 Ash 0.4-0.6 2-10 . 

a/a Volati.!es 7:5-85 60-70 
0/0 Moistu re 30-55 '. 40-60 

Specifie Gravity(a) . 320-420 300-400 
(Kg/m 3) 

Hea~ Value(b) 4400- 4700-
- (Kcal/Kg) " 4600 5100' 

\ " 
( 

,(a) Assuming average % moisture 
(b) Assuming dry basis 
(e)' Ail val ues are mass percentages 

Bitu-
Lignite minous 
Coal Coal 

65-75 76-87 
4.5-5.5 3.5-5.0 
20-30 2.8~11.3 
' 1-2 0.8-1.2 

1-3 1-3 
6-10 ' 4-10 

", 
, 

50-60 10-50, 
40-60 3-& 

650-780 720-880 

1 4800-' 6800-
5800 7900 

(ct) Anon., "Evaluation of the Potential of Peat in Ontario: 
'Energy and Non·En~rgy USéS", prepared by the Montre~1 1 

Engineering Company (Monenco) (1981) ,: . 
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Tàble Il 

... ' .. ... , ~, 

1 Elemental Compositions 
of Different Types of Peat<a)(b) 

-----

' . 

0' 

.. 
" , 

Element Pe~U Type - Von Post Scale 
H1/H2 H5/H6 H9/H10 

010 Carbon 48-53 56-58 59-63 ' .. 
0/0 Hydrogen " 5.0-6.1 5.5-6.1 5.5-7.0 ' 
°/oOxygen 40-46 34-39 31~34 
.~/o Nitrogen 0.5-1.0 0.8-1.1 0.9-1.9 
010 Sulfur 0.11-0.2 0.1-0.3 0.2-0.5 

, 

1 

(a) Considers organic matter only , 
(b) Anon., "Evaluation of the Pbtential of Peat in Ontario: ' 

Energy ~nd Non-Energy Uses", prepared by the Mo~treal 
Engineering Company'(Monenco) (1981) 
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(shOtm in Figur,e 11). Vilen sq:ueezing the peab, the plant structure becaœs 

rR:)re evident. About one-third' of the peat passes t..'1rough the fingers in an 

anorphOlS 'form as ITllddy water. 

'I!nfj 'ash content, or inorganics, vâries considerably in peat. 
'1 \,. 

The 

quantity ~d c<X!pOsitio~ depend on geological envirqrnœnt' and type of 
/.: .. , 

,peatland. Th~ ash content may range between 2% and 22%, with the mean 

content about 

IlOSS. Table III 
,1 

7% by masse Fuel peat 'has a higher ash content than peat 

gives an ash carpos it ion' J:ran a peatland in t.~e Eastern 

" 'lbWnships of Quebec. The main cœponents are s'ilicon dioxide (silicà) and 

calcium oxide. 

; Peat has a' very high p6rosity. AlI peats" as harveste.d, contain OI7er 

80% water by volwœ. water retention in peat is an important pararreter. ' 

Peat IlDSS bften cantains over 95% wa ter, but loses 50%- to 80% of this when 

drained. Fuel peat has a smaller water content when in place, but with 

drainage retains ITllch ITOre of t.11is tlian the peat rross. 
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Table III 
ASH Composition 
in a Quebec Peat<a) 

-
Compound 

5i02 
AI 20 3 

Fe203 
Ti02 

, CaO 
,0 MgO 

,K20 
Na20 
MnO 
P2d S 

""Mass 
Percent' 

39.~6 
12.40 
13.74 
0.54 

26.77 
3~08 
1.29 
1.38 
0.21 
1.11 

39 

'1 

" , 

" 
, '" 

" 

... ,I!o 

:(a) :Anan., "The Scape qf Peat in the Canadian Ènergy 
Cantext", a paper presented at the Symposium on Energy 
tram Bia'mass, 'Montrea! (1980) . 
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'peat COnversion PJ;ocesses 

---A study prepared by M:menco (1978) classifies types of possible 

transfornations according to Figure 12. The three basic categories 
1 

(pyroly;;is, reduct ion , and oxidation) may each be subdivided. It sheuld be 

!lOted)that these transfornations are ail occurring sirnultarYeously in a 

reactlI1g system such as that used in this work. By varying reaction 

conditions, specific transformations may be favoored • 

. 
Pyrolysis of peat is it's physical decœposition due to ~e 

application of heat. This causes the volatile conponents of t.1-}e peat.to 

evolve. These carponents, according to Fuchsnan (1980) include carbJn 
'. . 
!1l)l"X)xide, _ carl:x>n dioxide, rroisture, and low 1ID1ecular weight -organic' 

COlTp)UrPs. This type of transformation occurs at lower terrpentures t.'lan 
\ 

oxidation and reduction. . 

-, Peat reduction is' -t.'le Cla(S of reactions 

in a free or cœt>ined state and~at. 

• 

which -occur between hydrogen 

Oxidation is subdivided into bK:> distinct types of transformations: 

oambustion and gasification. 
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FIGURE U: 

.Tn'ES OF PEAT TRANSFOR-1ATION 
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Oxidation!?y cœtmstion of pÉ!at occurs when oXj'gen is present.. The , 
. , 

'reaèt~on ' is highly exothermic and 

dio~ide: 

produces large quantities of carbOn , 

.' 
" . 

It is due to the high ex?thermlcity . of this rreaction that it predaninates 

in conditions for. eleètrical"pcMer generation from 'peat. 

Oxidation !?Y gasification is the general term for., a v~iety , of 
. r 

reactions, It is the chemical transformation 'of ~at into gaseous' 

product,s in the absence of oxygene . By prooiding a high tenperature 

enyironment and: by ininimizing oxygen in a system, it is possible ta have 
, 

gasification reactions pr~C!!lÏnate. 

Potential Uses of PCiiqt 
j 

-. 
, ! 

Peat res::>urces and peat production in the werld 9re given by M:>nenco. 

" (1981) , and are sunmar ized -'Th Table IV. The countr tes are 'ranked 

according to the nagnitude of· their re9Jl1rces. canada 'has the' largest 

, 'peat resources in the werld, and yet explo:tts a very small 'anount of this 

resource. o:>tmtr ies noted :t;or, their peat .pr9duction such as Finland and ' 

• 
Ireland have only a fraction of Canada 1 s res::>urces. 
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Table IV _ 
World, Peat Resources 
and Peat Production(b) 
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Country Ranking in 
Peat Resources 

-L 

Canada 1 " 

" 

.. 
Peat Production!a) 

(109 tonnes) , 
.. 

fuel peat' total 
peàt moss 

~488 488 
Soviet Union 2 ~0,000 120,000 200,000 
United States 3 800 800 
Indonesia 4· 
Finland 5 3100 500 3600 

. Norway 8 . 1 83 84 
United Kin.gdom 10 50 500 550 
Ireland ' 12 5570 380 5950 
West G~rmany ,13 250 2000 2250 

,v 

Total '- 90,000 
J 

130,000 220,000 

(a) 'moisture ,0/0 not given in rèference 
(b) Anon., "Evaluation of' the Potential 'of Peat in Ontario: 

Energy and Non-Energy Uses", prepared by. Montreal 
. Engineering COl1!pany (Monenco) trom ~n assessment by, 
Kivi'hen and Pakarinen (1980). · . ( , 
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" As Lang (1979) discu'sses, it 

currently produced in »Canada. 

is main1y peat rro~to H3) Which is 

;rt', 'is used as a 0 soi1 ferti1izer in 

horticultûre,- and as packing inateria1 for fruit~ Fuel peat has a ,higher • 

, heat value~ 
1 and has long been, used ln the Sottiet Union, finland, and 

'\/ 
: "\ • iY 

" .... ~ 

~e g~~ proc:tu~ts f~r~~ peat tran'sformation may be: 

1. burned d~ecUy as a fuel.,'----"'~ " 

\ 

" 

2. upgraded to"higher quality fuels or; 

3. used as a feedstock •. 
-'. ~ 

" 

Pyrolysis results.. i.n ~ low-Btu gas ëp1d a soUd product of higq carbon :-

, . content. If an atnosphere of oxygen ràther than 'air is used, a rœdium-Btû 
.'" ." 1 ft ' • 

..- ,,1 ' 

" <,las may œ produced; owin9 't:o' a 1esser .content of nitrogen. Reduction 
• -'! ~ , ' 

" _iproouces a high-B~U' gas ~onposed nainly 'of ~th~e, arid a bituiœn "whibh 
... 

may ~' further upgraded te 1ighter hydr6carbons. Oxidation ~ 

gasification yields'~ nediÜm-Btu gas, or a synthesis: gas which rray be used 
\ , 

to produce arnronia or nethanol. Oxidation ~ combustion qf peat as an 

energy source is a' well-established t:echoo1ogy. B.ecause of t."e âlready lo~, 

cost of- hydr~lectr ie power in QUebec and canada, . .. . .. this transforrration 
\ . " 

wlll œ .êccnomiçally _ul'lattra~td.ve for sone tiyOO'. 
<7/ ~- ~<'! __ • ." 

_" _____ ~=~_=·='O ==-==7== 

<,< 

- < ... ~ ,. , 
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Brief Thernodynamic Review ) 
( 

\ , 'A therncdynamic sinula tion 'of the: reacting system ~s done to obtain 

\ .. ~. insight into t;he range ·of variables ·~ic~ ~wld be usold. Tc do this,. 

, 

~ ~teractive , cœput~g progr?J1l availab1e on ·MUSIC (~ill University 

Syst~m. for Interactive Conputing) cailed F*1\*C*T (Facili ty for the 

\ 

" 

, , 

'. 
lvla1ysis _of Olemical 'lbernod.,YMIllics) was used. The EIJUILIB program on 

~*~"C-n', described by BaIe et al. (1979), deœrmines the equilibrium 
~ 

e<n::entratio~' of c~emica1 species, ,\'À1~ specified cœpouoos react. It 

,caipute~ the lIDSt stable mixture oE products, an~ ca1culates ch~es in 
, , . 

. the extensive- thernochemicaI fuœtions' (such as enthalpy and vo1urre) • 
,}> 

c 

, , 

'''. The nP,st, iioPortant aS,sunptions Il)ade for t.he node11ing é3;re sumnarized: 
, 
0' 

. , 
. l\~, Peat is ,tre~ted as a 'I1Ù?Cttire, of carbon, hydroge,n, <!DCY9~ 

nitrOgen and Water: 'lbi~ rèsults in inaccuraœ entha1py data. 
" ... 

2-. KU activity and fugaclty coeffic~ents are unity. 
, .. \ ) 0 

" 3. 'Equi1ibrium is obtainea in the experimenta1 system. . . 
, c 

" . 

'l'Ç. Was round that the nodel reflected ,the' ttends in gas COItpOsitions , . , 
& 

C • - et. " • 

. ... ·accurate,ly' for differen~ t~nperatures and carbon-to-steam ratlOs,' ( The 
> ",;" fI-" .... - , i:. 

~"._ d~ree of Carbon conversion fram 'the solid peat into the gaseoos phase was .. 
IlOt .'weil predicted • 

... . 
. '. 

\' .' , . , .. . 
"',, .4 • t,. 

" , 
• ~r ~ .... 

.. ' ...... ~ -. 

" . 

.. 
'u, .. 

,~ . 
, ' \ . \ . 
" \, 
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-
Sorne re$11ts," Of the ,analysis' are ,presented in Figures, 13 and 14. ' 

Figure, ~3' giv~e lTOIe fractions of the product gases versus 

tenperature, fol' Grosdidier de Maten~' carbon-to-steam ratio in the feed 

of 1.65. It is evident that at tenperatures below 1200 K, product gas 

Cât'pOsition is quite sensit#. to tenperab.lre .. variations. Tenpera~res 
aboI1e' this le. are required te minimize uooesir able by-products such as .. 

carbon dioxide and IŒ!thane. It i5 also apparent that further reaction 'with 
, .4.j , . , 

steam becaœs insignificant wit.~ increasing tenperatures. T'he 
, 
hydrogen-to-carbon nonaxide ratio at tenperatures aro.re 1200 K is less 

'than t~. 
/ 

, 0 

Lower carQon-to-steam ratios in the' feed, pro1uce rrr:>re t!esirëlQle 

resu1ts, as shp,m in Figure 14. HydrogeIl-to-carbon nonoxide ratios for, 

different tenperatures and varying carbon-to-steam ratios are shawn. The 

desired ratio of two ls rnarked on the graphe For the present \oJOrk, it was 

decided te gellerate tenperatureS' in excess of 1200 K, and use 
, '~ 

carbon-to-steam ratios 1ess thantO.6. Experimentarcond;Ltions had to be 

J(Ore aggressive than those predicted in this analysis te prOllDte carbon . 

conversion. -
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t Introouction 

'-, 

l' While unaware 'bf any other research done in peat conversion' using 

plasma outside of M:Gill University's Plasma Techrology Group, related 
, ) . 

work is reviewed in two sections: 

1; the cooversion of peat using oon-plasma 

techmlogies and: 

2. the cawersion of càrbon using plasmas. 

, Following these b.u reviews, the work of Grosdidie'r de· Matons (1983) 

i3 des:::ribed. 

Peat Conversion Withoot Plasma 

Interest in the use of peat as a chemical f~edstock or as an 

alternative fuel is growing 
o ,. 

as a result of the increasing cost of fossil 

'fuels. A similar interest is rrountin,94 over the possible use of wcx::xJ and 

. biQl'lliiss'. There are no è:œmercial operations based on a peat feedstock to .', 

date, but sever al are being evaluated.· Supporting technologies for the 
, 

~~harvesting and preparing of peat are also being developed. 

.... (;. 

( 

.\ 
1 , 
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'Itl.e term "biomass" refers te a plant ma te rial which might have value 

as a fuel or chemical feedstc:x::k. Since 1975, the technologies fOr 0 

converting biolnpss have developed, te the point that in 1981 biorrass 

contributed about as IlUch energy as hydr~lectricity in the United 

--------------States. Clemants et al. (1983), discuss the production of indust~ial 

chemicals f~om biomass. Technologies considered are anaerobic digestion, 
...... 1 (' 1"'. .. 

fermentation, and thernochemical conversion. Thernochetnical conversion te 

synthesis gas such as that produced in the present work, appears to he the 

(;' nnst economically feasible. 

Under the. "biomass" techoologiesl wood gasification ~pears to be the 

, I1Dst likely to succeed. Graham (1982) reviews the rrost recent technologies 

,ror wood. gasification. He concludes t.l-}at While there are many processas 

that. may be used te generate synth.esis gas fram WOJd,' oost of the systems 

have oot been adequ~tely derronstrated'. Research\inte wcx::xl gasification 
',1 

using' plasna. is being investigated by '!'AOC (USA) and ReEPrption canada. A 

joint venbJre ~tween Canertech, Nouveler, and the IP-partrœnt of Fnergy, 

Mines and ReS:)u~s Canada was annouœed by The Biomass Ehergy Institute 

(1982), for the gasification o~ wood. Large funds are to be invested in 
. , 

the developrœnt of a pilot plant gasifying ten tons of wood per hoor. ' The 

gasifier is based on the OnnifÙel Gasification scheœ. It has a 
1 ... 

fluidized-bed design'\and can enplDy both air and oxygen as t."1e reactant. 

, " 

\ 
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A éœmercial operation involving t.l)e gasificatiOIl of peat, scheduled . . ~ .. 

for cœpletion in early 1986, rray start-~p. POpe (1983) reveals that an 

})iœrican coorortium cal1ed Peat Mathanol Associates (l'MA) has financial' 

backing te build a plant te convert about 113 million cubic rœtres of peat 

into about 6.8 billion litres of high-grade rœ~anol. The biomass gasifier .,. . 
i~ te be built jointly by Koppers Conpany and Babcox and Wilcox. 

The many systems available for peat gasification are reviewed fairly 

cat1?rehensively by Ieppamaki e't: al. (1976). O:>Ittœrcial systems for coal 

gasification have been m:xUfied for peat conversion including the wrgi, 

KopperS-'lbtzek, and Winkler systems. Exper iIœntal systems developed 

especially for peat gasification but unproven on a cornnercial scale, are 

> 
producing the 'nost encCllraging results. The techoology with perhaps the 

greatest potential is 'being developed by the Institute of Ga~ Techoology 

(IGT) (punwani et al., 1979) • It is called the PEA'IGAS Process for 

reducing peat to synthetic natural gas (~). 

'lbe IlDSt developed techoology rela ted to peat gasification is coal 

gasification. There are 

conversion, te produce 

many cannercial processes avai.lable for this 

synthetic fuelli. r.t>st of these projects, in vie~ 
1 
1 
1 

of .the ecœomic tiIœs, are having difficulty finding adequate financial 

backmg. Ryser (1983) disc~ses a facility funded by Allis--chalmers 

Corporation, which shoold eventually cperate at full-capacity. The plant 

is producing low-Btu gas from high-sulphur coal. Another plant apparently 

headed to ccmnercialization,is being built by Great Plains Glsification 

r 
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Associates, as de~ribed in CHEMICAL EN:iINEERIN3 (CCt. 18 1982). They will 

~ , . 
use lignite cœ.l, t.'I-:Ie type of coal closest to peat chem~cally, and produce 

synthesis gas for methanol production. A Lurgi gasifü4t system will be 

used. 

carbon Converston using Plasma 

The use of plasrtla: to convert carbon-containing fuels is currently 

being investigated by severa! qoocerns. Notable anong the firms are llrIDco 

Chemicals Corporation of t."1e United States (Kovenor, 1983), Olemische 

Werke Huels PG of Gernany (M.ll1er and 

Engineering AB of Sweden (Santen, 1983). 

universities examining the use of plasma 

being investigated varies: 

peuCRert, 1983), and SKF Steel 

r~ addition, Ithere are sever al 

for carbon 4verston. The work 

1. The type of plasma used varies. It might be generated by any of 

the a~Üable plasma. torches, using any plasma ~as. Both induction torches 

and re-jet plasma torches have been used. HYdr~en (as a reactant), argon 

(sirnplYI-for heat) , or Tœthane (as a feedstock), have been used as plasma 
J 

gases. 

2. The type of feedstock varies. D~fferent grades of coal, hea~l oil, 

mixtures of liquid hydro::arbons, rrethane, and carbon dioxide have ail beet;\ 

reacted. 

,,' 
" ~ 
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3. ''!he 'tYf of desired product varies. Q)nditions have been used to 

maximize production of activated carbon,' acetylene, syhthesis gai;, 

synthetic natural gas, ethylene, hydrogen, and lignter hydrocarbons. 

The decision to \oIOrk 00 ,a giv;en system is dependent on economic 

'variables, availabl~ IŒiterial res:>urces, and avai1aple expertise. The 

unique aspects of this .....ark, wh en taken in view of t.~e general 

state-of-the-art research, are rI:::tw noted. Pure steam 'plasma has never 

been used as a gasifying medium, and peat has never served as feedstock in 

a plasma system to the author' s kI'X)Wledge . 

, 
, Perhaps the oost relevent work dooe with respect te this research was 

carried-out by Sheer, KorIŒin, and J):)ugherty (1979) at ColllIlbia University 

in New York. They investigated the arc gasification of coal using plasma 

mixtures of nitrogen, argon, and steam. Sorœ of t.'-le coal was injected into 

the plasma arc, and then further reacted using superheated steam. They 

report the production of gas mixtures near ta synthesis gas conposition. 

Only forty to fifty percent cawersions were obtained. The solid product' 

was considered for its use as a finely divided, highly reactive carqon 

source. These results can be explained by the short residence time of the 

coal in a high-temperawre envirol"lIœnt, followed 'by a longer residence 

time (about one second) in a lower tenperature zone. Pyrolysis of the coal 

occurred, resulting in a synthesis gas carposition of high hydrogen 

content. The lower terrperature zone' was in the arder of 1300 K, which is 
~ 

net adequate for high carbon conversion. The coal cœpositi6n is not 
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g~ven for cartJn-to~~am ~~r ratio calculations, but the coal-to-steam 

mass ratio of 1.'35 oould not r:esult in hign conVersion. This . .ratio ~s 

presumably lower tp the high ,teIIperature zone. It ~OOï 'be noted that it 

'liaS not their objective ta obtain a high carbon conversion. The analysis 

of their conditions lS helpful ins:>far as this experimentation is 

concerned. 

W:lrk of,Gros.iidier de Matons 

" 
Gros:Hdier de Matons' experiments re 

peat' coold 
\ 

be reacted effectively in a plasma-based syst~m. 

results certainly achieved that goal, t.'1ere were sone limitations' 

work that were coosidered in ,the design of the present study: 

er 

1. The naterials used were readily available. Consequently, the 
,. 

reactor was not designed specifically for peat conversion, ~ut rathe.c' it 

~s obtained from another project. The large diarœter of the reactor 

'/ limited ti)e success of his results. 
\ ' 

. \2. Steam was 
, 

injected into:a nitrogen plasma, li-rniting tenperatures 

and dilu ting the reacting system. 

3. carbon-to-steam ratios used in the Tt.Urk ware too high for ideal 

gasification condit1ons. 

-

• 1 

- .~ 

1 ' 
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'. 
'. Gros:Hdier de Mâtons' experimental con:3itions ~re présented in Table 

" 

V and his resilt;s in Table VI. Tl;lese tables may be used, ta determine the . 
effect o~ tenperature, ,rrean peat particle size, and the qarbon (contained 

in the peat) -to-steam ratio. It is desirable to have a hY9rp:1en-to-carbon 
.' 

llDlX»Cide nolar ratio of bK> in the product' gas, and ~. high carbpn 

conversion. 

, , 

By" cœparing Experiments 1 and 4, the effect of charging tenperature 

'may ~ observed. Both the ~drogen-t~arbon ri'olX»Cidè ratio and the 

conversion ~rOve with increased terrperature. Experiments 2 and 6 shCM 

that tecreased partiale size has a significant effect on the carbon 

conversion. In the present work, peat was grouoo te ôb1:ain a small 

partiale size. Experiments 5 and 6 shCM the need for "nore steam to be 

present in the reacting mixture, t? g~nerate a higher conversion and a 

~tter hydrogen)to-C,arbon nol'lOKide r~tio in the product gas. 

\ \'bile the q>erating conditions usèd in the experiments done by 

)'2o~idier de Matons gave generally poer g~ conposit.ions· 'and conversions, 

they gave insight loto the effects of "the physical variables of t,"1e 
,. 

process. 

" . 
f .D 
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.. 

[] Table V 
Grosdidier de Matons' 
Experimental Conditions(e) 

-, 
Experiment Reaetor Peat . Mean Carbon-ta-
Number TeRlperature .Flow Partiele Steam 

~ 
(~el"irJ)(a) (kgJh)(b) Diam~ter Molar 

(10-6 m)(c) Ratio(d) 

" 

, 
.' 

~ .. , 

1 1110 8.5 48 "1.54 
l/. 1 

2 -1190 8:5 48 ' ' 6.02 
3 1190 8.5 48 2.63 
4 1165 8.5 48 1.59 
5 1235 7.0 30 1.37 
6 1205 7.2 30 6.02 

(~) maximum temperature measured 18 centirneters trom 
the reactor top . . 

(b) calibrated under atrnospheric pressure conditions . 
(c) uSing lowest particle sizes in size 'categories '1, 

(d) steam injected at 105 (;elcius into the torch anode and 
into a port 30.5 centimeters from the reactor top 

,(e) Grosdidier de Matons, P., "Peat Gasification in a Plasma
.Heated Cocur~ent Reactor", M. Eng. Thesis, McGili 
University (1983). 
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( 

\ Table VI .-y--

• 1 

G~osdidier de Matons' Experiment$1 Results(c) 

Experlment 
Number 

1 
2 
3 
4 
5 ' 
6 

1 
Carbln 
Conversion 

. (0/0 )(a)(b) 

> s:: 

53.0 
54.0 
60.6 t 
63.4; 
79.~ 
63. 

. 

Hydrogen-to
Carbon Monoxide 
Molar Ratlo(b) 

0.94 
0.75 
0.74 ,. 

1.04 
0.91 . 
0.75 

(a) based on the carbon in the product gas 
(b) mean of results obtained in samples 
(c) Grosdidier de Matons, P., "Peat 'Gasifiç:ation ln a Plasma

Heated Cocurrent Reactor", M. Eng. Th~sis, McGill, 
, Univers,ity (1983). ,~' . . , 

, , 
" 
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'Ibe present work builds upon Groooidier de ~tons' inveStigation: 

1) The reactor was designed aïer carp1eting the t.~ernodynamic 

study brief1y piscUSSed. 'ftlis gave sorœ ,insight into· 
" ~' 

the experimental conditions likely te give the desired resu1ts. 

2) M:>re experirnents were c~ried out OIler the de~igned 
./ 

experimenta1 area. 

3) The steam used was produced from a plasma of hydrogen mixed 

with oxygen, rather than injecting steam ,into a nitrogen 
1 

plasna as in the work of Grosdidier- de Matons. 

4') The data cpllection was rrore cœplete. Representative 

sanp1es of the gases and solids produced were analyzed, 

allowing for overspecification (hence verification) of 
P 1 _ 

'mass balapces. Cbnp1ete tenperature profiles were 

obtained over the entire reactor. 
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E. EX::an.tICS OF MEl'HAIDL PROOOCTION 
• 

Introduction 

Fuchsman (1980) sumnarizes the basic types of peat usage in cOJntries 
. 

that consurœ peat ccmnercially. In thl ~viet Union, Ireland, and Fin~nd 

where peat i5 consurred in 5ignifican anounts, it 15 used" primarily a5"a -. . 
. fuel. In Canada, Germa~; and 'the ited <" States, peat is uSed alIrost 

! ~ .. 

exclus~y for horticult~~àl purposès. There is little use of peat.làs· a ·f 
feedstock for p~oduction of chemica:f:s, except in a few instances: 

1. in Gernany and Finland, ~at coke i5 '?eirlg produced for 

th~ rœtallu,rgical industry; 

2. Ireland uses peat te produce activated carbon and; , '. 

3. the &>viet Union uses peat te 'produce a va~.1ety of chemical 

products, including waxes and sugars. 

1 . 
This ~rk c~entrates on. the pr~ucti1n , ~~: 

primarily ih the production af rœthanol: 

synthesis gas, 

1 

used 

By reacting peat . with, 'steam: in 'the . absence o1tl.oxygen, the :eeat is 
t ( t /;l 

chernically - transfPr.rred by pyrolysis, 

ga1Ùfication.. . .. 

reduc'tion, and 'oxidation by , 

< 

J 

.. ' , 
-.~---

f, 
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from peat? An ecanamic pre-feasÏbi1ity study . 
prepared by Intergrôup ~nsulting' ,EcOnorndsts 

. ~ 

(1976) on a large-scale 

<" methano1 fuel production prcx::ess from wood, ,corx::luÇl~s that when neth~l 

becaœs cœpetitive as . .q.·~e1, it: will ;'firs~ be used in gas turbines. The 

report state!3 that onçe the technioal prob1ems are solved, p.rre nethano1 

or methaoo1jwater mixtures may be LÎsed as an autonotive fuel.· Higher Q 

éffic iency and l.ower toxic emiss ions ~esult when the use of methano1 is -

cœpared to that of gas::>l~ne.' Problems with ~e tech~iogy inclu~e ~ 

cOnversion of existing vehicles, and 0 corrosion. ,oth.t-œr (1981) states that 
1 

methano1 will powe.t,. autDIrobiles 'and dieSéi' trucks a~ a lower cost than 

gaso1ine dces currejtly • 

the poin't of ccmrerc~l 
i 

! 
Exanples of this techoo1ogy being developed to 
'. , 

L111pOrtance are described in the 1iterature: 

.Parkinoon (1982), Kaplan (1982), Kieschnick (1983), OIL lie GAS JOURNAL 
1 > 

(Aug. 15 1983), and CHEMlCAL ENGINEERItiG (June 23 1983 and oCt. 3 (983), 

to narre but 0 a few. CANJ.\DIAN CHElUCAL :J?RO:FSSIN3 (Nov: 1982) states t.~at 

fuel applications of methano1, which were responsib1e for 3.5% of total 

in 1979, . will increase to CIller 30% of total methanol use loy 

. ,f' • 

Aside from the potentially huge market CQI1s-idered al:JoIJe, methano1 is 

" 

already anong the top twenty chemicals produced wor1dw~de, as shawn in 

Table VII and discussed by ~bber (19B3). It is now used in the producion .' . 
of' acetic acid, formaldehyde, engineering plastics, dyes, s::>lvents, and 

~ 

methy1. tertiary buty1 ether (MmE). The Stanford Research Institute (1981) 
, , 

states. that in 1978 Canada ha«.> 4% of the werld production. This is' 

: 

... 



61 + r 

1 
1 

l 
~ Table vlr 

SélectedOChemiéals' Production Worldwide<a) 
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expect:ed, ta inèrease to 10% 'dur ing, the 1980' s, 

<l:>nventiDnal Methaoo1 Production 
1 

1 

, 
1 

1 

'lhere are three basic types of methaoo1 

l ' 

\ 

1 
synthesis processe.s 

available: t.l)e high pressure (30,000 kPa ~r 300 atm.), low pressure (50àO 

'kPa or 50 atm.-), aOO intenœdiate pressure (10,000 kPa or 100 atm.) 
. 

routes. "~gh pressure plants have not been bui1t since the earl~1970's. 

The intenœdiat:;/Proc~ss, is used in new installations. and ~~tl1~ beJt 

economy~ There ,Jare" two wide1y-used intenœdiate pressure processes ~r 
, 

methaoo1 production: the ICI process and the Lurgi process. ~i1'e the two 

,processes are similar, the ICI process is used alm:>st exc1usive1y in rbrt.11 

" f ~America. 

'. 

The ICI proceS

f 
ck be represe~ted sirnp1y by the three stages shown' ( 

/ ' 

in Figure -15. In - e first stage, t.l-}e fe~st.6Ck iS"-',reacted to produce, 

synthesis gas. Feedstocks nay inc1ude n.ap~tha, coat, or (usua11y) natura1 . 

gas. It is this stage that cOlld be replaced with a plasma process, ,using 

pea t as, the feedstœk. 

The synthesis gas production stage is represented in greater detai1 

in Figure 16 for a natura1 gas feedstock. The natura1 gas enters t.~e 

process 

divd.der. 

and iSj separated in an approx:irnate1y , 4: 1 ratio by a str~am' 

The 1rger strèam is heated in a, carbon absorber to .'.educe the 

content in the natura1 gas. The gas is mixed with three volumes of 

\ , . 
i 

\ ' 

r 
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FIGURE 15: 

MAJOR PROIXrl'ION S'rEPS IN MErHA'VL SYN'lHESIS 
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1 

, 
• 

steam, preheated ta 870 celcius, and reacted in the reforner €a produce . , 
" . ' 

synth~sis gas. . The gas cantains significant carbon dloxWe and sone 

,,:., methane and nitrogen. It leaves the reforner at 870 celcius and 2000 kPa 

"(290 psia), te be carpressed for the metharx>l synthesis,' te a pressure of 

10,000 kPa (lOO atm.). The smaller stream of natural gas is cœbined with 

the purge gases from the carbon abrorber, and the sulphur-r ich mixture is 

burnéGl with air. The flue gas is used te heat the reforming furnace and te , . 
-preheat the reacting naQlral gas. It is then vented to ~t..~e atnosphere. " , 

1 -
In the second stage, t.~e nethanol prC?duction from ~e synthe~is gas 

/ 
occurs in a catalytic netha.nql converter. The resulting erude nethanol is 

~~ 

then purified by distillation in the third stage. 

--The Plasma Process 

" . '. 
The plasma process involves the react\on of pea,t !'Iith a. 'steam plasma 

te generate synthesis gas. There are several advantages associated with a 

plasma-based system: 
\ . 

1) The ~at, gasification nay be e,ffected at the pressure of th?' 

rrethanol Synthesis. Tc do this, it is only necessary te pressurize th 

feed te the gasifier ('water and. peat). The conventional rœthod req~ire 
) 

the cœpression of the synthesis gas, which is a nore expensive proéess 

than pressurizing liquid water and the gas transport~ thé solid jeeed. 
2) None of the feedstock used in t.l1e process is ,'burned for hfat as in 

t.l1e conVentional process, since the heat is prOVided\\bY electr ieal energy . .r . . 

• 

/ 
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" . . 
in the plasma generation. <::l 

3) The reaction ccnditions ID the system are rore 'ea,sily controlled 

j than in the cooVenti~~l 'process refumer. With the plasma route, the 

synthesis gas produced' ~Y have the,~desired hYdrogen-to-cJbon rronoxide 

ratio of b«>, and very little by~roducts. No water-gas shift. plant is 
_ 1':l;\?<'~ -

then required. 
-~4tIF_ 

, -
4) The energy fram the spent stream in· the reacter is used carpletely 

in a heat ~changer to preheat ,e steam required fo; reaction. 

5) The equiprœnt size and éap~tal costs will be teduced fram the 

conventional process due te operation at higher pressure. / 
' 1 

6) Peat lends itseIf,,~o this type of chemical processing. It is in 

. abUJ"rlaoce, l1'a~ a low sulphur content, is very reactive, and is relatively 
,- . 

easy te ~rvest, dry, and grind ~ the 'required size. 

, 
Gauvin and I~lrx:an (1982) conpleted a preliminary econanic feasibility 

.' :tudy on the -production of lŒ!~1--;;;:;:" peat/ls~~Jàsma:~nI,rated 
steam. The prcx::ess was coosidered in terms of feéd preparatiory, peat 

gasification, heat recCNery, and synthesis gas plfrification. The results . 
• 1 • .," 

of 'this study are pr~sented in Table VIII. The conventional prÔc,ess, usmg 
j.. ./:; 

a reforner to produce synthesis gas, has a production cost of 0.796 "dollar, 

per imperial gallon of rœthanol ($Cdn, 1982). With the pléisma process, the 

production 'cost i~ estimated at 0.597 
---.... 

dollar per imperial gallon of 

rœtbaool ($Cdn, 1982) • It shœÎd be . noted that the plasma.calculations ,"" . 
asswœ a ratio of two for . hydrogen-to-carbon ltOooxide, and a carbon 

conversion of ninety-five percent. 

" , . , 

'\. . 
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, TéJble VIII 1 •• " • • ' < '#~I 

Co'mparison 6f Methano1 Production 'Costs{e) . 

. Type of 
Cost 

Total 

éÔÏWentional Plasm;l prdcess 
CQst Cost 
($ per imperial '($ per impefial 

r," iJalloft)(8)(b). '-"~gallon)(a)(c) 

e 

producti9n ' 0.796 
cost(d) 

0.597 

(~)\..i.R. August 1982.Canadian dollal$ 

.. 

t 

(b) for a large plant producing 2500 tons m~thanol per dély . 
(c) for a smaller plant producing 1200 tenS '!lèth~nor p~r ~Y, 
(d) 'considers utilities, cost ~nd capital cost i~ estimation , .. :y~
(e) Gauvin, W.H., and Duncan, S.R., "Methanrll·from- Peat.; - "'" 

Using Plasma-Generateç Superheated Steam:', .centre de . 
Recnerche Noranda (1982). 
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Awl:ications of plasma techrology ID chemi9_al and rretallûrgical' 

proces~s are rapidly increasing in conventional fields such as 

high-tenperab.Jre rretal extraction and refining, petrochemicals production, 

and, waste treatIœnt. As the fundaIœntaI understanding of t.1-te pr inciples 

of operation of these various processes improves, new and irnaginative 
. , 

, corx::epts derived from this experience t>egin to suggest themselves. This __ "- . 
. 

opens new and (ôlhallenging p:)ssibilities in yet other ~ields. 

, , 
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One suoh CQl'X:ept, dev~ by the Plasma Techoology Group at r.t=Gill 

University, concerns ~e ur ~f water vapeur as a plasma gas. AwUcation .: 

of this plasma te drying operations appears' te be very promising indeed 

(Amelot, 1983). A second application, to, gasify peat for thlproduction o~ / 

_synthesis gas, was uooertaken short1y thereafter with equ y erx::œraging . 
results (Grosdidier de Matons, 1983). An Atomized Suspension Technique 

\ 

ReactoF (ASl'R). was used te effect '" transformation of pea~ ta hydrogen 

and carbon m::moxide. Since that ti.Iœ, a pre1iminaI)' econéxnic study (Gauvin 

and, D.lrx::an, 1982) has shawn that a xœthanol process' i:)ased on ·thé plasma 
1.1 • 

,. 
techoology would be economic. From these resu1ts, further studié:s were 

'warr~ted 'to develop' the -i:echrrilOJ'Y • 

The objective of the, present study, 
r '1 

stated briefly, was tb explore 

further the transf"ornation of peat: inta synthesis gas for xœthanol 

'prOduction. _. 

- 'itherma1 "steam 'Plasma generated by a OC-,jet torch was useJ.i. The 
~~ 1 

stearn plasma was ~rodUCed by injecting oxygen ~"te a hydr09~ ~~laSma. '>" 

. " i' 
Dried and ground peat of an H5/H6 classification 6n the von Ebst scale was 

mixed with the stearn plasma. No oxygen was added to the reacting system sC 

as te prC>l1Dte pyrolysis and gasificàtion reactions: heat"generated by 

CCJtt>ustion reactions was oot necessary, and would have producec:'Î" large 

quantities of uooesired carbon dioxide. The synthesis' gas obtained- 'Was 

for rœthanol production, 9) the desired hydrogen-to-carbon rronoxide -rrolar 

ratio 'in the product gas was b.o. 

.. 

o 
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,.." , 

. , 
aased on a t.'ernodynamic st~Çiy and analysis of related work, 

especially that of-:Grosdidièi de 'Matons, (1983'), it was decided to use 

reaction tenperatures in excess of 1200 K and carbon-to-stearn nolar ratios 

in the feed of less than 0.6. éareful design of t.l1e ASrR-'ba~ syste~ wa:~ 

nece~ry tô obtaÎn reaoonable results~ 
1 

Objèctives of ~rk 
, 1 t . 

• -
lÎ'le objectives for this- ''r'K>rk can be sunmarized as: 

" , 

, ~l. to design a:;:;d build 1!l second-geiteration ,feaètor 

capabl~ of r:eacting peat with steam· plasma; , 

2. to .investigate 'the effect of ,terrpérature and the 
, 

carbon-to-steam ratio in t.~e feed on the carbon' conversion 

and the hydrogen-t~arbon nonoxide ratio in the product gas{ 
, r 

.' , 
1 

3. to analyze the reSults and derive rrcdels which 
- '1".';._ 

rèflect the da ta; 

, 

4 .. t;o<determine the'ClptimJm operating conditions of the ' 
,-' 

system for synthesis' gas production and;-
, ' 

5. to !ilentify areas in which fu;:er reSéarch is requ;red. 

" , 
/ 
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First, a review of' 'all t..'1e . res::>urces and equiprrent used in t..l1e 
. , ' 

researçh is mad~. The gathering'and preparation'of'peat, and its measured 
~.; 1 

properti~s are' discus~., The coorÎlissioning experiIœnts requïred te 
, , , 

ùevelop the steam plasma are nèntioned. A brief description of ~e 

-equiprœnt and s::>œ of the coostraints in its use are giver). Detpils of 
" 

the apparatus are cootfiried in _ AfÇendix I. 

Experimental pràcedu~~ and details on the subsequent solids a~ gas 1 
analyses are then giv.eI1_ Th,e .latter item is importa~t to ,establish the 

credibility of the reSU:lts. The actual 

are ~rized in the saIœ section. 

l ' 

, , . l, 
,1 

The developrœnt ~f the different analyses is given. Direct analysis 
, 1 

l' . ' 

of the exPer:imental results is first consi.dered, includirlg the discussion 
~ . -

pf tenperatl!re prOfiles and- IŒlSS balanc~~'" Arialys:i,s of -the gas 'and solids , . . 
. 

results ShCMS that the, da.ta provided credible result~. The nodel of the 
~ - - . . - " 

-phYsical variables is t..~en developed. Brief sections, are included on the 
_ _, # t ,., ~ 

; 

special experiments doné., and on the econanics of this system. 

Fi~ally, 

,rresented. 

the conclusions' and recannendations for ruturè wor,k , aJ;e . 
.;" . 

1 .. 
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B. PEAT CHAWtCrERISTICS-
"tI .' . 

'rtle peat for this work ..was obtained in the"bounty of I.Db~iere in the 

Province of Quebec. It was dug fran fairly loose ground and transported in 
, 

garbage cans to McG~ll University. The wet peat resernbled nud, bUt 
o 

"oontained a significant quantity of decanposing ~ and roots. Even 
, . '.1... 

though the top layer of Sphagnum had been discardèd, saœ unde<:Xll1fXJsed 

material was still discerQnable. 

Initial' drying of the peat took place outdoors on plastic sheets. 

Shelter frem· wind was necessary, because as the 'peat dried and becarœ less 
, . 

dense, it tended tq blow ëMay. 'Even sunmer weather did IlOt provide enough 
o ___ -_ 

oonsecutive dry dais te qllow drying of the peat te ambient noisture, sO 
9 , 

it ~ transported inside. This may he an important consideration in a 

~rcia1 process. 

, ' . 
The noistur.e (X)Ilten~ of the peàt was determined ta he' 15.5%. T1:1is 

Jœasur~nt was repeated for each assessment, and found ta be '<CX:>ll;Stant for 

assessrœnts taken one ~k apart. Once, taken ta the laboratery, eight days 

of drYing ,. were required before the equilibrium noistu're cx:>ntent was 
. , 

attained. The determinati-on waS made by placing the peat sample in arr 

oven .overnight at a temperature of 95 celsius,. ~ weighi~g the dried 

sample imœdiately after relroVal. ,Any lower lx>iling l:X'int volatiles \«Xlld 

also evolve during this pr~ss. • 
N, 

.t:?' , 
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'nle peat was ground in a Sprout-W~ldron grindet-, , located at the 

N:lranda lèœarch Centre in M:>ntreal. The dried peat was sÏIlple te 

camrlnut:e, althcugh peat .-fines in the air necessitated the use of filt~r , 

masks. .. 

The peat size distribut.ion was obtained using a Tyl~ .sereen shaker. ~ 

The rerults of the ,~~ are given in Figure 1. The t~hnique uSf?d for ~_ 

this sieve analysis was> important for consistent, reproducable ,data: 

" .1. A smaU sanple of between nine and t:en grams was 
• 

~sed in each determination to prevent "blinding" or 

clogging of the screens. 
, , 

2. fIt was found 'that if the ~tion shaking tilœ was 

allowed te cootinue,' IIOre ~ 'IIOre pea~ \rD.lld faU 

tq the smaUest size categories. Thi.s was dû'e to 
L 

attrition of the peat as the' test cootinued. 

~nty minutes of shaking t:Îlœ, was use<l"in ail' analyses, 

and the detennination repea~d .several times'. 

Grosdidier de Matons established that a small peat size distribution 
') 

r~sulted in better carbon conversion. This Was obtained' by sieving the, 
C'l -

peat, arrl discarding the large particle siz~, fraction. Grosdidiér de 
• • 1 ~1:), ,...~ 

MatOns used peat of particle sizes' less than 106, microns. This ~rk used 
Q • " ~ 

peat of 1 particle sizes, less than 149 ri'ticrons, resu1~in9 in the size 

distr ibution given in Table ,I. The extra size ciategory incr:eases the mss . 

, of' the -retained peat by about 18%. From Figure 1, i~ may be seen that even 
: .~ \ ~ 

1. 

,1 
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FIGURE 1: 1 
cnrur.ATIVE PEBCF.N'l'AGE OF MASS 

REl'AINED VERSJS PARTICLE SIZE, FOR A 

SIEVE ANALYSIS OF THE GRlJN) PEAT 
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' ' Table l, -) " 
: Size Distribution of the Retained Peat(8) ., 

~ 

. 
Mesh Mesh A ount qumulative . Avera~e . 

Sereen . on Eaeh 
i> 

Amount ,Partie e 
Size Plate, Xi (0/0) , Size in 
(10-6 m)' (%).. \ Class, di 

(10-,~ m) 

" 
100 149 discarded 0 
,140 106 18.0 18.0 127.5 . 
'200 74 17.5 35.5 90 
270 ' . 53 17.0 ,52.5 63.5 
325 / 

,44 .11.4 '63.9 48.5 
400 

" 
37 7.4 71.3 

~ 
4Ù~5 

pa'n 0 28.7 100.0 18.5 
, 

Average Partiele Size = ~. Xj9i = 63.~*10-6 m 
, l ' 

, 

(a) < using a sample qf 9 ta 10 'grams and 20 minutes of 
separation time. 
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with ~e ex~i size,claSs, .about 27~ of, the pe?lt ,is discarded. ' To discard ' . 

IlDre of the geat was impr4Qtica1" Ül view of the quantity of peat r-equired 
.... '. 

~ . .? . 
for experimentà\ion. A larger,. IlDre eff.icient S\>Ieco screen was used·te 

separaté the peat. ~e weighted nean peat p'artiéle diarœter was. 63.3 

microns • 

• 
'nle ultimate cœposition of the peat iNas ana1yzed by Dr. c. Daess1e 

0\ Organic Mic~oanalyses in M:>ntr~al. . Th~ rœa~remènt was perfonœd fo; 

~ peat _ sanples taken at different ti.rnes CNer ~e course of 

experimentati6n." The results were consistent, with the rœan values given , i 

in Table II. They ~o. not add te 100% due to experimental er~or" and the 

presence of small allDunts of sulphur. The 'adjusted values which were used 
" 

in the Illâs!3 balances are sha.m. Dr. "B. Patteroon Gf COncordia University" 
'li. ; l 

- ,. <Il 

in- M:mtr~al made an ultimate determiQati0o/0f sulphur in the peat of 
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,Table Il,' ; , 
, Ultimate CompQsition of the, Retained Peat ' 

o ~ ~. 

" 

Species ' 

Carbon 
Hydrogen 
Qxygen 
Nltrogen, 
Ash 
~ 

Total 

Content ln 
Pa'at 
(masso/~)(a)(b) 

? ' 

44.61 
5.84· 

41.13 
, 2.21 " 

5.10 

98.89' 

Adjusted 
,Content 
(mass %)(c) 

M5·11 
. 5.90 
,~ 

41Jl9 . 
, , 

2.24 
, 5.16. 

100.QO 

. ,(a) determination made by Dr. ~C. Da~ssle, Organic 
Micrpanalyses, Montreal ',. : " ' " 

. ) ... 

" . " 

(br values have been 'corrected ta be on .a dry basis .. ,. 
(c)' propor:tloflally adjusted " " . 

" 

, " 
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CQ:mdssioni!l9 Exper iIœnts , r ...... 

prior te exper.iIœntation, . the s~am plasma had to he characterized. 

It was nece~ to' perform exper:iIœnts in the ~n, 'Sa that stab1~ 

operating CXJI1ditions cx>uld he estab1ished. 'ttle reactor was oot capable of 
, D 

oontaining the plasma at higher ,Ienergy 1eve1s, ~ operating cx>nditlons 

near mini.nunl energy 1eve1s were require? . Éven the additio~ of peat to 

the reactor did nOt'cause a significant fal1 in temperature 1eve1s: most 
. . 

of the energy was lest l;>Y qidiation to the surroundings, and only a sma11: 
, 

am::>UI)t, was CX>I'lSI.lI'ned' in the endothermic reaction: 

'lb produce the·' steam plasma, oxygen was added to a' hydroçjkn plasma. 

, . 
, , 

1. The terch was started-up with argon gas. Argon bas a IlUlch lower 

'break-down p:>tentia1 than hydrogen; thé ·characterü~tic voltage (with the 
, 0 

tOl;Ch' configuration ~) wap aOOut 25 volts with argon; and atout 13Q 

volts wi th hydrogen'. 

2. Transfer -te hydrogen was effected by maintaining ,the argon f1ow, 

·whi1e increasing the 'hydrogen flow to the' desired 1evel. Then, the argon 

f10w was rem:wed. The hydrogen f10w had to he readjusted: the pressure 
." 

ckcp "into the torch reduced wi th argon rE!l1OVal, resu1ting in increased 

hydrogen flow. 

.-. 
i 
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3. Oxygen was added to the base of the anode, to stoichiorœtric 
e> 

levels ~or steam production. This addition did not affect the electrical 

." charac1ristics ~f' the hydrogen plasma. It ~s' fouoo that an excess of 
, \" ' 

oxygen ,resllted in rapid degradation of the copper anode. A slightly. 
1 • , 

(hydrogen-r ich) mixtur;e resulted in longer arpde . li fe. 

~Stoichiorœtric Conditions were u~ for this work. 

" \ 

The resulting steam plasma is shawn in Figur~ 2. Note the split of 

the plasma. This might ,he "due to eit..'er the difference in velocities 

between the 
1 

'1 
difference in 

~. l 
,impor~nt when 

"hot spots" : 

.' 1 

(expanded) hydrogen plasma and the oxygen gas, or the 
.' 

tenperatures between the twc> gases. This split ws 

th'e' plasma vias confined in the r~actor. It 'resulted in 

areas of the reactor wall àt significantly higher 

tenperatures than others. The split al50 produced asymœtrical tenperature 

" and flow profiles in the reactor. Th~ turbulent -nature of t..'1e plasma' 
1 

fIarre can also be , reen in Figure 2. This pronotes gooël. mixing 

reactpr. " 

The important cœmissioning 
' . 

exper iments results of the 

in the 

are now 

. 'discussed. Figure 3 shows the ,voltage drop across the anode.-for chaiijUig 

1 

gas flows. The current was kept constant at 250 arrperes for aIl data 

points. Note that the voltage decreases by coly 8 volts . (6%) for a steam 

plasma flow decrease of 103 litres per minute (3à%). Below the lowést f10w 

of 164 ~itèrs per minute, __ the plasma becarne unstable, and shut-dawn was 

required. A seccod important experiment ShCMed the effect of . current on 

.-
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FIGURE 2: 
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FIGùRE 3: 

AT A CURRENT OF 250 AMPERES 
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the stability of the plasma, 'at fixed plasma gas flows. SInaller currents 

~e p:>ssible with.pigher· gas flows. It was found that only currents of 220 
.,J ,. 

amperes were attainable, for gas ·flows of 190 liter:s Per minute. Increasing . . , . 
o 

the flow to 210 liters per minute allowed curren~, as low. as 130 aIl1;>eres. 
< 

AlI volumes reported were at roan .~rature anà~spheric pressur·e., 
t:1, 

The total energy inparted to the plasma is fran two sources: 

1. Chemical' energy frem the exothermic liydrogen/oxygen r,eaction • 
• < 

This energy incieases wi th increased° gas flow. A chaBJe iJ,. gas flow 
.. t - l , ~ 

1 ~ 

affects the electrical characteristiçs of the plasma only slightly. 
1 

2. Electrical energy due to the OC-plasma j~t generation. This lenergy 

input can be increased fby increastng the p::Mer ,to the plasma. 'Sincè the 

voltage for a hydrogen plasma varies very little with current, iricreasihg 

c~rent effectively increases power input. 

j -

To obtain\ a tfmininum-energy" plasma·, . .so that the r~actor did IlOt rœlt, 

t;pe above two effects .Lere CX>IlS-idered. ~ration at 210 liters per minut;.~ ... 
~ 130 amperes ~uring nost -of the', experirœnts.

o 
With > the~ , 

oonditions, about three quarters of.::~J! total ener-gy was provided by t:9~ 1 

chemical reaction. It should he noted that the ,total energy input for each 

experiment, varied slightly .' eVèn when us~. the same currents and gas J 

-- flows, ~use the characteristic voltage ef the plasma chaD:Jed slightly. 
l ' 

Excépt inÎcertain ~riments, current was held co11;Stant at 130 amperes. 

" 1 

î 
1 
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Br ief Description of Amaratus , 

/ J 

1 
1 
1 
1 , 

.f 

A des::ription of the experimen;.al apparatus is given below; 

mechanical details are" available in Appendix I. Figure 4 shCMS the ~stem 

~~k~ do.-m into five section"s: 

. .. 

-
1. the plasma feeding system; 

2. the.Peat feeding system; 

:3. the reacoor; . 
0 

4·. the effluen~ ~st~ ~;. 

5. the sanple train. ~ 

'l11e P,lasma generat1n ~stem proouced the stearn plasma as a jet into 

. the centre of the reactor top. The flow of gases, flow of coolin'3 water, 

and the electricq.l cllrrent were controlled by one operator at t.l-te control 

. l '" . console. The peat feeding system Screw-conveyed peat" irem a happer into a 
.~ - ... , .. 

, nitrègen line. 
li. 

f ~ 1 

The nitrogen blew th~ ~at in to· the top of the react:or, 

. where the Peat 

to lower the 

Cm long and 

and steam plasma mixed. 'Tangentiall) fe~ st~am ~s q.dded 

teIrperature of the ·system., The cyiindrical reactor wa~ 120' 
;.r'. . 

20 cm irl di.aIœter. It contained a viewing . window, tNall 
-. . 

t:'1erm:x::ooples, and insertable the'rnocouples. The effluent frem the reactor 
- 0 

passed through ~ collecters, a IBO a:n 1<?ng condenser, a .cyçlone> and a 
; 

one-way valve before' being purged te the atnosphere. The gas ·sanPlin~ 

train" Wàs- rnàde-up of a condenser and coll~cter /,"'a drying colunn; three 
. ~\ 

sanple bottles in '!?araliel, and a rotameter • 
. \ 

/ 
~, 
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The laporatory space rœasured 9.6 by" 3.1 rœters. Four ,people were . . 
required to run an exper :iJœnt: the plasma <:>perator', datâ' éollector, data ," . ~ 

recorder, and tenpera~re mnitor. 

J 
Constraints In Equi~nt Use 

. ' 
. , \ 

'!he experimenta~ system made' use .<?f high electr ical powers, high gas 

, pressures, explosive gas mixtures, land high tenperatures. Precautions had 

to be taken in view of these factors. The main considerations- .,for safe 

and effective exper i.Iœnta tion can be sumnarized as: 

1. tenperature limitatiorys of the reactor; 
o • 

2. explosion lim~ts of the reacbing mixture; 

3. shut-down ~'i'tionS' :, 
4. pressure increase considerations and; 

5. pressure fluctuations. 

Th~se considera ti9ns are nC~lrâiscussed. 

'!he tenj?erature variation - constraint was a· rerul~ of the 

being: 
, 1 

1. unstable at low gas flows Iand(Or Eüectrical ,p6wers anai 
2. toc> energetic (hot) at h.i9~ gaS flows and/or electf :Lcal 

tn4ers. Af\ previously des::ribed, this problem was 

cœp:x.1ooed oy. the asymretry of the plasma fla~. 
1 

, '. 

, .. 

plasma 
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The reactor was UflCCX)led (except for the top' flange), and made of type 304 

· stainless steel ta minimize thermal inertia for, a rapid approach ta 

therma'l. steaa;. s~reactor was IlOt insulated on the < outside ta· 

allow max'ÎllllIn heal~ss by radiation and natural convection. It should be 

r~red that the wall .temperaturès of 

gas bemperatures inside. 

the reactor are lower than the . . .. 

'!he properties of type 304 stainless steel are. ,s~rized by 

· Allegheny Lucllum Steel Coq:oration <l..959), and presented in Table III. tt 

begins te rœIt at a temperature of 1400 Cèlsius (2550 Fahrenheit), ,but the 

maxinum allowi:IDle t~rature fo~ intermittant q>eration is 870 Celcius 
, , 

(1600 Farenheit). While the outside wall tenperature. frequently was in 

excess of this latter value, there was 00 degradation of the reactor walls-
, 

(inside or outside) ,on visual inspection. The increase in height of the 

· reactor during an ,experirnent reflected Ithe mean coefficient of thermal 

expansion: about 0.3 an qr 1/8 in. 

,/ 
Awdliary steam: addition: reduced the temperature., of the nho~ 

zone". '!he "hot zone" was the tq;> 50 an of the r~actor which becarœ br ight 

red in colour during experim:mt:ation. A strip chart recorder crave the 

wall and insertab1e, thernocouple readings. Also, one operator ItOpitored 
. , 

the wall bemperature of the ·reactor oon~inuous1y using a Leeds and 

Northrup Canpany optical pyr.aœter. If the ternperature exc~ed the" 

maximum operating levels; and' thermal eqUilibriilm was net close, shut~own 
" , 

qccurreà. Th,is usually happenéd,when the. plasma fl_ was OOt: .; 
, . '\ .: 

( 

Ir 1 " " 

t " 
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Table III . ,~ /. 
Stafflless Stell Type 304 Prdpertie§(a) ~' 

1. 
,2., 

.; 3. 
i 

'. 

Melting "ange ' 
Density 
Coefficient of t 
Thermal Expansion 

4. Coefficient of 
,Thermal Expansion 

5. Maximum Operating 
Temperature . 

,6. Maximum Operating 
Temperature 

"', 
, '\, 

\ 
Value " '\ Value-

. (British unlts) ) (SI units) 

", (a) Anon., "Stainless.Steel Hàndbook'~, Alle€Jheny Ludlum 
Steel Corporation {-1959). . 
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'rue tq the production of large anourlts '-oi:- hydrogen in" the enclosed 

'reactor,' â potentially explosive mixture ~s preSent., Sax (1979) gives 
~: . 

data on explosive mixtures, smma.r:ized ~ Table. IV. The blo nain product,s 

from the gasification reactions are carbon rronoxide and hydrogen. Eyen 

thcugh these gasès are dilu~ with nitr01en lconvèying) gas and ex;cess . " 

steam, 'precautions we~e taken to minimize the leaRage of 'air' hito. the 

sYstem .. " The system was periodically pressure tested te ,70 kPa (10 psig) 
. 

betwèen ~xperiments. ,Al.sb, experiments \Vêre preceded aM followed by a' 
~ . 

purg#e of the reactor with -9lrgon 'gas., With agas flowrate of 100 1iters . 

per minute, it .takes: 

1. 31 seconds te purge the'rreactpr assuming plug flow (PF)' and~ 
i (f • ' . , ! 

,2. 72 seconddj ta reduce gas ~ concentrations ta 10% of their initial 
, 

. value assuming' a continurusly-stirred tank reacter (CSI'R). 

, . 
The argon flow was 'held ,at 100 liters pei mir'lùte for several minutes 

, , 

at the 'beginning and end of ~per.j.rœnts. 

As is inevitab1e with' such a cœp1ex system( eœrgen9' shut-downs 
, -

occurred. In this event, t.l1e reactoi: contained an -exPlosive mixture. The 

prob1em was cœpourrled by the rapid cooling ot the gases', causing them ta 

contract and generate a vacuum ln the reactor. Air ~flux through the 

effluent lines could have resulted in an explosion. A safety sys,tem was 

develo~ to h~ie this problem, as shawn in Figure 5. It invo1ved a 

, t 

!. ·f ,,' 1 . , 1 ~ 
1 \ .l-
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'Table IV . " 

Explosive Limits of l-:IydrQgen' 
and Ca-rbon Monoxide in Air<a) -

b 

Gas .' 

• 
Upper 
Explosive 
Limit 

" , 

Lower: 
Explosive. 
Limlt 

.,,------,....) -~-------r 
Hyd rogen 74.2 0/0 

Carbc::m Monoxide 74.2 0/0 
• . . 

4.10/0 
12.5% 

, \ 

J ' 

, . 
, . 

__ ,' ~ J. , 

. . ~ ,.. \ 

). 

" 

(a) Sax, N.L, "Dangerous Properties of Industrial Ma"ferials", 
Van Nostrand Reinhol,d Company, fifth edition (1979). 
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system of norrnally-off and nornally-on solenoid valves, coupled with 
j 

on~ay valves. Solenoiq valves were ,used on the oxygen, hydrogen, and 

nitrOjeIl gas lines. On eœrgency Shut-dCMn: 

1. The power to the torch ",~as cut-off, causing the nornally~losed ri .... 
" valves to shut. One-way valves on th~ oxygen qnd hydrOjen cylinders were 

precautions against valve leakage. 

2. The oorrnally-open solenoid opened, causirtg nitrogen to flood the 

system. This h,ad' the effect of diluti~~i the g'as mixture at ~,e ~ffluÈmt 
, 

exit, as 

with the 

weil as allowing 'reacter ~ssu're: te reach at:rrospher ic leveIs 

inert nitrogen. The larçt~-way valve at t.l'}e exit prevented 

large back-flow of air into the hot system. It had s:ml: bubble leak sinee 
" 

a strong s.'utting spring coold not be used, which would have resulted wit.h 

an increased baekpressure to the system. 

The naximurn allowable pressure in the system was over 70 kPa (lèP 

psig), as this was the level te which the system was pressure-tested. 

However the plasna gases entered the reactor with a backpressure of 550 
) 

kPa (80 psig), and the possibility of plugging Unes existed with the long ... 

.éffluent lines. Higher peat feeding rates produced a pressure rise in the 

reactor. As a precautionary rœasure', during experimental runs with high 
. 

peat feeds, the vycor' viewing window was covered with a rœtal plate.-A 

safety rel.ease valve was also <Xl the reactor. 

.. ' 

,. 

" , 
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The pressures generated with higher peat flow rates were accarpani~ 

by pressure fluctuations, 'with frequencies about 1 Hz. Pressures coold 
\ 

sudd~nly develop to as high as 70 te 80 kPa (10 te 12 psig)' in the course 

of an expedrnent. ~enever tJlis phenorœna . occurred, the experiIœnt was 

shut-.dCMil and the results ~sidered invalid.. 'Small pressure fluctuations 

of in. of water were ,present in all runs, having frequencies in the arder 

of rnilliseconds. 

" . 

D. PRa;EDURE 

General Procedure 

Due to the cœp~xity of the experiillental system, and the possibility 

of an . error resulting in explosion, a detailed and precise exper~ntal 

procedure was fOllOwedt An entire experirœnt, including initial checks 

and excluding delays" 'IOulrl take about one hoor. 'Ytlile the thirteen pages 
, , " 

of prot:edures are not included her~, . they are outlined: 

.J 
1 

-~ 1: A preliminary check of the utilities and _~fety systems was 

carried ~t by (at least) two ~le. 

~ .... 

, . 
f 

" , " 
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! 
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. , 
2. The plasma torch was started on argon. Th~ system and sanple 

.. - , 

, , bottles were purged, and instrurrents were checké? 

.'. 
3. The hydrogen, plasma and auxiliary stearn flOw ' were started. This 

, , 

was followed by renoval of argon and addition C?f oxygene It was not until 
- - -'. '- \ ! 

oxygen addition occurred that high temperatures developed (due to, the 
, - ' 

hydro:Jeh/oxygen . cœtm,stion reaction). ,From t."1 is 
, . 

fX)irit, pressures and 
1 

tenperab.ire~ ~re rronit'ored continumsly in the reactor, • 

.Jo. 1. . r. . 
4. Thernal equtr:llbr l~ Wl.th stearn plasma 

o " 

approached after was 

approximately œe minute, then - the ball vplve on the nit:.ro:Jen cohveyor: . ~ . 
line was .6pen'ed and the peat' feedi,n<i screw activated. \ 

l, 
5. The bail valve ta the sarrple line was opened, and (about) t:wo 

minutes allowed te elapse 50 as to ensure 

were purged. 

. 
6. The ·gas sanq;>les were taken, âna in t~ 

, ' 

'the strip chart recorder .('which was ltOnitoring 

7. After the 5allJ?les were collected" 

data included gas tenperature profiles using the :ÎilS7rtable therIlDCÇllples.

These were usually sljuated at, the reactor centerline, and withdrawing 

them âllowed rad'ial'l<>'te~ra~re profiles to he rreasured. 
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8. Tu~ver to argon plasma occurred, 

several minu~~ 

.... 1 

followed by a purge time of 

9. The gas Sanples were . analyzed :i.mrediatelY, t.~en tl1é 'solids sanples 

gathered from the various collectors afterwards. 
-e 

. 
10. A "between experiments" èheck list was followed prior te the riext ~ 

, , 

exper:iment, .te enrure t:hat no IlBjor' problèm -~ad dev~loped. 

Gas Analysis 

~e gas anplysis was done ustng a Bewlett-Packard gas.chromatograph~ 
, l .. • 

A Spherocarb carbon ItOlecu1.ar sieve frorn :<l1r~tographlc Specialties was . , . 
, 

in'stalled in the ,gas chromatograph. The colunn was condi~ioned~ . then 
, 

calil5rated, for each gas present in the gas mixtures: 'l1ydrogen, oxygen, 
, , \ 
nitr~en, carbbn honoxide, Jœthane, and carbon dioxide. The' gas sanple 

contajined no solids or steam by virtue of the condenser, ana drying 

colwm/filter in the sanple line, prior - ta the sarrple bottles. The 

specifica~ions Dor the gas c~rOmatograph Operating conditions are given in 

Table V. 

'Ihe gas sanples' were contained in sanple bottles such as . the one 

shciwn in Figure 6. The erid ports were camected ta the 5aI'I1?1e line stream, . . . 
aria each sanple bottle was flushed. After at l-east 30 seconds purge tiIœ, 

the sanple' was taken. The st:opcœk at the "outslde" end, of the bOttle was 

; -, ' . 

.. 



.' , (- ., 

1. ' 

, . 

"f 

. . . . . 

102 

Table V . 
Operating Conditions for 

. the Gas Chromatograph(8) 

. 

1. Column Packing: Spherocarb 80/100 mesh 
2. Column Size: 180 cm lerigth, 0.32 cm diameter 

(6 ft. length, ~/8 inch diameter) . 

. 3.' êolumn Temperature . ' 

Temperature 
(OC) 

Rate ilf ,_._--~",T-ime 
Temperature '~.~ \(min.) 
Rise (OC/min.), 

. 30 

100 

. 4: rnjeetor Temperature: 200°C 
5. Detector Temperature: ~OooC 0 

6. Carrier Gas and Flow: Helium, 40 ml/min 
7. Deteetor: thermal eonductivity 
8. Order of Gas Appearanee: ' 

. Hydrogen 
Oxygen ' 
Nitrogen 
'Carbon Monoxide 
Methane : .. 

. Carbon Dioxide 
J : 

'. 
f· 

(a) Private -Communieation.with Pà-ul C. Cheung, 
Chromatographie Specialties Limited . 

. . 

. , 

.. 

4 
2 
8 
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. ' 

firsi: closed, followed by the "reacto,r" end stopcoqk •. This ·allowed a . ' , 

positive pressure' to build in the sanple bott1è, and min.imized air .ent.çy. 
--

'Ihe . gas stream was theh diverted J to an:>ther ,oottle for sub~ent 

sanpling. '. , 

' .. 

After thé e>çperiment;' the oott1es ~rè transported :i.rmœdïately ta the 

gas chromatograph. The hydrogen fu. the sanPles,leakea fatrly rapid1y {in 
~ . . -,. 

the ôrde; of hours) , an~ sp' it was necessary. te do the gas analysis 
t • ~ 1 _ 

n in-hoose" • 

~ ~ 41 #~ 

A 0.5 mill-iliter sanple was wit.h.drawn from t.'1e l:x?tt1e bYe1njecting a . 
syringe into the septum arme 'The gGlS mix1;:ure frorn eacq. of "'the sanple ' 

... .. t:> ,. 'Ii • ' .... 

batt1es wa,s' run~J-iri., ~e gag' chrom)t.ograph 'three tÜ_Tnes.' 'Sotœ. ppints .''!Fe 
". 

wort;h oot~ with regards te' ~e ga~ analyses ~ , 

1. .~'. calc~l.ation of, peak are.as· had' SOIœ ~ncer~:i.ntY •. " ~ 
. , 

" ~ertaintY \Ris reduced by rum~g ~ach ',:sarrple three tiIœs, anQ avèragin9 
- . .." 

, , J ~ • 

the areas calcula.ted fr~ each rune .' . 
, .. ' ". -

• :1. ' 

" .. -' ... 

2. 'l'hè septums degràdeël slowly~ , 'TheY :eventu~iiy, l.eaked· g~ 'rapidly' . 
.. .. -' ., # -!" 

, . 

" . , 

- ' Q .., • 

, . enoug,h s:>. that after a. J:ew ho..u's the Sëmple bottle ptessure equalized wit.ll '.. . 
,.j, 1 .. " 

" 

, the atiioSphere,' and 'air- leakea· in., ~s 'e~f~t wa:S ~a.~red 'by. re-~ul)Ilin~"", 
a ~le : severê!-l h,ours ·(thr~. te six) aftez::-, the exPe;-bœnt •. 'I-f, oxygen. 

, ", .. " 

apPe~red in the sanple~ the' septum ~s ch~~. A hew sepb.nn leaked slo~ly " 

~nàl9h sb -~at no' ~ygen ~J..d he p~e~nt a~e~':th~~ tiine 'periôd. . ': . 
'~ .. ' -, ,,'" \ " ;. 
.~ ~ , l' "{, .: 

. , 
'. 

" 

, .. 
! " 

.\ . 
.1. " 

, , 

j, 

" 

, . 

\ . 
" , , 

... 

l', , ~ 
.~ , .. 

,.~ 

, .. 
, , 

" 

'.' . .' 
, , , 

.. 
'.1 

". t>. 

: - . t, 
• lit 

• . 1 

' .•. !L 
~ "" 

• f 
. 1 
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" l ' 
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' .. , , 

3ô,·Thè ~~ chr~n'latàgraph' is very sensitive, -aIi.c(ci chan;e of operatins 

c:Onditions' results p in a chaD3e- of calibr;ation. 'l'wo Calibrationpoin~, 

were ~rechecked towards the end of the experimentation per~od, us:i.n9 

nitr~en 'and ~thane. The po'ints on the calibration curves were within 

O~O'l milliliters in a' volwœ of '0.20 ~llili~rs. 

4. A thermal cdnauctivity de!:ecter was ,used 'in' the gas chromatograph. 

',t The hydrogeh, ,pe~ks were very srnall, since ~e thermal conductlvity of . ' 

hydrP3~ i~ near ta 'titat of the carrier gas, helium. As a result, the 
" , 

area of a peak ooly gave an order of magnitude indication of the quantity 
• 1 

of hydrogen gas in the sanple, • A hydrogén peak fram an injéCtion of 0.25 
, ~ , 

mil?-il~ters, typi~al for 'an exper iJ'rlérit , resulted in 911 area, o~ aboJ.t six 
., , 

square 'millüneters on the str ip çl1~rt, recorder paper.. The bydrogen 1 .. ~ . '"'~.. ' '" 

.i;n the res.llts ~re· obtai~ed by difference. \ 
___ 1 

concentrations reported 

: . 
. . 

~.~lids Analysis l, • 

'n1e sOlids SÇU'lple:S were collected -throoghout -t..'1e apparatus: in the 
, . 

two collectors imœdia tely after ~thè react6r \ and in the, collecter below 
1 .. 

. the cyclone. M:>st solids accunuiated in the cYclone. The samples werè 
• 

stored in glass jars and ,allowed ta settle. After -bK> to three days, ' the 
o I/If ' 

liquid" fraction was decanted and discarded. Three };XJrtions were 

withdrawn, saved in œll' glass vials, and their -contents' dried 
-

thoroughly. One was sent for analysis, one used for. a~.~h determination,' 

and another saved. 
, . 

: .' 

.. , 
. ' 

, , 

,-

) 

. 
1 

1 - ' 
1 

J 
- -1 

1 
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t, 

, \ -The above preparation rœt:qcx1 wab \' ,foùrif" ~ give the ~st 
Fepleseritative SOIrS sanples, ooting:. . 

1. The'~'dec~ted liquid- (~en v~uum fi Itered) yielded a very smail 

mass Gf rolids, which was ~tamina~ -by the paper filter. It was' thus 

discaÎ'ded'. . . 
, ' 

. 2. "ttlile there.Was-virtually-oo "solfds accl..D1Ulation in " the reacto,r 

over_ the C0Urse of ail th~ experiments, there was SOIœ accUllI.llation in the 

emu:t::lidS (the f~eS),q,ld go . strai9ht through ~e efflJ~' 
:: lines êJf.ld J"K)t be caught ir:t the cyclone. TIlis, small arrount was apparent on 

. . ( ~ . 
, vi$ual observation ot the effluent purge to the atrrosphere. 

~ _Jo - ~. 1 > t. • • • 

" l, 
--- .,.., 

AlI, soHds analyses were done by' Dr.. C. -Daessle of Organic 

Miarœnalyses in M::mtreal. The rœthoo.s used are outlined by pregl and 
( 

Grant (1951). ,The roUds sanple i,s burned 
') 

in an 6ven us ing a catalyst: ta 

ckidiz~ the sarIPle carpletely. The gas 
. " 

is then conveyed over colurms of 
" 

.. absorbing material, and' the oxidized gases are selectively~--rêm;;ed' from 
- , ---. ------------ -

the mixt:4re.- Determining the weight . gain~f------afe colwm allows t.'e nass 
, -~' ' 

fract!ion~ of elerœnts in t:ly! Solids to bè, calCulated. The conditions am 
" ., \~ '. . 

-cataly~ts used in thé ~lyses ~re sUTllbâr ized -in Table VI. ' 

1 . ~ 

r 
il 

~ , 
\ 

, , 

.. 
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Table VI _ ' . 
Conditions for'Solids Analysis 

, , . . 

'.~ , 

-~~. ~P,,-' ________________ ~ 

, ·1. ~ent(s)' 
Tested ' 
for' 

Carbon 
Hydrogen 

J Nitrogen 

'-, 
Oxygen 

2. Combustion 
Product 

'. 
CO2 \ 
H20 " ./ '!> N2 . 

Catalyst _ 
,for~ 
~mbustion 

CuO 
(wire) 

'CùO 
(wire) 

C (graph ite). _ --. 
(granulat) 

Time Temperature 
of of 
Combustion . Combustion 
(min.) (OC) , 

j. 

17 600 

17 800 . 

'\ ~ 

20 , ,1100 

~ 

; 

. , 
Absorbing Mate,rial 
in Column 

Combustion ' 
Product(s) 

CO2 

tt20 
, 

N2 

'°2, 

"\' . 

.., 
soqa asbèstos (14 to 22 mesh) 
anhydrone (mag'nésium perchlorate) 
volumetrie ·method 'i 

1 
.). 

". 

*... ~ <: 

O2 . '2°5 (granular) 
1- . 

'. 

{, 

, . 
" 

• l 

1 
1 

, 1 . 

...-;:.. 1 

. .!.~. .., 
, , 

.. -

/.. ' , 

~ - *. 
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, . 

. Sinte the so1ids' analysis CX>UJ..d not- he done "in ln.tse", a first-hand. 

'knowledge of the errors is oot available. Discussion with Dr. Daess+e~ 
revealed the following: 

1. The mss fraction of ash waS determined' by weighing the' residue 

fran the oxidizeÇl ~le. '!he balance was accurate- ta ± 2 microgr.;nns. The 

sample saœtbœs splattered in the 'extraœ oonditions of -the oven, 'though, 

ana ùnusual ash fractions were satetiIœs obt.àined. 

2. Solid samples BUst be thoroughly dried, and the analysis performed 
\ 

saon afterwards. Tele samples can pick-up IIDlsture which appears as . 
hydrogen and axygen in the determination. 

'- , 

3. The ~lids sample 11llst be carefully, chosen. The ma.ss of solids 

used for the. analyses' was in the arder of a few JIlilligrams. A 

oon-haoogeneous choice of solids sample would produce unrepresentative 
{ 0 ...... 

results. ' 

The accuracy of the analysis ~s checked and shawn ta he good. 

Repeat, samples were sul:mitted, without prior knowledge of the analyzer, 

and consistent results were obtained. Diff~rent samples fran the same 
, 

exper i.rœnt: ~re al~ anal yzed, and the sarnple was proven ta he 
, 

hœogemeous. M::>isture determinations of the peat were done (with the 

method previous1y descrihed) at MaGill University upon retrieval of the 

sampleSi; and this IIOisture' oontent was incorporated into the mass 

balances. Also, the mss fraction of ash was verified by burning samples 

OI/ernight at a temperature of 700 Celsiqs, and the residue weighed c: 

'.' 
inmediat\7: after rèroval frem the oven. 

.. 
( 

, 
l 

,1 

l 
t 
1 
\ 
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, rl 
, .. 

il 
is impOrtant to' note It a .difference. 'in the nab,lre of the solids .. 

three gas 
; 

sanp1es versus the gas sanp1es. The sarrples were taken at 

different points in tirœ. The oolids ~les accLmIllaLod 
.,) "1 

througheut the 

exper:iment. Resu1ts of sorœ experiments had to be disregarded if an 
l " 

. unscheduled shut-down occurred, even if good gas ~les had beeo-, 

co~ected, because the oolids were still unrepresentative. 
1 

. . 

E. ~IMENTAL C~ONS AND 'RFSJLTS 

) 
Introduction 

;; 

J , 

Before discussing the cooditions and resu1ts, t.l1e nature of t.'1e 

. experimenta1 variables trust be discussed. There exists only one 

èXperimental replicate in ternperature and carbon-to-steam rro1ar ratio. 

The reaoon for this is that SOIœ of the exper;ÏJœnta1 "conditions" were 
• D 

only known after the exper:iment was done. The t....u primary variables were 

es~blished in the following ways: 
-,, 

1. The carbon-to-steam rrolar ratio in t.'1e feed wa? altered by 

charr:Jing the peat feed rate. An apprŒdIlate feed rate was set by changing 
• r' 

the speed of the notor which turned the auger of .the screw conveyor. Even 

at a constant IlDtor sp€ed, however, the feed rate cOlld vary. The small 

pressure fluctuations (previous1y described) caused an osci11ating gas 
. 

ftow in and out of the happer, conveying. peat in excess of that which was 

. ' 

" 
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1 

çarried by the scr~w alD~. ):É. the rragnitude of the pressure fluctuations 

increased slightly, the feed rate increased slightly. The rœan peat feed 

. rate wàs determined after the experiment by tœasuring the rnass 

the hq;>per, and timing the interval OlIer which it was fed. 

\ 
fed Erom 

2. The- terrperature of the system, for the "sarre" power settings and 

feed rates, changed from one .exper~nt to another. In order to use Ule 

saIœ pc:M:r, t.l1e sarre current flow is required. Even thoogh a constant 

current 'liaS u'sed for lYOst experirœnts, fluctuatioI)s in the voltage between 
.'. 

experiments resulted in different powers. The ternperatures in the reactor 

were obtained by the thernocoople readings on the strip chart recorder. 

The rœasured te~ratures deviated fr6m t.l1e "effèctive" tenperatures' for 

r-eas:>ns about to be deocr~. 

, 
The two' priffiary v~iables are affected . by pararneters' w1:lich cannet be 

. t . 
( , 

directly ~asured. These paraIœ!ters cannat ·all be known, but sone of tqe 

o obvious on~s are:. . , : . " -.) . ' 
1 ' 
1 -

• • 1. The flam:! geoJretry changes frOl\l exper:iIœnt to experiment. This 

affects many things, nn~t importantly . the ternperat;ure profiles~ The peat 

would react to· different degrees depending on its environm:mt. The high 

degree of. turbul.ence in the upper part of the reactor minirnized this 

problem. 

1 

1 
~ , 
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, 1 

- , 
2. ~e ,mixing efficie!1CY .between the peat and steam varied between 

, 

experiments. This is a furction of variables such as ~e pe~t-to-nitrogen 

·conveyor gas ratio am flarœ georœtry. 

~ 3. The magnitude of the pressure flucb.lations chan:Jed from experi.ment 

to exper:i,Jœnt.' Wlile the period of a fluctuation was·in the.order of 

mi 11 iseconds, giving èssentially con~ta?t flow, t.~ere was probably. a 

slight-paising tf the peat 'feeding. 

None of' the above, effedtS 'were rœasured, but theY were' certainly 

J.rnportant, and caused SJIlE urx::ertainty in the data. 1'he terrperature 

measurerœnt is especially vulnerable to the~ effects. ~e reaction 

~rrperature has been defined as the Iœan value of t.'e uppernost and ~ir~ 
therm:>ca.lple. The third therIll?Couple corresponds to the bottorn 'of t.'e "hot 

zone", which is shown in Figure 7. Thi.s is probably a representative 

temperature, because it is at ~,is temperature t~at gasification will 'take 

place: pyrolysis loccurs in the order o~ milliseconds, and gasifica~ion 

reactions require longer, times (in the order of a second). Residence tÎlœ 

calcula tions were rrade for, the "hot zone", and fourrl to be about 3/4 of, a 
, 

second. Below : the zone, 

gasif ication. 
" 

L 

temperatures were tao low 

, 
< 

. ' 

for further 

.' 

J, 
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,-

Stmmary o~ ~riiœntal Conditions 
, ' 

''1be ccnditions for· the experiménts, and seme .diréctl:y ca1.culated 

,par~ters, are given - in Tables ,VII and VIII. 'lbe first nine e>cPe\.~nts 

used, acoris"";t current and almost constant power input, and the,la~tJfiV9 
expedmen'ts were ones in which special pararœters chéID3ed.· _,Althoo an 

~ -

attempt was .made te maintain the peat feed cOnstant for these las five 

exper:i.ménts, it did v~ s::>rœwhat. In exP,erilœnts ten to twelve, fX'Wer 
• ! 

• WÇlS ,increased by increasing ,current. In' ~periment fourteen, };X)Wer· was·,'Z" 

increa~ by increasing the hydrogen and~oxygen flows. The last exper:i.mènt 

was ,a~ oortnal pc:Mer, but the reacter wâs inS;Ulated uSÎI19 fiberglass over 
, :; _ ' • _". II!> 1 • ' 1 

the bottorn 70 an, speèifically the area, below the, ".hot, zone". 
. . 

• ! 

/ 
The peat and s1:eam flows are .given in Table~ : viI , fo11oWed by:the 

, " . , 

càlculated carbon (in the peat) -to-steam IlDlar ratio'. The steam flow' is ,-

;constant except for eXperi.ilEnt fourteen. 

• 
Olrrent, '~ltage, and r;:ower are, given in the first three' colunns of 

• f 

Tablé VIII. CUrrènt was set') by- the operatbr, and the voltage was· 

, 
,! 1 

, . " 

'j 

~ , 

characte~istic for ~a ~iven . set of c~itions. ~e ~r waî calç:ulated , J 

. '. t 
taking into accoont heat losses to ~e cooling waœr. A ~-to-pe~~ ;, 

ratio rnay he ca1.c'ulated directly from t.'1e experirœntal conditions. The --'--.J 
tenPeratures did net reflect the power to peat ratios as TII.lch as was 

" 

expected, rnainly due te the "u!IDEasured par?Jœters" a4'eady rœntioned. The 

g.aph of tenperature v~rsus power-to-peat ratio is given in. Figure a te 

( 

i p 

.", , 

< ' 
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Table VII 
Experi~ental Conditio.ns: Feeds 

• 0 

"r , 
" 

" ~" (; 

1.' ... 

, . . ' 

" 

. " 
, t 

" -
" "1 . . , 

" 

-. 
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Table VIII 0 , ' , , 

Experimental Cond,itions: Temperatur~s 
. 

. \, -----------_ ....... _-------~--
Experimeot 'Plasma Plasma 
Number ' Current Voltage 

(am peres) (volts) 

Electric -Power-ta- Temperature 1 

F?ower
j 

Peat Raflo \ (K)(c) , 
(k~)(a) (kwhlkg)(b) 

--
1 . 130 _'15~~ 14.20 ,16.53 1333 . 
2 130 \.; 165 1506~ 15.47 1300, . 

1 

3 '130 155 14.67 11.38 1275 
4 1~Ô '135 ' 12.78 10.70. 1275 

Jr ' . 1'30 ·155, 14.67 10.85 1323 
130, 155 14.67 8.43 . , 1265 
130, 150 1.:f.20 ' 7.94', . 1330 

8 t- 130 " "'"t70 16009 :' 50[ .. 1328 
9 130 " 160 ,15.14 '2. 1" . 122~ 

'r,10 150 155 ,16.93 - - : , 10. '8 .' 1383 
11 

, 
200 150 1338 21.84 11. 8· . 

12 250 130 ' 23.66 11.09 
' . . 14,18-

. 
14' 130 157 ..-.-- 0 

14.86 14.29 . .1398 
" " 15 \30 " 150 14.20 . 9.45. .1251 .. 

'.(a) cah(ulated. fram p':' lV, and çorrected. for heat losse to' - " 
cooling water 

(b) consid~rs electrical and chemical power 
o (c) mean (Df two thermocouples at points·.20 centimeters .. and " 

~' .s0 centlmeters trom t~e reactor top. . 

,,\ n ~o .. 
. ... 

'. , , 

-1 
,'. 

r ~" , 1 

1. • 1 _ .,t.; 
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.FIGURE 8: '. 

-.TEMi?ERMURE IN RFJClQR VERSJS 
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" 

confirm this. 

" . 
'lbe experimental region examined is given in Figure 9. An 

.' 

experimental design using ,data at ,the extreue pOints' of the 'exi;lerimèntal 
, . 

, " 

region and replicates at the center could nOt be eXeCuted que tp the 
, ~ 1 _ 

nature of the variables. The grid area is ,weil cQIlered OlIer the low 
~ ~ , ./ 

\ - _~-, -: 
_ • J 

carbon-to-steam ratio area. 'The 'sing.le point at a ratio of 0.95, ev~ , -. . ~ , 

thoogh it produced bad results, is. important since it i5 outside the 

experimental region of ''high density". 

Carbon-to-steam ratios -v~ied from 0.16 te 0.95 i.e. ~veralfol.d', 
~~ ., 

while tenperatur.es varied Ônly~ bebieeri 1223 and 1418 Ki.~. CNer a l'IUch 

smaller range. This is ,due. to the tenperature limitations of the app?u"atus 

mentioned.' 

. ' 

, " 

SlIIl'tlary of Experimental Results 

( , 

' .. '., . ' . 
, • 1 ~ , 

1 

. 1 

'lbe ~rirnental results are the gas ~ splids an:a~ysesr These data 
, ,.c,. Q', , 

are i{lcluded ,in Appendix ,II. 

" 
" 
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'FIGURE: 9: 
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F. DI::n:JSSION OF RESOLTS 
- '. 

TeftPerature Profiles 

Thernocooples were used throughoo~ t.~e experirœmtal system. The 

tenperatures measured by the· t.~ernpca.lples were recorded on . 'a 
, , 

'Ihernoelectric strip chart recorder during the course of every experiIœnt. 

~ 'l'enperature rreasurerœmts were 'reqUired for the inlet and outiet 'COOling 

water to the torch for efficiency ca1culations. In the (heated) auxiliary \' ' . 
steam line, temperatures were required to ensure that the steam was 

1 

slig~tly superheated. 

'!he themocouples on the reactor were as shawn in. Figure 10 • 

'Ibernocouples 7, 16, 17, lB and 19 were strapped ta the outside wall of 

'the reactor. Th~nrocooples B te 14 were "insertable" thernocouples. They 

were contained in a 0.32 cm (l/B in.) sheath, Which were held tightly in 

the reactor by Swagelock tube fittings. By welding tubes onto the reactdr 

to hold part of the therrrocoople, teflon tube fittings coold he used 

without melting. Teflon fittings allow repeated tightening and loosening, 
" 

50 the deg~ee of thenrocouple entry could he adjusted during ~ 

experiment. The, insertable' thenrocooples were usually left at the reactor 
, 

centedi,he. Thernocoupl~ B, at the highest position, had ta he replaced 
1 

due to iOOlting after sever al experil'nents. AlI thernocooples were type "K", 

or chrornel-alurnel. A stainless steel sheatll was used. 
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FIGURE 10: 
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" 

T~rature measurements are presented: 

1.. al.ong the reactor centerline at 

steady statei' 

2. crver reactor radii at steady state and: . 

3. at differel\lt locations for transient 

measurerœnts through time • 

. ) 

1 

\ The results for chosen cases are shCMI1 in Figures 11 to' 14.· "-

Radiation and conduction corrections should be applied' te the teriperaturé 

data obtained fram' the thernocouples.' Katta. (1972) out1ines the use of 

appropçiate corrections t.l-tat can be uséd for .thorough calculatic5ns. The 

1 teR1?,erature analysep use data in an uncorrected forme 

· Figure 11 ShONS a plot of temperature âlong the centerUne----Of t.'e 
\ 

reactor versus reactor length. 1'11e 'first dab. point on the graph is 

cqlculated using steam en~alPY ca1cuttions,. with the electrical and feed 
\i 

data for' the experiment. The next sevè'n points on the 'graph corrèspond to· 
\\ 

''1.,.,. 
the insertable thernocCllples going down the reactor. The initial gradient 

is steep ùp " toa tenperature in the range of 1200 to 1500 K. Then, the 

tercperature falls slowly for the first three therm::>Couple readings, and 
, 

slightly faster afterwards. The first three t.l-ternocooples CCNer the top . 

50 an of the reactor, or the area previously described as the "hot zone". 

The exit temperature fram the reactor i5 almost 700 K.' 
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FIGURE Il: 

,AXIAL TEMPERAIDRE PROFILE, 
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Figure 12 glves the radial bemperature profiles at the first and 

third therrrocœples, uSing an' argon plasma. Axial symnetry was assuned 

for the profiJ1s, althœgh this was' not s,tricUy true for a steam plasma. 

The tenperatures and gas flow rates are lower with the argon plasma than 

Ï1f. the experiments, but approx:intately \ the saIœ profile shapes are 

expa::ted. Argon data was used because the gathering of temperab,lres in 

the radial direction was too t:ime consuming to be obtained during -, 

exper imental conditioT)s. At th~ top therrrocoople, 20 ~lOW, t..~e reactor 
, 

. ,top, a nearly flat temperature pro~ile exists. The tIlernocoople 35 cm from 

the reactor top - gave an unusual profile 

" 
(oot ?hQWn) , t.1-}ooght to be 

disturbed by asynmetry. 'The third ,thernocoople . 
-~, 

shows a flat profile • 
, , 

'!'hese, data are explained by t.1-}e gas' flow patterns in the reactor. 

As first report-ed ,by Kubanek (1966), large gas recirculation oécurs 

in an AS1'R system. The flow patter~s are represented in Figure' 15. The 

top part of t.1-}e reactor is .assUIœd to behave as a continuoosly stirred 

tank rea'ctor (CSI'R). Thi~, helps to explain the tenperature profile in 

Figure 11. The centerline terrperature "for the first three therrrocoup1es is 

faUing slowly. Thereafter, the reactor" behaves in a plug, f10w (PF) 

manner, and the tenperatures faU IlDre rapidly • 
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The "hot zone·" is ,wher~.the peat transformation -occurs. '. This was 

further proven, with an ~periment in which a sarrple was drawn fram'°the 

thernocoople 10 port (the bottom of 'the hot zone) as well as at the bottom 

oe- the 'reacter. The gas sanples fram each location were fouoo te have 
, 

vittually the 5alœ carposition. 

Thernal equilibrium was approximate<f in less th an , ~ minutes after 

peat, addition te the reactor, as portrayed in Figures 13 and 14. Figure 13 

shows the tenperatures rœasured 'by the thernocouples '(Ner the top half of' 

the reactor. Therm::x::ouples 8, 9" and 10 are at the centerline in the "hot 

zone". TherItDCO.lples 7 and 16 are wall t.:.,ernocouples in t..'1e "hot zone". 

Thernocoople 7 was p~ced near a "hot spot", or a position on the reactor 

, wall which heated quickly due to the split of t.~e stearn plasma flarœ. Note 

that centerline teIf!Peraoores at the reactor top are sensitive to peat 

addition or cl}anges in the plasma. The quend1 due to peat addition is 

clearly seen in- thernocouple 8. Once "steady state" was approached, 

tenperatures at the top of t..1-te reactor still fluctuated by approximately 
_ i ... 0 

25 to 35 K, indicating that thermal "steady' state" is never really 

obtainerl., 

() 
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Steam Propert,ies 

. ' 
'lbe steam plasma was produced by injecting oxygen in to a hydrogen 

\ ' 

plasma, and had a high en th a lpy • But, relative to other t..'1ermal plasmas of 

~e sarœ enthalpy, t.'1è steam did not reach a high temperature. If the sum 

of t.l-te chemical and electr ical energ ies 'are considered, t.l-te stearn was 

abs:::>rbing between 5d" and 65 kilowatts during the experiments. '}'-bst of this 

energy Yas provided by tqe exothermic reaction. Table IX , Si:lqIl'I.frizes the 

energy input to the gas from each oource, and t.'1e maximum tenperature of 

the steam in t.l-}e torch. 

Fig.ure 11 .illustrated the rapid fall in temperature of t.'1e plasma to 
. 1 _ 1 • , 

. levels weil below 2000 K at the steam/peat mixing fX)in t • The hotte st 

tenperatures Iœasured at the top therII'OC6Jple were about 1500 K (obtai'ned 

in several experbnents). At these temperat~res, steam h~s no significant 
\ 

dissociation. The value of plasma in this work, then, ~~i primarily as a 

heat source. There ~e no activated species generated by the plasma 

were participating in ~ reaction (if the gas was in equilibrium) . 

, , 

• b 
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Table IX 
M~xim~.nn Steam Plasma T~mperatures 

" î ' ' :~ \ ~,> -. , 

Experlment Chemlcal Electrtcâl Total Calculated 
Number Power Power Power Maximum 

(kw)(a), (kw)(b) (kw) Temperature 
, , (K)(c) 

1 " 40.86 14.20 55.06 3703 
2 40.86 15.62 56.48 3715 .. . 3'7 40.86 14.67 55.53 3707 
4' - - 40.86 12.78 53.64 3691 .. .5 40.86 14.67 55.53 3707 
6 40.86 14.67 55.53 3707' 

" 7, 40.86 14.20 55.06 3703 
8 40.86 16.09 56.95 3719 
9 40.86 15.14 56.00 3711 

10 , 40.86 16.93 57.79 3726 
11 40.86 21.84 62.70 3767' 
12 40.86 23.66 64.52 3783 
14 43.40 '14.86 58.26 3701 '" 
15' . "'---40.86 14.20 55.06 3703 

.(a) assumes a constant heat of combustion of -57,798 ' , , 

callgmole 
(b) corrected for heat losses to cooling water 
(c) Interpolating from Ihara, S., "Approximation of the 

Thermodynamic Properties of Hi§h-Temperature • -
Dissociated Water Vapour", Electrotechnical Labor'atory 
Bulletin, Tokyo (Feb. 1977) 
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Mass l3al.arx:es 

Mass balances were cœpleted around the reactor in order ~ assess 

the consistency of the data, and to obta~ c~bon conversions for each 

experiment. The input to ~tor and output fram t.'1e reactor are SQ,CMn 

in Figure 16. ' 

A simple algorithm of the Carputer program, written te calculate the 

mass balaoces is given in Figure 17. The program listing is given in 

• ApPendix III. 'rhere are a few important points to note: 

" Ir. 
\ 

" 

\. 

1. The liquid collected was assutœd te have no light !1ydrocarbons 

present in it. Srnall quantities of an miscible layer were sorœtimes 

discernable in the condensed liquid, but were negligible for the purposes 

of the balances. 

2. The ash and nitr9ÇJen masses were assurœd to be constant in the 

process, 

products 

F*A*C*T , 

and were used as tracers. It is unlikely that rütrogen containing 

forJœd. The production of nitrogen oxides ls examL'1ed using 

deg::Pi~ by Bale et al. (1979), and concentrations IlUch less 

than the parts per billion range were predicted. The ash, on the other 

hand, might have contained sorre rretals which changed their oxidation 

state. 

3. The excess steam was calculated by difference for the oxygen and 

hydrogen balances. If error in the balances resulted in the calculated 

values not to be in exactly stoichiorretric proportions, a rœan value was 

" used, and the mss differences were calçulated. -\v 

\ 

pM 
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, 
~. The carbon balance was ~1ebe1y specified, . allowing a 

> , 

verifiéation of the data. Oo1y experiments d for which the input carbon was 

within 15% of the output,carbon were considered. Imprecise bal.aflèes cOlld. 

be causeq by0 obvious errors in experimental procedure, or by' s::me other . , 

/ 

1 
/ 

unperceived reag)n. 1 
-----

'\ The resu1ts are given in ·Tables X and XI. '!he çarbon bau/.~ce 
conversion is defined as the weight gain of carbon in the out1et sJream 

carpared to the input stream. The values are positive and negative, and 
".. 

ail are: less than 15%. The car~ conversions are defined as the JSS of 

carbon passed' , from the peat into the gas phase, divided bY,: the rss of 

carbon in the unreacted peat. One .9onversion has been calculated based 
\' 

'" i upon the IIBSS of carbon in the gas pha~, and one based upon the mss of 

carbon remaining in the saUd residue. The average value is . t.;e f}na~ 
result. The residence time ' ('tau) is 9alculated as t..'e velum: of the inhot 

zone", divided by the VOlU1œtr ic f10w rate of the product gases at the 

tenperature of the "hot zone". This ,assumes that the peat has t.'e sarœ 

residence time as the, product gas, and plug flow conditions prevail. The 

10wer heating value of the product gas is calculated using the heats of 

canbustion for the ga'Ses in the mixture, on a steam-free and nitrchen-free 

basis. A 1ow-Btu gas has a value of 100-250, rœdium-Btu gas has 250-550, 
, 

'and a high-Btu gas has near ta 1000. The nolar ratio of hydrogen-to-carbon 
\ , 

llDooxide shoold have a value of bK> for synt.'1esis gas. 1 
/ 

t.! • 

• 
" . 1 

i 

1 
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• Table XI 1· 
Results of Mass Balances 

Experlinent Residence 
Number ~ Time, T . 

(s~conds)(a) 

Energyof 
Product 
Ga& 
(kJ/m3)(b) 

1 
2 
3 
4 
·5 
6 
7 
'a, 
~' 
'12 
14 
15 , 

-' 

0.735 
0.726 

. 0.592. 
0.720-
0:692_ 

~ ,0:686 
0.640 
0.719 
0.547 
0.651 
0.681 
0.633 
0.670 " 

" 

0.710 
" , 

.' 10790 
11220 
12050 . 

o 11140 
11170 
11700 
12750 
11640 
12080 
11390 
11320 
.11460 
11090 
11400 

Energyof 
Product 
Gas 
(Btu/ft3)(b) 

289.7 
301.2 

,323.4 
299.0 
299.8 
CtkG:-
342.3 
312.3 
324.1 
305.8 
303.7 {o 

307.7 
297.7 
"306.0 

j 

(a) based on the volume of the top 50 ~entimet~rs of the 
reactor, for" the product gas' mixture at the mean 
temperature of this volume. . , /. 

(b) on a ste'am-fr:es and nitrogen-free bas!s .s 

• 1 • 

,; . . 

. 
' .. r 

. () 
, . 

. ' 

\ 
\ 
.>', 

1 

. ' 

1 
1 
1 

'1 
'~I 
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Average conversions varied fram 36.14% in.experÏlnent 9, .00 89.04% in 
" / ... ."... 

exp.eriment 2. The hydrogen-to carbon noooxide" rati9s varied fram 1.15 in 
, 

experiment 9 to 2.39 in e>qkr,iment l. 
\ 

o Sensitivity of Mass Balances 

.' 
.-' . Tn1 ~ccess 'e of the analysis ,depends up:>r1 the accuracy of the 'mss 

balilrcJs. Tc get an indication of how the nass balances are" affJ:ted by 
'. 

different paraJœters, a sensitivity analysis was perforœd. 

For the analysis, changes" wete made to the data to 

experilnental inaccuraW .. , ,The mss balance program was t..~en run again , and 
.....:.... r 

w a .. ,4 • ,'-

the effect on· the carbon balance was' examined. 
1 

Two cases were cLsroered: ' 

1. E~riment 1 had a very low peat flow rate. '. The product gas 

à'nalyzed was high in nitrogen cootent, since even with a high conversion . ,'" 

there was not a large quantity of gas produced. > Nitrbge? was u~ as a 

tracer, and this experiment resulted in an accurate ~etermination of t.l1e 

nitrogen :no1e fraction in the ga~ phase. On the' other hand, t.l1e 

percentages of ail the other gases were smalt' (see E7xpet'œnt 1 gas 
o 

analysis data in A}::pendix II). <> 

. 
2. Experiment 9 had a high peat feed' rate. The opposite of case l 

was .true: smail nitrog.en percentages in t;..l-)e product gas and larger 
t 

percentages of ether gases were fouoo. 

j 

l 

o 
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~ results ,of thé anq.lysis 'aré presented 
" 

in 'râbles XII . , , 

. The parrœrs e~ned ~ré :. 

1. The nitrogen carrier gas 
,} , floW rate was charged in value by CXle 

graduation on the rotaIœter, or a .10% differeœ~ ,in reading. 
. ~ . 

2. ''n)e nitrogen perceI')tage in the prcrluct gas" was .chan:Jed by a 

reading of 2%. This chaIl3e'was deterrnined by observiflg t.l-}e fluctuation in \ ( 

data froat t.l-}e ~ree different analyses for each of ~e gas sanples 

obtained in experiments j and 9. 

3. 'l11e peat rnass fed to the ~stem,OV'er the coorse of an experiment: 
J 

the value of 50 grams corresponds to half 9f' a <lràduated container which 
j tl ~ 

was used te fill tlte peat happer. 
J 1 

/ ' 
4. The time of the feed: with quick start-up and shut-down of an 

e~rinlent, this iJ)accuracy was estimated ta lie five s~onds at IlDst. 

5. The plasma gas flow: a change of tw:> ~r~duations on the rOiter 

or 2% was used. , . , 

6. The ash percentage in the peat feed: t.'1is was-determined outside 

"McGill, s::> the changE7 cff 1% used was arbitrary. 

7. The ash percentage in the residue: the chaIl3e of 2%, was used te . . 
reflect the larger values of ash in the residués, in cœpar ison te the . . 

The results shCM that with a 'srnall ~at flow (experiment 1), the peat 

mass af~ects. the ~~bon conve~sion the nost. A decrease in~ 6f ~'!. 
" 

10 haif of a 'graduated cylinder ~of ~at resulted in an increase of carbon in 

the effluent of almo~t "27% in the mass balance calculations. The' peat 

0, 

•• ,1 

. '. 

'h 

/ 

.' 

l ' 
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Table XII 
Mass Balance Sensitivity: Low Pèat Flow(a) , ~ 

Variable Investigated 

• 
Nitrogen Carrier Gas 
Rotame1er Reading (%) 

) Nitrogen in Pro'duct 
'Gas (volume 0/0) . 

, . 

Peat Mass Fed to 
Reactor (grams) 

Time of Peat 
Feed (seconds) 
, 

Old -
Valuè" 
of 
Variable 

150 

17.0, 

208.2 

, 225 

Hydrogen 'Plasma Gas 31 
:Rotameter Reading (%) 

Peat Ash 5.16 -(mass %) 

Product Residue Ash 25.47 
(mass %) 0 

New 
Value 
of 
Variable 

160 
140 

-=-+-~O 
15.0 

258.2 
158.2 

230 
220 

Change in 
Carbon 
Balance 
Conversion \ . 
(%) 

3.08 
-3.07 

-1.59 
1'.72 
. . 

t'" 11.97, 
26.56 

0.8eY 
-0.80 

. " 

·33 Q 
29 / \, . " 0 

,/ 

6.16 / 2.76. 
4.16 - 2.75 

27.47 
23.47 

-'0.71 
0.80 

(a) the actual value of carbon balance conversion wittTthe 
experimental values of variables is 2.39%, with an " 
average c~nvy(sion of 78.71 0/0. ' . 
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" _ Table XIII ~' .! , ", Î ~ 

Mass Balanpe Sensitlvity: High Peat FlbW'~~ 
( ~ , ~) 

. " I;r"~~ 

. Variable Investigated Old 
Value 

New 
Value 

Change ln 
Carbon 
Balance. 1 

Conversion 
(9/0 ) 

of 
Variable 

ft 

Nitrogen Carrier Gas - 150 
Rotameter Reading (%) 

Nitrogen in Product 
Gas (volume a/a) 

Peat Mass Fed to 
Reactor (grams) 

Time of Peat 
~'Feed (SepOndS) 

'1 Hydrogen Plasma Gas 
Rotameter Reading (%) 

Peat Ash, 
(mass %) 

8.5 

683.6 
.. 

1 • 

. 
l02 

'1 

5.16 

Product Residue Ash . 10.48 
(mass <>(o) 

. . 

of 
Variable 

160 
140 

10.5 
6.5 

7~3.6 
633.6 

107 
97 

33 
29 

6.16 
, 4.16 

12.48 
8.48 

3.45 
-3.45 

.. < -15.22 
31.68 

-3.33 
3.68 

2.40 
-2.40 

0 
P 
; 

9.97 
-9.96 

-8.24 
12.13 

!J 

(a) the actual value of càrbon balance conversion with the 
experimental yalues of variabl'es is - 5.730/0, with an 
average conversion of 36.14 %. . 
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~ ~ss fed to t.l1e reactor was fairly acclirate, althoogh ch~es in peat " "" 

!: density with respect ~ height ~ the graduated 1linde? afld peat happer 

'might have affected, values SlighUy./ " /: : ,_. j 

~ .. . .!' , , 

\ / A decreaSE! in -the peat mass fed ta the reaétor,_ then, resulted in an 
1 

\tncrease in outlet carbon over inlet carbon. Ttlis can be "explained 
o 

- mathematically. A change Ül 

the system verY I1I.lch, sinee 

peat flow does not alter the nitrogen fed txj 
the peat contain~ only 2_024% of this elerœnl 

Peat contains large quantities of carbon, and t..'üs causes. a significant 

change in the carbon feed. The near1y uochan::Jed nitro;en tracer calculates 
" . 
. ainos~ the ~ carbon nass out frem the system wit..l-} decreased peat feed, 

'but the carbon inta the system h~s decreased signifieantly. 

\ 

Wit,h a higher ~at feed rate, t.~e mss balances becaœ less sensitive 
1 

to peat mass, and IlOre sensitive to the ash tn.cer in the solids and t:'1e 

.~itrogen ~r~ent;age in ~è proJuct ga5' l'ne ash in the peat and re5idu,\ 

becane important paraxœters. A chan:Je of 1% in peat ash resu1ts in a 

change of 10%.iry the carbon balance, and a decrease of 2% in thé resid1.ie 
'lt-

ash resu1ts irl'" an increase of about 12% in the earbon balance. This 

reflects the ~~e of obtaining 'a representative solids 
... t'_, -

.... 1"' ,( 

the sanple co11ected" frem th,e exPeriment was net a 

representation of the total solids, or if a non-harogeneoos 

reaSOnab1i 

sarrp1e was 

chosen for analysis! the balances would be inaccurate. An accurate' gas 

aI)a1ysis is necessary, . because a change of 2% in the nitrogen vo1wœ 

percent results in a change of a1m:>st 32% - in the carbon ba1anç:e 

, . 

...... ~ , 
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, 1 
The .chan;je in the mass bala~ ,wit.~ the chan:Je in the ash contentS 

, . 
, , the pereent of ash in: the , ? -~, 

can he explained ~theœltically. An 'increase in 
, \ 

peat results in a 'gr~ater mass of 
.. ,- "\>$'" " 

ash going ~to the; reactor, and 

'berefor~ . ~ng out. Since ash is~ a tracer,. tfiS' resul~s in a calcula teà 

increase of carbon mss out pf the reactor. 

, 
1 

The c~e in the JTeSS balancé due t:b 
, /, 

differen~ nitrogen volume 

pércentages in ,the product' gas can also, he explamed. The anount of 
o , 

nitrogen in t.1-}e product gas is SlpélU relative te the 'sum of· t."e 

carbon~taining gas c!œponents. An increase in nitrogen i5 magnified in 
~ ........ ' ~ 

't;he naSS ,palances, beçause nitrogen 'is the tracer used te calculate the 
.. , ' , 1 , ' 

absolute llBSses of aU the other gQ$es. 
\ " 

1 
1 

1 , 

J 
In corx::luslon, this analysis shor.ved' that " ~~ nàss bâlahÇe's~were' m:1~t ' 

'. , 
, . 
'sensitive tô: 

1. th~ nass /of peat 'fed tO· the reactor or;, 

2. the ash cont:ent in the solids and the 

\, 
nitrogen :in the gas product .. 

'", 

'(,. , 

, '. 

"The rate of peat feed determined which' of these two was 

1 

-
t.1-te I1Dst 

. imper tant factor. Small changes ii the values of t.1-}ese paraneters altered 

t.l-}e nass balances ~i9.nificantly. Tc have carbon 'balances . the conversion of 

consistent te within 15% is a fairly stringent criter.ion Do~ this system. 
i ' , ) 

7 ,1 

L, /, 
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\ 

Prior ta the analysis of the gas Cèttçositions, .a qualitati~e 
c 

diScussiçn of the najor reactions occurring in the system is mad~,~ 

1T..ë~k.i et al. \ (1979) ~rize,the ten nost significant reactions whic~ 

occur in c~bon ~e~sion,' ,given in Table XIV. The heats of reaction are 

also provided. ,. 

"--, ; 
The ~itst tqmsfornation ta ~r in the system is pyrolysis~ 't'his is 

" ." 'il 

a physJcal . tr~nsfornation involv:Lng the 'evolution of volatiles from t.'1e 

. peat, and oot repreSènted, in the ·t;able,. The first reaction r=epresents the 

brTing-up . of t1ie lrolatiles. frCl1l :~i", in~ sma~er rolecul.es . 

. ~tkmS 2,3, and 4 \nVOlve ""l'9en. 'l'hese are . exothermic reac.tions, and 

~Uld be referred té \~s "oxidation . by canbustion" reactïons using ~ __ 

previously de~'ribed c· ssifications. Ey ~infutizir19 oxygen and nain 

higl( teÎrperatùres "in 'the ~systëm, t.~ese thre'e 'reactions do oot occur ta ,arr:! 
a ,\ 

great extent. Reaction 5' is l'he desired reaction for the experirnents. By 
• 

prèqiding a largè exceSS\~7steam and high temperature~, the equilibrium 

should shift ta th~ right. -Reaction 6. is the "gas-shift" reaction. The 
'Î 

prcrluction of'cartxn dioxide in the product gas,is düe pr~rily ta this. 

~rièr:asing temperatf~e jeSllts in ~re 'rea~tion, and the.çef~re less steam 

is present in the systep. Also, reaction 7 is favoured noré, resulting in 
" . 

--a èiecrease of cGlrbon dioxide. Reactions 8,9, and 10 ar,e responsible for 

small anounts of -rré'thane /formi"'n9 at .lower terrperatures. The gas 

CCfi1?Osition g~ta ln Af!i?endJ II ai'tCM· tqat mét..'ane rarely forI1,\9 with the 

... 



• 
... 

, ... 

! 

-, .' / ' 
/ 

144 

. Table XIV , " 

J , 

. , 

11mportant Reactions in the Experimental Systern(b) 

{ 

Reaction 
Number 

Reactlon(8) H298 
(kJ/gmole) 

--------------------------~--------~--------
1 volatile matter '" >.. CH4 + C 

/ 2 c + 1/~ O2 <: "- CO 

slightly 
,. exothermic 0 

. -~1~ 

3 

4. 

5-

:6 

7 

8 

9 

. .. 

10 1 

- CO + 1/2.02 <: ....... CO 2 

H2 + 1°/2 02 

C -+ H;O 

CO + H20 

'- C + CO2 

C + 2 H2 

CO + 3 H2 

<: '> H
2
0 ..,; J, 

'Sr • 
~<: === CO + H2 

<: l '>. CO2 + H2 

~=' 2CO • oc:: 

<: ,'" CH 4 + . H 20 
. ". 

<:, CH 4 + 2 H 20 
.. 

-'254. 

-242 

131 

-41 

172 

-75 . 

-206 

-165 

(a) ail the carbon in these reactions is graphite, and ail the 
H20 is in a 9,aseou~ state . -

(b) Leppamaki, E., Asplund, D. and Ekman, E., "Gasification 
of Peat: A Literature Review", Technical Research Centre . 

<il • 

of Finland (1976) . 

:/ 0 

.. 
'\ 

c 

\ "" 

" ..r 

• 0 

, , 

. . 

-. , 
J., , ,,," 

.. 
\ 



-

: 
" 

'" 

.. 
'"fit. '. 

1 

1 
reaction cCl'lcUtions in this ~rk. 

, , 

"-
Innlllœrable reactions occur sinult!aneoosly in the system. The best 

way to ~ep.resent the product mixture is by minimizing Gibbs free eJler~y. 

'nie 'F*A*C-IIT program \iéis used for. these calculations. Ij: was iliscussed 
• ft \ • 

1 . . \ 

previously how ~is tYPe of analysis repre~nts gas mixture's qu~te weil, '" 
" 

but rx>t solids conversions. The present analysis of the gas mixtùr:es is 
• :. .. -~ • : '& 

" done in two ways: 

1. Since gas catp)sitions are represented quite weil with F*A~'*T, 0/""'---
. ./ . 

product:--gas mixtüre' is considered withoot t.'e presence of ahy 9Jlids. Wi th 
..... , ~ 

this $i&a{ion, the gas cœposition is 
1 

of the carbon-to-steam nolar ratio. 
,1 

a fuoction o~ te~ra ture, buf no~ 
The "equi.librium" tenperature 1 for 

each gas in a given mixture is assessed. 

2. The gas cœpJsition is calculated when taking into accœnt the 

canplete mss input to the' sys~emr The carbon-to-steam nolar ratio is now 

.a parameœr as weil as tenperature. The trends wit.~ charging conditions -- "-
are explored, .~ these cœpared to eXperimenta1 data. 

'nle results of the first analysis are presented in Figure 18. The 

gas cœp:>sition in experiment 6 was determined, including the steam which 

affècts the eqÜilibrium reactions dramatically. Steam accoonted for just 
,. 

OlIer 65~ of the product gas by volurre. The dry product gas equilibrium 

canposition versus terrçer~re is shown in Figure 18. The experimental 

results are represented by the circles on the curves. ~e carbon dioxide, 

carbon nonoxide, and' nitrogen· mIe fractions al1.. have equilibrium 

'" 
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tenperatures between 2300 K and 2400 K. The· hydrogen equilibrium 

. ;") tenperature is just below 1800 K. These high equilibrium tenperatures for 

the gas catpOsition were unexpected. Tqey are exPlaJed, in ~rt, by the. 

"true" tenperatures being higher than the ~ernocoop1e rœasurerœnts. 0 

. \ 

.... , l 

In..tthe second àna1ysis,' t.'1e gas cQl!POsitions resu1ting from chéID3es . ,. t 
, ... , 

in the carbon.:-to-steam irolar ratio and tenperë;\ture, and éarparison 'with. 

experii-nental resu1ts, are considered. The trends, rather than the abso1ute 

values of the _ cœp:>sitions are .. examined because: 

L,the equilibrium temperatures of the gas have been 

shown to be In,lch higher 't.l-}an the experiIœntally 
. , 

. . 
neasured temperatures and; 

2. the carbon convetsio~, is cc:.rrp1ete at equi1ibriurn but not, 

with the experirœnta1 condit~ons. 

() . 
'!he results of the ana1ysis are given in Figures 19 te 26: 

1. Figures 19, te 22 sh<M ~e. chan;;e of nole fractions in the gas 
~ . 

phase with carbon-to-steam rrolar ratio. The "tenperature was maintained al; 
~ .. -, 

a constant value ~f 13?,5 K' for ail tJ:le equilibrium ca1culations, wh~ch. are 
. ~ 

Tepi'ésented by the sirooth curves.' ibis tenperature was , chosen becàuse it 
~ ~o ,. 

, is the ~an oi the', temperatures te which 'the Çlata are cdtPar:ed • 
. 

Exper !men'ts l, 2, 5, 7, 8, and 11 have tenperatùres ~en 1300 K and 

1338 K. 

2. Fi9ures 23 ,,:te 26 show the change of rrolj fractions qf,' the 

different g-~--S with ~raturl'; ,Th~ _ carbon-to-steam 

i ~'--=-~ 0 r 
rrolar ratio was 
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FIGURE 19: 

éAAooN bIOXIDE MOLE Ê'RPcTION VERsus 

èARroN<sr~ MOIAR RATIO, IlCW?~ 

&:ME EXPERIMENTAL RESJLTS 
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FIGURE 2(': 
t 

;ÇAROON MCN>XIDE MOLE FRACTION VERruS 
; " 

"'CARIDN/Sl'E'JlM MOIAR FRllCTION, IN:::rnm:N3 
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FIGURE 23:0 

CAROON DIOXIDE MOLE FRPCTION VERSJS 

EXPERnvŒNTAL RESULTS 
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CAROON MCN:>XIDE MOLE FR1CTION VERSUS , 
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màintained constant at 0.26 for all- t.'1e equilibrium calculations. This 
Q 

b . 
value is the nean of exper iments "10, '11, 12, and 15. Their ratios were 

between' 0.25 .and '0.27. The equilibriœn values are shown by the curve, and 
, 

the experimental values by the 'symbols. 
, -" ' , ~ 

Figure 19" gives the noIe fraction of carbon dioxide versus t:'le ~lar 

, J r.atio: The .. experi.,;~tal. POin~, ",:>ile t,~~" are pot ~ the '-curv:., fpllow 

l,the expected trend. The carbon ,dioxide nol.e fraction decreases., with ~ 
. 

Figure 20 ShCMS the increase of caroon npnoxide i~reasing rrolar ratio. 
,.\' . .:! 

( 

, . 
with an inc;reasing rolar ratio. The experimenta1 points are ail aboIle t.'e 

1 . ' 
, CUIVe, and again follow ~e trend. Figur~' 21 shows an initial1y constant 

hydrogen role fraction, foll~we(:I' by' ~ dtop at higher tenperatures. The 

exper.bnental da ta i shON '~ increâse ''in ~Ydrogen noIe fraction fo'Ïlowed by , 

the expected decrease. The eKperirœntà1 data in the increasing region show 
,; 

" 
sorœ c~sistency: There are tWJ experirœntal points" in the increasing, 

reg;ion alnost superirnposed, at ~ rolar ratios. The inc~easing trend . 

,could be due' te reaction 5 (previously discussed) IlOt cx::curr log under 

~perUnental conditio~s te the degree predicted by equilibrium 

calcUla tions. 

An expected decrease ,in the nitrogen noIe fifaction ~ith incr~ased 

noJ.ar ratio is observed in Figure 22. ~is effect is explained by a 
• 

greater peat feed rete resulting in t.'1e production of flOre gas product, : 

with the nitrogen gqS f10w rata remâining constant. The experiInental , 
, 

,points· are above the equilibriwn ones due to incat'Ç)lete 'conver'sion. 
, '. 

", 

" 
" 

.' 

. " 

" 
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F~gure 23 gives . the Îrole fr,action of. carbon dioxipe versus 

tenpe~~e. The expected decrease with iricreased tenperature is Qb~rved, " 

excluding the experiment. 15 data point.: figure 24 sh~'data p::>ints 

following the trend of incr~asing carbor:l m:moxide _ .. with~ . increasing 
~ 

tenpera,ture excegt in experiment 15. In experiment 15; t.l1e tx:>ttom haif of 
. -

the reactor was insulated. Experimentàl resu.l:ts are produced that 'occur 

for higher reac:tion' temperatures for this rune , , / 
/ 
1 

1 
.l , li ' 

t..'at \.iith,1 increasing' tenperq.ture, Figure 251 shCMS a doWnwards'trend 

of hydrogen "I1Dle fract~on occurs. A stèady fraction 'is predicted using 

equilibriurn calculations. This is explained by the gasificatfon re.ac~ion 

. between caibon' and steaffi still occurring in the eXperim~mtal ca~; 
resulting in increased carbon-éontaining prooClcts. Aga:m', experiment 15 is 

< ' , 

anorrolous. Figure 26 shCMS the n.itrogen I1Dle<fr~ction fairly constant"as 

predicted by' the~ynamic equilibriurn, alt.l1oogh about 5% higher. 

In conclusion, t.l1e gas compositions reflect much higher equilibrium 

terrperatures than the rœasured ternperatu7'es. The trends for equilibrium 

calculations were followed by the experimental results. The differenees 

may be explâined in terrns of inconplete carbon conversion and high 
-

equilibriurn g~s ternperatures. Note that t...'e "I1Dle fraction" axes ---- in the 

graphs are expanded, rnagnifying the differences between the equilibrium 

~redict~ons and experimental I.=X'ints. 

/ 

,-
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Ana1ysis of Solids Compositions_ 

Trends are expected L'1 the rate of reaction of the -different elerœnts 

in the peat. Certain· sPecies should evolve preferentia11y .urxler différent 

condition~. , / 

1 
1 

The results from t.'e ana1ysis are given in 'Figures 27 to 31~ The 

mass . percet;ltag~s of the different speci1s, in the residue are plot.ted _j 

. against average cooversion. The data p::>mtS fran a1l fourteen ~:r;:eriments 

- ! 

q,re inc1uded, and the 1east ~uares line is rnarked'; 

, 
other e1ements in the peat reacted equal1y, ~,eir 1east squares 1ines 

~ld ~,slignt1y dOtmwards sloping. This would indicate a constant 

proportion of the e1erœnts relative to each omer- and 'due to ~1-}e increase 
~ 

in as~, t.~e total mss percentage wou1d decrease slight1y. 
1 

1 

J 
/ 

The expected trena is observed in each case. Thel slopes .for carbon, 

oxygen, ~ydrogen, ~d nitrogen mss percentages in the residue a1l have 

negative values. The, magnitude of the slopes are about 1: 1: 20:; 30 

respective1y. ''r:hese are the approx.im3.te ratios of the e1erœntS"in th~ 

urtreaoted peat, with hydrogen and~ oxygen re,acting i~what preferentially. 

j., 
1 

, ... ! .. 

j 
1 ~ 
; I~ 
1/1 
/
' '- l' 

1 JI , '1 

·1 
! 
1 
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FIGURE 27: 

AS! IN RtsIDUE VER&JS AVERPGE CONVERSION 
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FIGtmË 28: 

CAROON IN 'RESIDUE YERSlS A'V.ERAGE COOVERSION 
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FIGURE 29: 

OXYGEN IN RESIDUE VERruS.AVEIVlGE COOVERSION 
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FIGURE 30: 

HYDRX2EN IN RESIOOE VER&JS AVERPGE COOVERSION 
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FIGURE 31 

NIm:GEN IN RESIDUE. VERSJS A\lERPGE COOVERSION 
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1 
1 ~ 

in th{ " , This is an "arder of magnftude" ana~ysis. It shows trends 
, 1 

"\" ' 

s:>lids gata are consistent with what. one' mi'ght exPf~t . The 
1 

graphs shO'tl 

that significant scatter .éxists in the da.ta. ~e "mass, percent" scale ,is 

-
expanded, especially in the caSé of the hydtogen and nitrogen graphs. 

M:>de1 of Reacting System 

A node1 of the reacting system " Ill1st incorporate a1~ of th-e 

"experimenta1 variab~es" in canbination. These variables, for an ex!ilct 

fOC?del, \\Ould have ta inc1ude 'ail the uruneasured exper:imental paraneters ' 

previausJ,.y rrentioned: mixing effectiveness, plasma symnetry, pressure, 
" 

f1uc'tuations etc. The node1 developed contains only . the ex~rimental 
, . - 1 ( 

paraIœters which were rœasured. The la,rge scatter in the tata will affe~~ 

the fit of the nodel.. Because· of thé prob~e..Tns in reproducing experiIœntal 

conditions (previous1y discussed), only one replicate was possible in the 
, , . 

data. This is'used to'estimate the scatter, but it is.possible t..'at only 
,1> 

one r'eplicate does net repr,esent the scatter accurate1y. 'l'v.Q rrodels were 
, , 

generated: a conversion l'IOdel and .a hydrogen-to-carbon nonoxide" rrolar 

,ratio, rrodel. The rrodels and their important st,.atistical measures of 
. . 

. are diSC:ussed.· Then, the nDdels in carDj.nation are considered. 

" 

'lbe conversion nqde1 ' is basedt on a first-order reaction sy~tem, ari1 
fi' 

developed as in the eight steps shown in Table >W. In 1 the first-order . . . 

roc>de1, t.l1e rate of reaction of speci,es "Ail (çarbon)' is" directly 
, "' 

the 'conCentrati~:>n of "A", 
. 

portrayed in equation l'. 
" 

, " 

'.1 

'l, 

, , 
1 -

1 
1 
1 l, 
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Table XV ' ., 

" Development of the Conversion Model . . , 

. ' Equation Equation'- \ " If,' • 

:Number < 

=. . -
1 

' .. 

" ,2 
- l' 

l 
' . 

-

"3 

r. '\ 
'.' 

~ 

( 4 

~Î 
, • 1 • ~ • 

conversion = 'y = 1 -----\ 

'6 - 1 r;- (1 - Y) f" k T \ 

" 7 

8 ' . , .. , '. as sIc- 0 
. y 0 ~ .. , , 

t' ' 

as T .. To Y .. 0 , , , 

as-f --.. 00 y "1~ 
{ ' 

JI 

il: .< -
~" 

~ . . ..:.--

, , -~ tr '. ~ . 
'. , .' 

\ 
. . , 

, 
~ ,.. { , 

, ,,1 •• 
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" 

, Equation 2 represents the rate as a fuœtion of time, and equation 3 
, 

integrates the differentia;l equatibn betwéen the ;Limits of: 

,1., initj.al concentration, of "A", and an ,unk.r:rown final " '.- , .. ' 

concêntration at the end of the reâction zone and; 

.2. tilDe zero; and the space time (tau) ,of thè, reactio,/ zOne . 
" 

,cP 

Equation 4 shows 'the result of the integration. Representin9 conversion 

(Y) as in equatioT,l , 5, \ t.l-}en the ,rrodel may be cast in' the ferro, of equation 

6. When the constant of proportionali ty is a fuœtion Qf the rœasured 

exper imental variables, equation 7 is the form of the nodel., 
.1 

, .. , ' 

The faims of the experimental variables are discussed in terms' of the 
1 

., limits of the equation, shawn in equation 8. By considering the reciprocal 

of tAte carbon-to-stearn nolar ratio (sic), and ',a • terrperature difference 

" 

rather tfan an abrolute temperature (T-'Ib), the nodel fits at t.'le 

indicated lL'llits. ~en no steam is present, no reaction occurs. When the 

te~rature is, not above a minimum valUé, no transformation take,s place." . 

Fuchsman (1980) gives this minimum temperature as about 44~ K. Lastly, 

with an infinite residence tirne, t.'1e conversion goes to cœpletion. 
" 

~e rF!sults of fitting the nodel with experimental" data are given in 

Tqble XVI. The lIDdel reflectS the pr imary variables when they are taken in 

canbination with each other. Several ccmœnts may be "made concern1ng ,the 

m:x1el: 

1. The coefficients in bath of the vari~bles 'ate posi.tive, as would 

1 

:J , , 

, . 
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Table XVI 
"' ,', Statistics on Conversion Model<a)' 

1. Model: -IQ (1,- Y), = 0.23124 (-~\ + 0.00111 (T-To)+ 0.06073; 
T' , C)', ,. . '. ( 

. , 

2. ANOVA Table: 

. Source of Variation Degrees 
of 
Freedom 

attributable te regression' 2 
deviation about regression line 11 

. déviation within sets 1 ' 

Total 14 

Sum 
of 

1 Squares 
, 1 

4.890 
1[656 
0442 

6.988 

.~ ,,'3. P (F~ 0.75) = 1.4749 
P (F 6 0.90) = 3.2252 
F - value = 2.9347 

level of sign,ificance = 0.125 " 
for goodness of fit 

. . , 

.' 

( " 

4 . Level of Significance of 'vartables 

. Variable Regression Standard T· Levelof 
Coefficient' Error • 0 Value Sigriific'ance 

SIC 0.23124 0.08796 2.629 0.022 
T-To 0.00111 0.00064 1.736 0.108 

(a) method of analysis is described in Himmelblau, D.M., 
. "Process Analysis by Statistical Methods", John Wiley & 

Sons I~corporated (1970).' ' 
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bé expected: The expe"r~ntal values of carbon-tb-steam, temperature and ' . 

. residence time are also positive. The value of conversion (Y) IlIJst be 

positive, and lie between the values .,Of zero and one. 

2. By rrultiply;i.rig ~e coefficients of the variables by their rarges 

in the experiments, the effect" of t.qe steam-to-carbon nolar' ratio is over 

'5.5 'times the .effect of temperature on the "outcaœ" " ,The "outcaœ" is a 

fun:::tion of a logar ithrnic dependence on conversion and an inverse 

dependence on residence time . 
. . 

3. If a residence time of 0.7 seconds is. assl.llœd, , the least squares 
. . 

liI1e gives a conversion of about 4%, assuming no steam plasma and a 

terrperàture of 'lb. The intercept from t.'1e least squares line- is nsar to 

.~e or igin, as expected from t...'e theoretical deductions. 

The statistics· dealin9 with the goodness 'Of fit for the nodel are 

also . presentèd Ln Table XVI. The PNJVA (ANaly~ is of VAr iance) table is 

presented, which breaks-up t...'1e total SUffi of squares of the eEror. 

Interpola ting be'tween' the two F-values (p::>in t 3, Table XVI), a level of 

significaoce of 0.125 is obtained for t.l1e fit of t..'1e nodel to the data. 

Vllile a value of 0.1 or less would be preferable, th~s rrodel fits the data 

much better than other llDdels t..'lat were tried. The level of significance 
1 , 

is based upon how well t..'1e sipgle replicate reflects the scatter in the 
... 

data. A larger difference in the conversions of experiments 3 and 4 would 

have resulted Ln a better (lower) level of significance. The level of 
L • 

significance for the effect of' each of t.l1e too variables are gillen. While. 
, 

t.l1e steam-to-carbon rrolar ratio is certainly rrost significant, both values 

, .. 



( 

". 

( 
" 

1,69 , 
r 

. 
are acceptable. The tenperature is less significant due to the small range 

-over which it varied. 

The limits of t..l1e !'!'Odel within the experimental reg,ion are shown in 

Table XVII. Using the best case (with aIl variab,;Les rnaxi,1IÏZed), ,an 85'.1% 

conversion is predicted. A 47.3% conversion is predicted in the worst 

case. If the rrodel is extended out,sid~ t..~e ex:per:irnental region for,; one 
1 

variable at a time, conditions for 90% carbon conversion can be estimated. 

'A terrperature C?f 1635' Celcius (or 1908' K) i5 predicted. Whq,e t.his 

. ~ernperature can easily be ~ted by _i~e plasma', stainless steel 

reactors cannet contain _ the temperature. 'Refractory lining 1 w::>uld have to 

be used. A steam-to-carbon rrolar, ratio of 8.605 or a carbon-to-steam 

m::>lar ratio of 0.116 is predicted. This condition is attainable using b'1e 
1 

present system. In a ccmœrc~al system, the quantities of steam be:LJ1g 

boiled and condensed Should be minimized. A residence t:Lme of 0.89 seconds 

is predicted by ex~nding the rrodel for 90% coversion. This is çertainly 
~ 

feasible by maintaining the "hot zone" temperatures over a longer reactor 

length. A multiple' torch system and proper insulation ~uld achieve t..1.1is 

result. Residence times near te one second are the expected requirerrent 

in TIOst gasification systems. 

The hydrogen-to-carbon rronoxide IlOlar ratio rrodel was obtained by 

equating the ratio to the experirnental variables directly (cast in the 

saIne ~y as in the previous rrodel). The level of significance for the ~ 

nodel was good, but the effect of temperature on t..l1e mxlel was not' 

,'. 

r 

! 
l-

i 



170 

, . 

Table XVII " . " 
'Éxtension of Conversion Mod'el 

Type of Extension Value of Parameters 

-f-To' y T 5 ~ 

(0/0) (secs) C .(K) 

1 best case in 85.1 0.735 6.250 975 
experimental region ,.' 

2 worst case in 47.3 0.547 1.053 780 
, experimental region 

3 extension for 90% 90.0 0.890 6:250 975 
conversion with T 

4 extension for 90% 90.0 0.735 8.605 975 
conversion with SIC 

5 extension with 90% 90.0 0,735 6.250 1465 . 
conversion with T - To ~ ... .-.: 

'" , 

.... 
.... 

. ' 

\ . 

.,..- . 

~ 

! 
", 

r l 
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1 1 .... ' 

significant. The JtDdel was run again using just the steam:-to-carbon rrolar 

ratio as an independent variable. Trre results are giveri in Table XVIII. 

'Comments on·this JtDdel are: 

1. The hydrogen-t6-carbon rroooxide IlOlar ratio in the 

product gas increases with an increased steamrto-carbon 

nolar ratio in the ~eeQ. 

2. The value of the intercept has no physical 

significaœe in this IIDdel. ' 1 

1'tbile tenperature 
~ ~ 

team-to-carbon had a strong effect. ·'l'he statistics of t.he JtDde.l; in Table 

I~ shoW the lev~l of significance to he 0.O~4 for the nodel. This high 

" 'lel of significan:::e' reflect.s . the high seatter in the data: the . '// 

dFogen-~o-ca~bon rronoxide rrolar ratio~ resui~ing in experirœnts 3 and'~ 

1re very different. The lev el of Slgni'iicance of t:'1e va~iable Icoefficient 

:i5 0.003, ahow,iRg that the effect of r -independent variable i5 

important. 

The JtDdel predicts', values between 1.19 and 2.16 for the 

hydrogen-to-carbon rronoxide IIOlar ratio, within the experirœntal region 

1 covered. A value of 2.0 is obtained usL'19 a steam-to-carbon 1lD~r" ratio of 
1 /, 
\ '5.37 or a carbon-to-steam ratio of 0.186., Exper:imental values as low as 

\ 0 .16 ~re used. These data are sumnarized in Table XIX. 
1 

.1 

/ 

'. 

i 

j 
i , 
1 
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Table XVIII_ ' 
Statistics on Hydroaen-to-Carbon Monoxide 
Molar Ratio Model<af . 

(~) 1. Model: (H2~ = 0.18791 -v 0.99056 
• ëO· . . 

2~ ANOVA Table: 

Source of Variation Degrees Sum 
'~ 

of of 
Freedom Squares 

attributable to regr'ession .1 0.882 .. 
deviation about regression- line 11 0.2~4 
deviation within sets 1 0.564 

Total 13 1.670 
"'" , ( 

3. P (F ~ 0.90) = 3.2252 
P (F ~ 0.95) = 4.8443 level of significance = 0.064 
F - value = 4.3811 for goodness of fit , 

4. Level of Significance of Variable 

Variable Regression Standard 
Coefficient Error 

T· 
Value 

Levelof 
Significance 

SIC 0.18791 0.05127 3.665 0.003 

(a) method of analysis is described ln Himmelblau, D.M., 
"Process Analysis by Statistical Methods", John Wiley & 
Sons 1 ncorporated (1970). 

f' 

, , 
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Table XIX 
. Extension of Hydrogen·t~·Carbon Monoxide 
Molar Ratio Model 

Type of Extension . Value of Parameters(a) 

H2 S 
CO il C : . 

1 . highest value hl 2.16 , 6.250 
experimental region 

2 ' lowest val ue in 1.19 1.053 
) ~ 

experimental region 
3 best value in ' 2.00, 5.370 

experimental region 

~ 

(a) the model predicts no temperature dependance, ov~r the 
range of temperatures investigated. 

• 

- . , 
c ... 

, . 

\ 

\ 

, . 
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" 

'lbe node1s :ln canbination may ~ be oonsidered. The result;,s -are 

sunmar ized in Table XX. 'l'hEt stearn-to-carbon ratio is fixed by the 

hydrogen-to-èarbon IŒ>ooxide . IIOla,r ratio node1 and th~ values of • . ' 

tE!l'lp!rature and residence ti.Iœ are, calcu1ated fran the oonversion IlOde1. '" 
~ . 

Whi1e the nodels 'are being used outside the experiIœnt:al region, this 

analysis gives an indication of 1ike1y conditions fo~' 90% conversion and a J. 
synthesis 9as o~ the desired oc.nq;x>sition. The resu1ts show that a , 

~rature of 1819 Celsius (or 2092 K), or 
.r 

_( seconds is required. Both of these values are 

a resLdence tiIœ of 0.966 / 

feasU,le wi~ modificat~ 

, 

, "\ to the reactor. 

, 

Special Exper iIœnts 

Five' experime~ts were run to obtain \ insight into oth~r physical 

parameters than peat fe~ r~te. ttbese~ sumnarized: 

1. EXper Ïlœnts 
\ . 

10, il, and 12 were ones with increas'ing currentS'. 

'!bey used curren~ of 150, 200, and 250 amperes respeètive1y. , The current . 

used in cil1 othe~ experimen~ was 130 ampere~,. 

2. ~rÏJ!'ent' 14 used a higher steam, plasma flow rate. A flow of 223 

. litres per minute (tœasured at. rOCl1\ temperature and atnospheric pressure) 

was \Jsed, whéreas - 210 litres per minute was used in al1 other experiIœnts. 

3. Exper œnt 15 ~ ,ne usual peat flpW rate 1 plasma flow râte l') and 
j 

current, but the reactor was insulated CNer the area be10w tpe "hot zone". , 
i 1 

1 

1 
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T,able xx , , 
Conditions Using Both Models in Combination 

1 , 

. , 
, 

Type of Extension \ Value of Parameters 
y H2 

/. (0/0) , CO 
\ -

conditions fOT best :99 2.0 
case, extend~d in T / , .-

~ ,t' 
conditions for best ' 90 2.0 
case, extendéd in T-To 

(a) value of ,S/9 is fixed by H2IGO model 

" 

1 

, ., 

T 
(secs) 

0.966-

" 0.735 

.( , 

" 

.4t 

" 

S(a) 
_0 

C 

5.37 > 

°5.37 

" ..... . - . 

'0 

- ; 
, . , ~ 

. 

f 

Q 

, 

T-To 
(K) 

975 0 

1649 

, , 

\ 

. . 

. . .. ~ : 

. . 

. , 

\ 

; 

! 
i 
1 

1 

! 
1 
i 
~ . 

1 . 

j' 

, .. 
i 
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, . 

The -- exper imen~s with, increased current did not produce' impr-oved 

resu1ts. The wall and gas tenperatures ~re ,higher than in other \ 
, , 

experiments, but the carbon conversions and hydrOg~ri-to-carbori llDooxide . 
, 

ratios did not ~ove significantly. This dœs • not iràp1y that higper . 
" 

tenperatures do- rot produce better \ reSults, but rather the "unrœasured 

par~te~s' al.tered enoogh bJ cianpen th!> ~ff~ased pa...;~. 'lM 

effect of' higher energy en témperat~re is also reduced by ~ the increased 

heat losses with higher tempera~ures. 

'nle srnall increase in steam plasma 'f10w ~ (6%) re'su1ted _in higf1er, 

wall and gas tenperatures,' but again 'no rea1 improveœnt i~' :conv~r~ion or 
4;· .. ~-

nolar ratio. The added che.nica1 energy fram t..'1e .exoth~nrt1.c reaction is 
, , 

large with increased hydrogen and oxygen gàs flows, and the extra rrass 'of' 
~ , 

gas present did' net abso~b adequate energy to keep temperatures down. 

, ~ 

Insulating the' reactor' did not. improvë the carbon . Conversion or the' 
..' .. ~,. ,. ,. 

nnJ.àr z;at!o on first c~sideration of ehe data. The,. Gas 'Analysis .section " 

showed how '/'the g:as-~sit~oJl 'resu,lt'ing . :È~cx'n t.~~' ~~r '~ower section, '. 
.. ~ .\~ ••• ~ '1. J"~ 

\-laS siinilar to cŒrPositions' ôe' . g~~s obtalneci at! 'hi~her ' rèaeti6n 
~ -, 1 . -, 

tenperatures. The reactor 'wall was bright 1rea. oVer its ,. , 

" 

, . . , 
, .' . , 

. , 

, 
t 

, 
en,tire lengtlt fur, 

1 .' , , 
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r 

" 
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- " . , 

axmœiics ,. 

, ' \ ' 

'l1:le' eosnanics of' a "pr:-ocess- ba~ ?n the prQductiàn of synthe~is gps ' 
\ . 

using steam plasma. is discussed in 1ight of· the experiIœnta1 resu1ts .. The 

study by Gauvin and DUncan (1982) is cor:sidered. 

ii 

A reaction temperature'of 1500 Celsius (1773 K), 

kPa· (100' atnospheres), and a caroon-io-ste~ nolar 

,1 'as~' in ~~~udy, with' a res~deœeJ t:l.xœ of 

a pressure of 10,000 

ratio of 0.307' are 

3 seoonds. , These 
f 

conditions, in 1ight of the present ~r:ilœnta1 resu1ts are a;>nservatiye: 
/' , .. 

1ess ~ggressive conditions would/he necessary for t;:h,'è deSired oo,nversi~ 
./ . 

/ ~ ~I ~ 

and gas <DfPJsition. 

. ~ile saœ tèchoological points have IlOt yet been establiShed . . 
" 

.. oorx::erning the pre1iminal-y ecorianic study,. the pre~nt wo~k points tcMards 

an encouraging :t:uture. 

• r 

" 
• 
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SIONS .. . ... ..,. ~ - \ 

" 

An ASTR-based systQJl1 was designed and built in which' peat was reacted 
" '\ • • <1 

with steam' plasma •• Gases with carPositions near to a synthesis gas for 
• • • , 1 

Iœthaool production were obtained, TI/ith the produdtion 'of unwanted 

by:-products less th~ 20% in'IlDSt'CaseS. A carbon conversion of 89% and a 
'-

hydrogen/carbon IlDnoxide rolar ratio of 1. 8 in the 'product gas were 

ach,ieved. Experiinental COl1ditions .were ex-plored te examine the effec~ of 

temperature and carbon-to-steam IlDla't' ratio in the feed . on the carbon 
. , 

1 1 
conversion and the hydrogen-tQ~arbon m:moxide ratio, in the product gas. 

• c 

l 

Gas ~sitions reflected equilibrium mixtures at higher 
, . 1: _ 

. temper~tures than, th,ose. rœasureâ Dy' the therrrocoupl~s., Thet~ trends c1ÈO!i 

varying temperature 'and carbon-to-steam IlDlar ratio predicted by 

equilibrium calculations were followed by t.l1e experiment;:al results. The 

elements in the solids react in nearly constant proportions~i-th, ,hydrogen 
, " ~ 

and ~ygen re~èting sorrewh~t preferentia~~ 
'~ 

·f'f"' ... • 
'- .t:: .' . 
.' ~' 

Mass ,.ba:j.ances were nade to ~stablish consistency in the data, and 

calculate carbon conversions. The data consistency was IlDst sensitive ,t;-> 

the na~s Ç>f_ ,peat fed to the reactor, ,t.he ash content of t.l1e selids, and 

',the n~t,rogen percen% in the product gas. 

within 15%. 

The' balances were consisteht to 
, ' 

,1 

.1 

" -, 

1 • 
( , 

1 
, 1 

f 
1 
) 

, l 
i '; 1 
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----- ~els were developed to represen~ data, and the ,fit obta ined , was 

reasonable in each~. EXtefidfng' beyond"' the experi:(œmW reg ion , the 

nodels predictea t,hat a residence tirœ of near to one seconq or a 

tempèrature of about lSOO Celsius 
\ 

would be 1 required for 90% carbon 
\ ! 

the desired synthesis gas. '11hese oo.nditions would be oonversion and 

difficult to Obtain without significant changes to the existing apparatus. 

It is proposed that a new reactpr be made for future work on this 

system. 'rtle' f~llowing are sare oonstraints which should he taken into 

,cOnsideration! 
"\ 

1. ~st irnportantly, the nUl1Iœasur~ pararœters" variation ,rm:lst he 

• eliminated. '~e mixing "characteristics should be ·oonstant, if not 

oampletely characterized. An - authentic steam plasma . . be should torch 

characterized and used. It would have' a, nore symœtrical flame. The 

pressure fluctuations in the system should be eliminated. 

2. While carbon-to-stearn nolar ratios similar to the present work can 

he used, longer re~ide~e times and higher temperatures shou~d be provided 

for. This could involve a react6r of similar geaœtry, with adequate 

refr~ctory and insulation. 
, , 

A system of, the design shawn in Figure 32 ls proposed. A reactor 

shell: of an increased diarœter is used (40 an) to acccmJdate the two sets 
-

of thre.e torches. The reactor would have cerarnic retractory, a thick 

shell of stainless steel type 307 or 30S' for higher temperatures, and 
t 

insulation on the exter ior • No ,reactor oooling would be used. . The stea,n , 
1 .' ,\ . 

l 
! , l 
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FIG~ 3~ 

,PROOOSED REAC'IOR DESIGN,' 
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plasma torches would produce a highly turbulent gas mixture of higher 

tempera~res~ ~e angle te which the torches are inclired \\Q1;lld have to be 

. deterrnined by experiment, in viewof the refraç:tory cracking with extended 
1 

use. The peat YK)Uld be blown into the centèr of the reacror top. It \\Quld 

v heat-up prior to the hotte st reg ion (at the torches), urrlergoing 

" 

pyrolysis. At the torch reg ion, gasification \\QuId ~ke place in an 

extendëd zone of high temperatures.· ~e' in~nse ~xing w:JUld ensure that 

,the 'peat \'JOuld aIl 'react in the:high temperature environrœnt. 

A rnuch higher peat feed could be used in this systef!l due to t.'1e six 
. .' 

torches being available as steam sources. A single feed could be used, or 

rrultiple feeds if t.l-}e peat is not dispersing efficiently. This effect is 

vital for hign conversion. The vertical ASI'R-type reactor \\Quld still' 

result in insignificant accllllU.llation of residue in the reactor. 

, 

The present 'project shows promise. A conversion of 90% and a 

synthesis gas having a ~ydrogen-to-carbon dioxide ratio of 2 is certainly 

, possible. Exper iment 2 of this 'hGrk resulted in an 89% conversion 'and a, 
, . 

rroJ..ar ratio of 1.8. With a·new design, the system will- be better able to 
, 

generate conditions for results with less scatter than the present work • 

. ' It would also be an energy efficient syste!fl, wit.l)'which data rray ,be 

produced to confirm 'economic studies on the process. 

l ' 
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( 

: 

• 4 
.' 

, . 

182 

, -

H. REFER.EN:::ES 

,\ . , " 
1,; • 

- , 
'1. Anon., "Stainless Steel Handôook", A11egh~ Ludlurn Steel Corporation 

(1959) 
" 

\ ' 

• f, 
'2. Bale, C.W., Pelton, ~.D., o3!1d 'lharpSon, A.T., "F*A"'C*T Oser,'s Manual", 

(and ~uPPleJn~), ivtGi·ll University ~ Ecolè Polytechnique (1979-1981) 

3. Fuéhsman, C.H., "Peat: Industrial, Chemistry and Techoology", Academie 

Press (1980) 

,..1 ,,, 

4. Gauvin, 'W.H., and Dun:::: an, S..R., "Methanol from Peat using 

Plasma-Qmerated Superheated Steam", Centre de Recherche lIb~anda (1982) 

1 f 

5. Grosdidier de Matons, P., "peat Gasifipation in a Plasma-Heated 

Cocurrent Reactor", M.Eng. Thesis, ~ill University (1983) 

6. Holman, J.P., "Experimental rr1eb~ods for Engineers", M::::Graw-Hill Book 

Corrpany, Third Edition (1978) 

7. Katta, S., "Ü)Cal' Heat Tra~sfer to Spheres' in a Plasma Jet", PhD 

Thesis, M:;Gill University (1972) 

1 

\ 
i 
l 

1 

l 

1 

t 
! 

1 , 
i 

1 

1 

1 
! 
1 
1 

'1 

! . 



1 
) . 

" 

l ' 

" 

183 

. " JI 
8. Kubanek, ! /' 

,G.R., ,"Beat Transfer to Spheres and' Cylinders in a Confined 

Plasma Jet", PhD 'Ihesis, ~ill University (1966) , 
1 

9. Leppamaki, -E., Aspluoo, D_, and Ekman, E., "Gasification of Peat: A 

Literature Review", Tech nie al Researeh Centre of Finland, Fuel and 

, ,Lubrieànt Research Laboratory Report' Il (1976) 

10. Pregl, F., and Grant, J., "Quantitative Org~ie Mieroanalysis n, The 
, r . 

Blakistbn OJrrpany (1951) 

Il. Sax, N.I., "Dangerous properties of Industrial JoB te rials " , Van 

Nostrarrl Rei!ili0ld Company, Fifth Fiiition (1979) 

, 
f 

'. 1 

" .' ' 
~ , 

.' 

1 
1 

" 

/-
4. 

" 

. . 

/' . 

/ 

) 
( 

.' 

, 

{-

1 , 



1 

1 . 

1 
1 

r 

183a 

I. NOMENCLATURE 
> , 

a,b,e,mogel consbants 

CA carbon concentration 

H length along"reactor 

k' reaction rate cOèfficiertt 

rA rate of disappearance of carbon 

Sic - steam to carbon ratio in the feed 

t time 

T 

T 
o 

reaction temper~ture 

minimum tefClP~ra'tu~t which reae~ion odeurs 

y carbon convers~on, 

r'esidence.' time in reaction zone . ,~ 

/ 

" 
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APPENDIX I: DEl'AILS ON APPARA'1US ... 

, . 

A.~ON 
. , 

: 

.' 

, , 

Thé construction of this apparatus: was 'done over a perlod 0f sixteen 

, IJDnths. The' fi~al $ystem was able t?' prqduce the .required'data, even given' 

time and' ~st qonstraints. A description of t.he differen,t sections of the, 
, 

apparatus is given: . , 
~..,~ 1 

1. ,the plasma feeding systern~ 
Il 1 • 

2. t.he peat feeding -system~ 

3. ttle reactèr; 
'\.. 

4. the efflUent' system and; 

5. the.sanple train. 

.' 
.' 
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The sixteen llOnth per~od of design and constrqction may he diV'ided 

. into four periods of four llOnths. During the first four nonths, the 

labor~tory Was 
, 

prepared, and the' rectif~èr was 'installed. 
. . 

The equipnênt. 
o • 

. design and laboratory lay-out Wéj,S est:ablished CNer 'the next four IlOnths. 
'. 1, 

Ma te rials of construction were ordered, and requis itions 0 placed in·' the 

workshop for "reactot constr'..lction. The fo11owing ,four llOI}thS were used to 

build the reactor, calibra te , aIl ~'1e instrument;s, ~d perform the steam 

plasma exp1oratory experiments. '{'he last four llOn~s were use<;l te ~semble 
• w ... ~ 

'the apparatus and gO thr~gh a series of comnissionm~ exper·iments te have 

.,' an, opera tin9 system. 
' . 

This appenç1lx de~ribes the results of this·owoçk. 
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Introduction 

'!he utilities required to produce a OC plasma are cooling water, 0C

current,. and oaopresse,d gases. '!bey are ,regulated by the CX)ntrol console, 
( 

~ ,then go to the plasma torch. , . 

·utilities for Plasma Generation 

'!b~ oooling water Passed throug~ a Schutte &. ~rting rotameter, the 

control ~COI'lsole, the torch, and then te the drain. -'!be calibration curve 
. ) 

for the ro~ter is given in Figure 1. The fuaxi:mJm flow rate of water l ' 

through the torch was obtained at a reading of 22%. The pressure drop irl l 

, . 
the lines am the torch did rot permit high~r flow ' rates. A flow rate 

c~ to thîs max~ was ~ in ail \xPer iments, and ~;"ided adequate p 

coo1ing. A t.enpetature . rÏlse of about , Celsius was found, when the fl.ow 

rate of ecx>ling water wa$ 18%. 'lbe backpressure of the 
, 
water was 540 kPa . 

(8Q psig) • , .. tJ 

r ,.. 

n 

severa! o-rings , in the torch pcevented water leakage. When a 1eak 
< • 

. 'deve1oped, and water pasSed between the anode and the cathode of the . -
o l , 

torch, the electr ica! resistance:wa.s reduced between them. '!bis caused a 
'1. 
''l ~ 
shor.t-cix;cuit, and the system was ~ut-dcMn. 

, ' 
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~ l' , 

A therIJOCouple' was placed in the outlet wa~r line 'from the torch. ' 
t 

The water temperature, prior, te ,the production of plasma, ~s taken •. Then 

terrperab..lres throughc::JUt tt,e ~rse of the experiment were I;'éCOrded'. Mak ing 

s:imple energy calcu.latipns allowed the heat dissipated to the cooling 
, ~ 

water te he known •. The rest of the energy was carried away by the plasma 

gas. Torch efficiencies, defined in the th es is" 'body , 'Nere calculated. The 
\ ,,' ' . 
'results are, given in Table I •. With the normal hydrogen' flow rate; of 210 , ., 

, . 
li te,rs per minute, rreaSured a t roam tenpera turè ' and· a Oto~heric I?i~lss\ir~, 

, l ' '} 

the efficiencies, for different conditions are shown. The efficiency with 
! ' 
( 

pure argOl1' p,rre hydrqgen (OKygen addition did not affect t.l-Jis value), and \ 
• 

~at addition into the reactor are ~6.f% 77.5%" and 72.8' respectively • . ~ 
o 

• The lower efficiency with ~at additi n is due to t..'1e pressure in tl;1e, 

reactor. Table l ShCMS that with increased plasma gas flow,' t.~e efficiency 

.; increased. All of these efficiencies are surprisL'1gly high; probabiy, a 

result of the large gas flow rates. 

Three gas sources were required te produce the steam plasma used in 

this' work. The argon, oxygen and hydrogen were . aU purchased from t.'I,.e 

Standard ~ld ing Corrpany in _ M:mtreal. All three gases passed through 

Fischer & Porter rotaIœters: the calibration curves are given in Figures 

2, 3, and 4. All vo1uITe9 were rreasured at roan terrperature and atnospheric 

pressure. Nitrogen gas was required to provide a pressure to t..l1e concrol, 

cooSJle te. bypaSs a safety mechanism. 

; 

. '. J .• 

~ l"'" '·,i 
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, ~:ble -1 " , " 
\ ïsults of -Efficiency Calculatiôns . 

, ' 

1 >,,1 

" 

" 

.. 
Trial ' Conditions 

Number A(gon Hydrogen 
.Flow Flow 

, . 

, " 

, ' 

(i/min) (i/min) 

94 
94 

", 

; 
1 

y-

" / ,- , 

.. 

210 1 

236 

, , 

" ' 

-
, , 

" . , 

Results 

Effiçlency efficiency Efflclency 
With Wlth . With 
Argon Steam' Peat 
(0/0) (0/0) (0/0) 

86.5 
86.6 

.. 

.~ . 
, '\. 

77.5 
82.8 f 

, . 
,~. , 

, ' 

-
72.8 
75.-1 

. , 

" 

'b ('" , ,f 

-' 
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FIGURE 4: 

HYDRX;EN ROTAMEl.'m CALIBRATION 
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. -
The ~lectrical energy was obtained frbm a' 3-phase, 60 hertz, 575 volt 

" 
-,~r . supply ~ The 3-phasé . power was converted to"' OC powér using a 

. transforner manufactlIred by the- Miller Electric Manufacturing COmpany 
.' ' 

·(nodel SR-l:-500F7). This tranSfo,rrœr ~roduced OC current uping cœpletely 

-~a1èd selenium rectifiers, as 'described in t.'1e manufacturer's manual 

(19b9). 'lhree open-circuit voltages werQ possible with 'tli~ transforner: 

100, 200, and 400 volts. A 400 volt open-circuit was used in' this '.«>rl<. 

The operating characteristics with this se~ting ~re adequa!=e for t.l-}e' 

exper Ïlnental requirerœnts. 

. , 

The rectified OC ~r was nonitored at the control.conoole,· and 
~ 

~i<?k, cables eX~ te the torch where, t..~e electric potential 

applied.. ' " 

was 

~ 

The Control Conoole " , 

The control coooole was manufactured by Meteo Incorporated., 'lhe 

r~tco Type 2.\1 Plasma F1ane Control Unit is de.scribed in ·the instruction 
• ' j 

manual (1964). It was designed for the spraying of high rœ1tirig point 
, --' '"\ 

materials. Thecon~~~ 60 an (24 in.) wide, 57.~-an (23 in.) deep, 

'\ 
anÇl 222.5 an '(.69 in.)' high.- The front panel, shown in F-~gure 5, was 

divided into four units: 

1. the gas flow ?ontrol unit; 

2. th~ electrical power nonitoring unit; .. 

3. thé push button CCl'ltrol unit and; 

. ' .. \ 

-'. ~. 

<II . 

l ' 
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4. the arc current cootrol 'uhit. 

'lbe Sas ~ Caltrol unit coosisted of rot:aIœters . , te rœasure arrl 
o • 

. CXf\trol . the gas flows. A I:x:>a~d was attached te:> t.rte conrole te support the " 

c, larger rotaIœters fol' the hydrogen aOO oxygen gases. Inside the unit were 
., 'Ii & 

solenoid valveS; ,and a safety IœChéinism for inadequate" gas p.t;essures. 
1 

/ 
... 

'lbè electrical p:?Wer m::mitoring unit conbined an amneter and 
, , 

voltmet:er. The neasured voltage 'was acr0SS /:he torch 'as ~ll as th~ caales"" 

;leadin~ to' ~~ tprch •. ~~S lat~r VOlJ,.9~ is ppprox~tely 3 volts 
t 

(dèpending on operating conditions). Thi~, was corrected for in efficiency 
: 
1 

calculations •. 'J, 
o 

A cloSe~p :of:' the', push 'buj:,ton control unit i5 given in Figure 6. The 
., l~ • ~ --

top line of circles represents indicatpr lights, and the bottom b«> lines 
, ~ ~ 

represent puSh buttons. The "Power on" but ton engaged the transformer. The 
, ~ - ~':'i_ 

~purge-ll butten activateil,' the 9Olenoid ,. " . 
valves, and allowed verrificatiol1 of 

g~ flows. The "t~st" button in.itiated a high-frequeœy arc between the 
, 

1 aoode and, cathcrle. 
o 

If the arc was net conce~trié ·or wps weak, t.l-}e anode 
. , 

was centered and spacing was ~justed. The , "run" button ~pplied the 
c, .' 

'~-circtiit vQltage te the terch', and actiyated the solenoids 50 gas flow 
.' , K. 

'0 0 
~ . 

°began. The "ignition" button produced a high-.frequency arc between the 
" '" .. , o 0 

anode arrl cathode, which in carbination 'with the open.:circuit voltage aoo 
" . 

cgas flow, caused the plasma arc te start and be sustained. 

, .. 
. . /, 

" 

8 , . . 

. , . 
-' .. 

".1 q, 0 ,t-

, v 

'. , . 
.. 

" 
, 
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FIGURE 6: 

roSI BOTroN CCNmOL UNIT ,.. , 
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" 
The ~ ~~ control unit consisted of a rheostat. ,This was used 

, , 
oontinually during q->eration ta adjust and stabilize curren't> 

'lbe Plasma Torch 

" ' 

The plasma ~ " torch was rœmufactured by 'Illerma1 Dynamics Cbrporation. 

'Ille torch node1 (U-51) is described in the manual (1962). The torch 
( 

schenatic is provided in the I:x:dy; of this t.'1esis. Several prOb1ems Were 

eœamtered with the hydrogen/oxygen feedin<J-' configuration', and these are 

discussed in th~S section_! 
.. 

fouoo that inj~ting oxygen into the 
.. ' 

anode in a direction It was 
, 

perpendicular ta the hydrogen plasma caused significant errdsion, 

resu1ting in rapid anode degradation. The configuration used ,ta ammënd 

this prob1em is sheMn in the scale drawing of t.~e anode in Figure 7. 

Oxygen entry fOrts were drilled in t\\U diarretrically opp:lsed sides of t.~e 

anode. An initial length was "tapped" with 32 nùllimeter (1/8 in'.) pipe 
. 

thread. 'lbe remainder of the entry channel was drilled at 45 degrees, in 

the direction of the hydrogen plasma flow. r.bst of the hydrogenjoxygeh 

canbustion occurred just outside the nout.'1 of the plasma tarch, and the 

large heat of reacti~n did net Iœlt the anode. Also, a reducing at:rlosphere 

of hydrogen resu1ted in longer arme life. 

, . , 
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, ' 

The split of the steam plasma was descr ibed in the thesis. 1\ 

configuration to minimize this split was investigated, by adjusting the 

diameter . of the oxygen entry port (and, hence the oxygen. gas ve10city 

relative to the hydrogen plasma ve1ocity). As the oxygen entry diarœter 
, 

reduced, t,.'e split was 1ess ev:ident. Reducing the p::>rt to a diarreter of 16 

millimeters (1/16 in.), limited oxygen f10w to be10w 1evels required for 

stoichiorœtry. The ports had a diameter of 24 millimeters (3/32 in.) for 
t 

experimentation. 

'fu e1iminate gas 1eakage, oxygen en~y taps were designed as shawn in 

Figure 8. 'n'le taps screwed directly into the ancx:1e. An o-ring supported 

by a welded plate was placed on the tap 1ength te allow a gas-tight 'fit on 

the anode holder, but not permit the ang1ed 1ength of,the port (in the 

arme) te be covered by the tape 

1 

" , ( 

. ~ 

'fi' ' . 
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c. THE PEAT FEED~ SY'srEM 

'" 
The peat feeding system used was prob1ema.ic with respect ta 

"--) 

( 

the 1 

exper.imenta1 resu1ts. Pressure fluctuations in the reactor developed with ~ 

peat feed. 

The peat feeding equiprœnt is shCMIl in Figure 9. The peat hq;>per was 

made of a 12.5 cm (5 in.) inside diruœter a1uminum pipe, seated on a 

square base of 1. 25 an' (1/2 in.) t.~ic:< plexiglass. The auger extended 
'-

through the fllexig1ass base, te a 1/3 horsepower Zero-Max rrotor on one 

side, and in the feeding barrel on the other side. The speed of auger 

re'lolution was '1aried by a continuoos adjust.l'œmt on the notor. 

'The auger conveyed the i?eat into the nitrogen line, where it was 

blown into the reactor at a 45 degree, angle ta ,the steam plasma feed. A 
• 

ball valve was on the line to the reac\tor, for isolating the peat feeder 

~\.., from any pressure fluctuations or noisture seepage. A pre'ssure equalizing 

Une entered the top of the peat happer. 

D.lring experimental runs, pressure fluctuations were produced in the 

reactor with peat addition. This pressure effect was produced back to the . 

feed system, resu1ting in nitr~en gas enteririg into and ,purging fr:xn t.l-}e 

peat happer. The low density of the peat resu1ted in it blowing out witl1 

.\If the nitr~en purge. This produced ~ increased peat flow rate to that 

{ 
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predicted. The nagnitude of the increase d~nded of the nagnitude of t..'1e 

pressure fluctuations" 'and varied between experirnents. , , 
The peat '. feeder 

e::alibration curve is cJiven in Figure 10. 'I11is c~ibration was done by 

COllecting thè 'peat fed ,for )'ari~us rotor speeds, in a ve~sel at the eoo 

of the auger. The steady a~spheric pressure did IlOt reflect experirt)ental 

Conditions, and a lower calibratit feed 

speed. 

rate resulted wit.l-} a given noter 

\ . " , 

) 

It is belie'led <\ that much of the pressure fluctuation problem can be 
, , 

aÙé'liated by us~ a "closed screw":, q screw Which ?oes 'not allow direct 
, 

acceSs of gas through the barrel, but rat.l1er has wide turns covering the 

barr~l width. 
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FIGURE 10: , 
PE:AT E'Œ)ER CALIBRATION 
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D. mE RBAClœ .., 
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'!he reactoc wu designed U8~ an ASTR~, in vi. of the 

CClISUaints 1isted in the tbesis body: 
• 

2. 11 pr:eaaure generation; 

4 • .uu.. oost. 

In aMitian, it WB dec1ded not ta use inaulaticn on the reactcx. 

'Jtù.a .. ta al.kJw -.0-. beat lœs in view of the' high eneI9Y of the gas, 

la! al80 pemit a thec-J at:eady &tata in relati'gelyabart periode of 

tt.. 

'1 

Pigure U.... the r..:tŒ. It .. canKructed us1ng type 304 

(8 in.) , and. leI)t:b of 120 œ (48 in.). 'lbia ptOrided a 

ratio of 6. 'J!Ier . e are aeveral featur_ t1 the 

1.'" read"'" ~ • t:.IgIaI"t., at ._ entEy pxt.. A a.-.r .... 
tm '. pmJIJOed tbe .... 1Ibiœ flDo.-d in œat:ed line8 tbrcugb a val_ , 

... tD tba AICtIX. A t:beiacouple ~ the l.i.M .... the r~ -waell , 

);. 1 
.. o,,~ .... 'O'. t 

, ,,,. \ ~ ,;,rl: 
, . .. 

" 
... ,. 1-

• . .,- ... .,. --, ''!'Jo' .. 
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.... 

rate of the ~iliary steam was calibrated to,be -4.64 kilograms per bJur. 

'!bis c:œpares with 'a usual flDlfl1 ratè of steam plasma of 9.26 kilograms pel' 

heur. 

./ 

2. Five wall theI1lDOOUp1es down the lergth of the ,react:or existed, 

am their readings were oontinually reoorded on the Thernoelectric stri~ 

chatt ,recorder. 'lbe readings were fran one point on the reactor wall. An 

asynmetrica1 plasroa fl.ame resulted in uneven tenperatures around the 
• 

reactor radius at a given height. Whi1e the warmest wall position was 

difficult ta predict, it was att:empt:ed f.o place the uppeITIDst wall 

theIIlDOOUple near \ttlere it might appear. 

3. Seven insertable therDDOOUp1es were placed down the leD}th of the 

react:or. 'lbese were left at the reactor centerline for IIDSt experiments, 

though this resulted in the melting of the uppeITIDSt themooouple.;' , \) 
, , 

4. A vycor viewing wi.nèb.f existed so that the peat entry port and the . 
steam entry location CXJU1d be seen. ibe window was reoessed and , 

water-oooled ta pcevent melting. The shape vas long am narrow to 91ve 
(> " 

maxt,.. vtewingr capabi~1ty, b.1t oo11ect the miniaa peat in lts cavity. 

o 

... ~~.-......- .. _-'--_._,. . 

, , 
• J 

",:: . 
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\ 

) 

S. A pressure. gauge was r~ired to establish when pressure 
\ 

fluctuations developed 'in the reactor. The oanbination of pressures wi th 

the high ~ratures in the system were a p:>tential dë1B3er, so this gauge 

was oonstantly ncnitored •. It was recessed to prevent damage fran the high 

t:enp!ratures • 

.. 
6. A safety reléase valve was on the reactor. The release pressure 

vas adjustable, and set at alxJut ~ pll.1llds. 
• ;.1 

/ 

,7. The react:or tq> was water-oooled ta prevent it melting. A single 

, baffle vas P~ in a spaœ between two stainless steel flanges to 

pmride thls <:XX?ling. 

8. A hale in the CXJIlical reactor blttaD al1Dwed the insertion of the 

gas ,~ing line. 'l'his was ~ at the centerline, and oould be 

revalvad. It vas facing dcwnwards for IIDSt experiments ta minimize aolids 

gat:bering • 

9. 'Ble reactor vas SlJA'Orted at the bottœ. Any increase in length 

vith 1ncreaaed tenlperature CD1ld be abaorbed by a rise in the reactor top. 

Clnly the put feeder would have to adjust lts height correspondingly. 'Dle 
J 

flatble gu, water, and electrical linea ta the pla... torch were 

mppxt.s on scaffolding to llinillta tŒque al the reactor. 
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E. THE EFFWENT SYSl'EM 

The effluent system was designed to result in a mininum pressure 

drop. An increased pressur~ drop resulted in an increa'se in the preSsure 
. , 

" 0 0 of the' reâctor, which was urdesirable. The effluent. system had ta also be 

fairly effective in collectinç the mjority of the solids produced. 

The system used is shawn ~ tigure 12. 'lbe line 18 2.5 an (1 in.) 

diameter, and made of carbon steel. The carpcnents of t.~e effluent line 

may he sunmarized: 

1. A collector, made of stainless steel, wàs directly belDW t."le 

reactor. Very few solids collected here. The solids which did colleet were 

larger peat particles,' and sorne copper fran t..'1e degradation of the an:XIe. 
{ 

A valve at the bottan of-tilis collectar a1lowed start-up of t.lte reactor 

without argon having te flDw through the C'a1pl.ete effluent line. The valve 

was closed while closely nonitor ing the pressure in t.'1e reactDr. Any 

clogging of the lines bet.ween experiments l«)Uld have been detected at this 
, 

point, and the valve inmediately reopened before ~erous pressure levels 
1 

were reached. 

Î 

1 
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2. A 180 an (72 in.) OOD.ienser with a large aluminiufll collector below 

it was in the line. About one third of the solids werè collected here~ in 

a large quantity of water • 

3. A cyclone was installed with a oollector below it. About two 
,. 

thirds of the peat collected was retrieved at this location, with small 
.... 

aJII:)W1ts of, wa ter. 

~ -~-

4. Aline fran a nitrogen cylinder intersected the effluent -line. On 

shut-down of the system, nitrogen wculd flood the effluent line at this 

'" point for safety rea~~, as des::ri.bed in the,body of the tbesis. 
,". 1" • 

. >-

s. A one-.fay valve was on the l~ just pr ior ta the gas purge te the 
- ' 

'i At:DDsphere. This allowed the g~ ta fla.., out of t.l-te system with mirliDun 
1 

, 
. pressure drop, and minimize the inflow of air intx:> the system in the event 
" 

of shut-dcwn. 

" 

Il li 



,( , 

( 

i , 

212 

P. THE SAMPLE TRAIN 

. , 

. ' 

'lbe sanple train wu designed in view of obtaining gas sauples in , 

~s, without causinq a high pressure drop in the system. 'l'o do this, ~ 
, 

-, a '1 an (3/8 in.) line was inserted mto the bottan of the reactor to 

withdraw a small stream. The passage of large vol.urœs of gas t.~rough this ' 

line ~ld result in high pressure drops. With the present system,- saU 

g_ volumes flowed through the sanple ,1 ine due to the pre~re within the 

reactor. No pœpinq ~s required. 

The sanpl.e train is shawn in Figure 13, and the nain QlCIl\G1eI1ts are-
> 

sunmarized: 

1. A valve vas in the Une te isolats the sauple Une ,fraa 't.'le 

reactor unti1 purge CiXIlditions or reaction conditions were evident. This 
\ 

lIlini1lized lIDisture afI:1 Slllds accœulation in the line. 
1 

2. A conœnser, vith a c:ollection vrl 'belDw it, was on the saaple 

Une. Only snall anDUnts of Sllids and 1iqu~ collected. This condenser 

Md a hiqh collection efficiency. 
\ 

, , 

. , 

'- '. ~ 

... 

. ',~ 
~~1 
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... 
, 

3. À drying oolunn/fi1ter was iÏi the 1ine. This was a bottle packed 
... 

wit..~ RDisture .absorbiDJ calcium sulfate, covered by oottCt woo1. The 9~ 

wu introduced. at the oottan of the oo1~, ~ Nd to, filter through the 

bottle. 

"'-

4. Tbe clean dry gas then passed through one of three sanple bottles • 
, ' 

Stopca:ks at the~inning am en:) of the oottlés allowed the routing\of . ' . , 
the gas stream. '!'he Sëllple-taking procedure is 4escribed in the body of 

t:lie thes.is. 
t ;' 

5. A rot:ameter wu in th~ 1ine in order. ta have a goq;J indicatwh of 

the g5 flaw. It wa~ ad~usted to the same level for each experiment by the 

rotameter ~ve. 

" ~ " 

, p 

"""''Ir~'' __ ''''''~~'''M''''_'''_.''''' ___ '";. 
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G. RBFBUH:BS 

, 

1. Anon., ·InsWla~~.tia1_ .. .xs~in~~ Miller 
" 

~iC Marutâcturing CDIpany, fbra 1()J-.262-~/69 (1969) - • ,. 
" ... ,r 

j" 

2. Anon., 

In:orPorated, fom G-6027 (1964) 

3. Arpl., "Instruction Mimlal, 50'" SeriJ!lI, 'l'hetJal Dynaaaiçs Cbrporation, 

fa., ~51-2. (1962) -' , , 
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, "APfIRDIX II: RIIf DA'i'A 

.. ' . 

the ÏJIIX)rtant data fran the 

'!he- dab are presented in the following arder: 

• 

, " 

1. product ga& o:lI\œitions and~· 
i 
2. ~lid r.esidue CI lIIositions. 

• 
, '~'. 

", 

~. __ ~~~ .... ~~ti ... "", ... ,_ ... ,_,~~"",._,~"""" ,-

!:o ••••. ,...."", 

.. 

.. 

" 

-- ---- - ---~-------

• 

.. 

experiments are given. 

• 

• 

" . 



~17 '( f' 1 
~ 

1 
j 
t. , 
i' 

( 
i , 
1 
\, 

< .. , 
" 

.-----~---------- ----- . ___ L 
\ -,.. 

B. lWD:Cl' cas CXJiII.œI'l'IOÎ Î, 

\ 

" 

,'. ' 

J'". 

" 

" 

,/ 
l 

.. 
, 0 

_ .... _--. ' 



" \ 

u 
j 

f 
t , 
i ~. -
f 

f 
~ 

t 
, 

t 
\ 

----- ---

1 

1 

'\ , 

r 
~ 

{, 
" ~ .' 
; 

. \ 

( 

,; , 

. 
Table Il ' ~. . 
Product Gas Composltlons<al(b) ,/, 

~ment Carbon Carbon Methane HYd;rn' N~ 
~ Humber Dloxlde' Monoxlde (vol. 0/0) (vOl. % (vol. 0 0) 

(YOI .. %) (vol. 0/0) . . 

. 
1 19.2 19.0 0.0' 45.5 17.0 
2 15.7 24.9 0.0 44.7 13.9 
3 15.5 23.7 0.0 49.3 12.9 
4 17.7 28.3 0.4 39.8 13.7 
5 16.8 22.6 0.0 47.4 . 13.0 
6 14.4 31.4 0.3 42.0 11.9 
7· 18.1 29.1 0.5 50.1 -12.2 
8 13.2' 31.4 0.9 tl 44.6 9.3 
9 

\ 

12.9 35.8 0.9 ' 41.0 8.6 
10 . 15.4 27.2 0.0 ·44,2 13.1 
11 15.9 23.1> - 0.0 47.6 13.3 

_ 12 14.2 29.8 0.0 42.1 13.0 
14 16.2 22.8 0.0 43.9 16.6 
15 15.6 25.1 0.1 47.2' 11.7 

(a) ail values are oh a steam-free basis 
(b) while traces of ()xygen were found in 'almost every case, 

these are not noted. 
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( TabieUI 
Reactad Solide Composltlons(" 

~m.nt Carbon Hyd~en _ Nltrogen Ash Oxygen Oxygen 
Number ' (maS8%) (mass Yo) (mauO/o) (mass%) (mass%) b -

DIfference 
(mass%) 

paat 44.54 6.09 2.09 5.11 39.54 42.17 
peat(·) 45.39 5.74 2.26 6.09 39.92 40.52 
peat(b) 45.40 5.88 2.37 5.83 39.68 40.52 

1 50.06 3.n 2.29 25.47 18.41 
2 47.36 3.55 1.76 30.74 16.59 
3 53.61 3.85 2.32 19.60 19.68 20.62 
3 (a) 52.75 4.11 2.31 17.09 21.90 23.74 
3(a) 55.42 3.68 2.13 14.97 23.17' 23.80 
4 43.36 3.33 1.80 35.82 15.69 

.5 51.62 4.96 2.28 24.10 17.04 
~ 

6(C) 58.22 4.01' 2.85 23.73 11.19 
6 50.66' 3.63 2.14 25.7~ 18.27 17.83 
7 47.57 3.26 1.86 30.33 16.98 
7 (a) 46.28 2.64 2.34 28.44 19.88 20.30 (b) 

46.70' 2.19 1.81 33.75 14.95 7 (b) 
7 47.03 2.89 Q t97 33.28 14.83 
8 

Q 

52~70 '3.55 1.77 15.28 26.70 

~ 

(a) repaat analysls of the same sample 
(b) analysls of a different s pie fram the sarne experiment 
(c) analysis considared i alid 
(ct) values cc;>rrected for aistura content in mass balances 
(a) analysis done by Dr. . Daessle, Organic Mlcroanalyses, 

Montreal 

~ 

( 
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Table III (contlnued) ,. 
( Reacted Sollds ComposJtlon.~ 

Experlment Carbon HYd~.Î1 oNltragen Aah Oxy~ 
Humber (massa/a) (mass Yà) (mass%) (massa/a) (mass%) 

9 55.88 4.14 2.20 10.60 
9(8) 55.84 4.27 2.31 10.36 

10 49.30 ' . 4.13 2.30 24.61 18.61 
10(8) 49.76 4.03 2.23 24.70 18.89 
10(8) 49.38 -4.11 2.45 24.89 18.32 
10(b) 49.49 3~71 2.26 24.60 -" 

11 52.64 4.19 2.22 20.15 
12(C) 48.22 4.41 2.42 14.54 
12 52.80 3.86" 2.45 " 21.60 17.-:14 
14 ~ ",3.14 2.08 17.85 
15 50.45 4.06 2.43 21.09 21.10 

(a) repeat analysis of the same experiment 
(b) aflalysis of a dlf~erent sam pie trom the same experiment 
(c) analysis considered Invalid 
(d) values correctf)d for moisture content in mass balances 
(e) analysis done by Dr. C. Daessle, Organic Microanalyses, 

Montreal ' 

" 

O"1g.n 

tffference 
(mano/a) 

27.18 
27.22 
19.66 
19.28 \ 

19.17 
19.94 
20.80 
30.41 
19.29 
30.12 
21 .. 97 

• 
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1 

APPDI)IX III: CCMPU'lD PRX;RltMS 
• 

A. a .. ~ •• te "'. 

o 

The CClIpUter programs that were used ta calculaœ the data are 

" provided or discussed in this~section. The programs CCIlS:idered are: 

1. JESS balance progr~J 

2. F*A~*r and; 

3. Statpak. 

1 

1 
! 
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-----.. !!BATCH PRH>HA CFI'10000 CXV5 (999,'9999) 1 

****~~'l! ~Hl * HddH'i'·~*1..l1\ ~Hl-*1~*.l}i~**i~* 1t*******************:H-**************i.-.....********** 

, 
~ r 

~ 

I1D MUS JOB CXV5 000 010 050 000 R=BH106 C-·1 F= SUN NOV 20, 1983 
**EXCESSIVE TIME ESTIMATED ASSU/"IING 180 SERVICE" UNI1S 
IlDAD WATFIV 

1 REAL PEATIN, CIN, HIN, DIN, NIN, AS~IIN, H20IN, N2IN. AUXIN, PL~SMA 
2 REAL N2ROT, H2ROT _ 
3 REAL PTMASS, PTTrM~, VOLI, AMPS, EFF 
4 REAL C020UT, COOUT, CH4DUT, H20UI. 020UT, N20UT 
5 REAL COUT, HOUT, OOUT, Nmrr, AS.,OU r 
6 REAL WCOUT, WHOUT, WOOUT. WNOUL l-JI\SHOU, DRYPR,' W 
7 REAL DRYPf, CPT, HPT, op" NPT. ASHPT 
8 REAL DRYPCf, CPRINT, HPRJN1, OPRINT, NPRINT, ASHPRI 
9 REAL CARI'IOL, NCAR, H2PSI'1A, HP.Sl'tf\, 02PSI'1A, OPSMA 

10 REAL AUXMOL. HAUX, OAUX 1 

11 REAL crOT 1. HTOT l, OTOT l, NTDl 1. ASH r DT .J 
12 REAL CRAT, H20RAT, INRAf . 
13 REAL ASHSOL, DRYSOL CSOL HSOL OSClL, NSOL 
14 REAL NG~.S, N2MOL TOTMOL CD2MOL, Cl/NOL" CH4MOL, H2MOL, 02MOL 
15 REAL OUTRAT, NTOT2. NDIFF 
16 REAL CMOL, CGAS, C(ONV1, CCDNV2, CCONV, crOT2, CDIFF 

'17 REAL HMOL. HGAS. HTOT. OMOl. OGAS, OTOT 
18 REAL HEXC, OEXC, 02EXC, H2EXC, H20EXC, HEXC1, OEXCI 
19 REAL HTOT2, OTOT2. HDIFF, ODIFF 
20 REAL CPCT, HPCT, OPCT, Nf)CT 1 ASHPC r 

.21 REAL EPOWER, CPOWER, POWER, PcrE, peTe, POWPT 

22 
23 
24 
25 

C . 

C *************************~H**********?~***************************~*** 
C . 1 INPUT DATA 
C ******~*****~**********~****~*****~*~*****~***********************~*** C , 

~k 

,VOL T=157 0 
AMPS=130.0 
EFF::::O 728 
PTMASS=:;236 768 
PTTIME-=209 0 
PEATIN={PTMASS/1000. 0)*3600. O/PTTIME 
CIN=4,5 11 

29 
30 
31 
32 
33 
34 
35 
36 
37 
38 

HIN:::5.90 
OIN:.::41 59 
NIN=2 24r 
ASHIN==5 lb 
H20IN=15 5 
N2ROT··:150 0 
N2IN=O 2587kN2ROT-2 15 
AUXIN=4 64 
H2ROT=33 0 
PLASMA~900 0/65 O*H2ROT-31500 0/65.0+500.0 

C ! 
C ***~ ******"1-*****>f-*****?****-*{~*****.p-*********************~********t*** C 2 OUTPUT DATA 1 

C .***********~*~"1-********~~~*~*~*******.p-****************** ************ C '~ 
39 
40 
41 
42 
43 
44 
45 
46 
47 

c0200T=14 9 
COOUT=31 2 
CH40UT=0. 0 
H20UT==40 5 
020UT'~O, 0 
N20UT==13 -4 
WCOUT:-::46.81 
WHOUT:=3 14 
WOOUT==30 12 

• • 

~ 

~ 
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• <P' 

48 
49 -50 

t-
e 
c 
c 
c 

51 
52 
53 
54 
55 
56 .. 57 
58 
59 
bO 
61 
62 

-C 
C 
C 
C 
C 

63 
64 
65 
66 
67 
68 
69 
70 
11-
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 

C 
C 
C 
C 
C 
C 
C 

86 
87 
88 
89 -
90 . 
. , 

WNOUT-=2 08 
WASHOU=17 85 
W=4 00 

**********************~~*~H~*.~*~.************************************ , - ~A DRY sol IDS COMPOSIT IONS - , 
********-************~~*>-: ~î -tl *** ******-1< *******************************'**** 

DRYPR=(loo O+W)/100 0 
COUT=WCOUT*DRYPR 
NOUT:WNOUT*DRYPR 1 
ASHOUT~WASHOU*DRYPR 

. HOUT.;=Wl-fOUT-kDRYPR--(W*2 ..0/18 0) 
GOU r=WOOUHrDRYPR - (l-J* 1 g----'O! 10 0) 
DRVPCT~(100 O+H20IN~/100 O' 
CPRINT~CIN*DRYPCT 
NPRINT=NIN*DRYPCT 
ASHPRI=ASHIN*DRYPCT 
HPR 1 N r==HIN*DRYPCT-· (H20 IN*2 0/18. 0) 
OPRfNT=OIN*DRYPCT-(H20IN*16 O/18.0~ 

,i 

. 1 

~:; 

-------**************>l-**~~*-l<-**Y-l:-~.,C***lH:-*******.**********************~******** 
,'3 MASS-IN CALCULATIONS _ 

*****************~******~****************************************~**** , ~ 1 

DRYPT=PEATIN*100 01 (H20INI-I00' 0) 
CP~=DRYPT*CIN/I00_ 0 
HPT=DRYPT*HIN/I00 0 
OPT=DRYPT*OIN/I00 0 
NPT=DRYPT~NIN/l00 0 

JASHPT=DRYPT*ASHIN/IOO 0 
·CARMOL=N2IN*<1000 0/35 3147)*(273 0/298.0)/22 414 

NCAR=CARMOL*28 0/1000.0 • 
H2PSMA=PLASMA*(lOOO 0/35 3147)*(273 'O/~98 0)/22.414 
HPSMA:::H2PSM(\~2 0/1000 0 
02PSMA=H2PS/"IA/2 0 
OPSMA~O?PSMA*32 0/1000 0 
AUXMOL~AUXIN*1000 0/~8-0 
HAUX=AUXM0l3<2 0/1000 0 
OAUX~AUXMOL*16 0/1000 0 
CTOT1=CPT 
HTorl~HPT+HPSMA~HAUX 
OTOT 1 :::OP r +DPSNA+OAU:a!. 
NTOT1=NPT+NCAR 
ASHTOT=ASHPT 
CRAT=CTOT1*1000 0/12 0 

\. 

, 

H20RAT=«PEATIN-DRYPT)*1000 0/18 O)+AUXMOL+H2PSMA 
INRA1V=CRA1/H20RAl 

\ . . ' 

, -1 

-1 

-0 

"" 

****************~*********H*******~*********************************** 
, > ~ 1'1ASS-OUT CALCULATIONS . 

**~**** **i~ *1\-'* ~!-** *** ***~~**-IH'l * :1-******** ******** ~**~ ***** **********'**** 
A ) SOL 1 DS " " - • 

***********~*****-l~****p.***-Ii*************_*iI.***~,****J **************'*~*~ 
ASHSOL=ASHTOT ~/ 1 

DRYSOL=ASHSOL/ASHOUT*100 0 
CSOL~DRYSOL«COU1/100pO 
HSOL=DRYSOL*HOUT/I00 0 
OSOL=DRYSOL*OOUT/I00 0 

...-: 

., 

------------~ -_... ---'-'- --- n. --I""w rt$ "111 il r? ------ ' .... ~.,_ •• l 

.-. 

. ' 

Q 

., 

" 

Il · 

.' .,. ,t 



o 

"" 

1 
-.1 

~ 

~ 

91 

92 
93 
94 
95 
96. 
·97 

.98 
, 99 
100 
101 

102 
103 
104 
105 
106 
107 
108 

" 
,109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
~21 
122 
123 
124 
12~ 

126 
127 
128 
129 
130 

., 

"........" 

C 
C 
C 

C 
C 
C 
C 
C 

, 

C 
C 
c 
ê 
C 

C 
C 
C 
C 
C 

, . 
'L "'lf~Yt'~f,~ ""~""""~,'r'" ..... ·~t~t."~~*,i. " ... 

NSOL=DRYEOL*NOUT/160.0 
• 

******************~*******u*********************************'********* B) GASES : . 
************~**********~*****************************************~**** 

NGAS-;NTOT I--NSOL 
N2MOL~NGAS*10aO 0/28.0 
TOTMOL~<::N2MOL / N20Ul 
C02MOl=TOTMOl*C020UT 
COMOl·- TOTMOl*COOUT 

. CH4 MOL :-1 OTMOL I}CH40UT 
H2MOL=TOTMOL*A20UT 
02MOL~lOTMOl*020UT 
OUTRAT=H2MOL/COMOL 
NTOT2-=NSOL+NGAS 

• 
-; 

1 

• 

**************1t*******'1/-* ~*.******************************************** 
.~) CARBON CHECK - t 

**************1~~**~~******** II- w-***********************************-lt**** 
CMOL;C02MOL~COMOL+CH4MOL 
CGAS:CMOl*12 0/1000 0 
CTOT2=CGAS+CSOL ~ 

. CCONY1=CGAS/CTOT1*100 0 ' 
CCONV2=(CTOfl-CSOL)/CTOT1*100 0 
CCONV=(CCONV1+CCONV2)/2 0 

1 

·CDIFF=CTOf2-CTOfl. J 

*********~****~**;}*****~*****************************~**~**.*****~*~** , 6 HYDROGEN/OXYGEN CHECK . 1 

**********************~'*******************************************~** 
HMOL=2 0*tH4MOL+H2MOC 
HGAS=HMOL*2 0/1000.0 
HTOT=HGAS+HSOL 0 

OMOL=C02MOL+0 5*COMOL+02M0L 
OGAS=OMOL*32 0/1000 0 
OTOT=OGAS+OSOI. 
HEXC=HTOT1-HTOT 
OEXC=OTOT1l-0TOT 
H2EXC=HEXC~1000 0/2.0 
02EXC~OEXC*1000 .0/32 0 
H20EXC=(H2EXC+20*02EXC)/2.0 
HEXC1~H20EXC*2.0/1000. 0 
OEXC1=0 5*H20EXC*32.0/1000.0 
HTOT2=HEXC1+HTOT 
.OTO~2=OEXC1+0TOT 

HDIFF=HTOf2-HTOT1 
ODIFF=OTOT2-0TOTl 

" 

*******~************************************************************** - 7 ERROR CALCULATIONS ' 
****!***********~*****************************************************-, 

CPCT=CDIFF/C10Tl*100.0 
HPCT=HDIFF/HTOT1*100.0 
OPCT=ODIFF/OTOT1*100.0 
NPCT=O.O 
ASHPCT=O.O 

~ 

'. 

( 

~-
... 

~ 

t 

'. 

"" 

~ 

.. 
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l 
"-

< ) 

1. 

131 
"132 
133 

) 134 
135 -
136 
137 

138 
, 139 
" 140 

141 
,142 
143 
144 
145 
146~ 
147 
148 
149 
150 
151 
152 
153 
154 
155 
156 
1.57 
158 
159, 
160~ 
161 
162 
163 
164 
165 
166 
167 
1613 
169 
170 
171 
172 
173 
174 
175 

176 
177 

, 
C ' 0 -., - - L-- -, .. ' ... ~_ .. ~_._--'--,.:--'----". -- -'-'-" 

.... *'*************** ************** ******** * *********************** ****** ,>~ 8, ENERGY ~CULATIONS -
,~ 

C ************************~********* ********************************** C' , . ' 

C 
C 

• C 
'C 
C 

10 

20 

30 

40 

48 

49 

50 

EPOWER=VOLT*AMPS*EFF/I000.0 
CPOWER=H2PSMA*68317, 0*1, 162222Ë-06 
POWER=EPO~R+CPOWER ' 
perE=EPOWER*100.0/POWER 
PCTC=CPOWER*100 O/POWER 

'-

POWPT=POWER/PEATIN , 
BTU=«COOUT~67636 0+CH40UT*212800,O+H20UT*68317.0)/100.0) 

$*0 0039683207*(100, 0/(100. 0-N20UT»*1. 3790459 
":""':f 

• 

********************************************************************** 9. OUTPUT_ . 

*'********************************************************************* 
' WR I TE (6, 10) '''l' ~ 

FORMAT('l') 
WRITE (6,20) 
FORMAT(II,72( '*'» 
WRITE (6,30) , 
FORMAT<lI,.15X,' EXPERrMENT NUMBER. 15 ') 
WRITE (6,40) 
FORMAT(II. 15X, , 
WRITE (6,20) ~ 

NOVEMBER,3 , ) "" 

WRITE (6,48) PTMASS , 
FORi'll~T<lI, 5X, J TOTAL MASS OF p'EAT FEO IN KG/H I5 ',Ft.. 2-) 
WRITE (6,49) PTTIME . c _ '. 

FORMAT (//, 5X, , OVER A PERlOn OF TIM,E IN SECONDS OF ',F4.0) 
WRITE (6,50) PEATIN ,0 

FORMAT(f 1. 5X, , MASS FLOW OF wET PEAT IN KG/H IS " F6. 2) 

60· 
WRITE (6,60) N2IN' / . 
FORMATU!, 5X. ! FLOW OF NITROGEN CONVEYORoGAS IN CFH IS ',F6 2) 
WR ITE (6r "70) AUX IN 

70 

80 

81 

82 

FORMAT (f l, 5X. ( MASS FLOW, OF AUX ILIARY BTEAM IN KG/H 18 ',F6. 2) 
WRITE (6,80) PLASMA " 
FORMAT (1 l, 5X, , FLO!"J OF PLASMA STEAM IN CFH AT ROOH T IS " F6. 2) 
WRITE (6,100) INRAT 
WRITE (6,110) OUTRAT 
WRITE (6, 120) CCONVl 

'WRITE (6,121) CCONV2 
. WRITE (6,122) CCONV ' 

-WRITE (6,123) EPOWER 
WRITE (6, 124) peTE 
WRITE (6,125) CPOWER 
WRITE (6,126) PCTC .., 
WRITE (6,127) POWER 
WRITE (6. 128) POWPT 
WRITE (6. 138) BTU, 
WRITE (6.20) 
WRITE! (6,90) 
WRITE (6,20) 
WRITE (6,81) 
FORMAT ( Il. '* 

$D * MOL AR 
WRITE (6,82) 

, 

ELEMENT * r) * 

'~ 

" 
~ " 

~'" 
1 

WEIGHT,\ * ~EIGH-T 

• 1 

c 

'-.. 

**.** ~ , 

FOR~1AT ('* IN SOlIOS * PERCENTAGE * ·PERCENTAQE *,* ** 
~ES * PERCENTAGE ol!") , -1-

... 
'. 

'" . 

COMPOUN , ": 

1" 
IN ~AS 

~-

- \ 

• 

~ 

~ 

.~ ~ ... ~ 

" D 

" 
t:1 

• 

\ 
!t' 

, 

... 
• 

-. 
~. ~.r -

'-
" 

.' 

:. 

, 

'.1 



! 
.( 

) . 
t J"; 
i \ ~ 

j 

i 
! 

" 

,'" 

~ -

, 
f r. 

.. 

178 
179 ('?O 

t80 
181 
182 83 

183 
184 84 

185 
186 .85 

187 
188 86 

189 
. 190 87 

191 
192 88 
193 
194 
195 90 
196 "'100 
197 110 
198 <120 
199 121 
200 122 
201 1d23 
202 124 
::203 ~.J125 
204-~ 126 
205 127 
206 128 

207" 138 
208 
2~ 139 
2!Ç', 
21~ 
212-...... 140 
213 -' 
214 150 
215 
216 
217 160 

218 
219 170 

220 
221 180 

222 
223 190 

224 
225 200 

WRITE (6,300) 
FORMAt ('* 

$ * * IN PEAT * IN PRODUCT **\** *' ) WRITE (6,20) 
.WRITE (6,83) CPRINT, COUT, \C020UT 
FORMAT(II,'* CARBON *'~X,F5 2,3X, '-II',4'X.F5_2,3X, l'~* ** 

$2 *',4X.F5_2,3X, '*') 
WRITE (6,84) HPRINT, HOUT, COOUT 
FORMATU/,'* HYDROGEN *',4X,F5 2,3X, '*',4X,F5 2,3X,'** ** 

$ *', 4X, F5. 2, 3X, '*') -
WRITE (6,85) OPRINT, OOUT, CH40UT 
FORMAT <II, '* OXYGEN *', 4X', F5 2,3X, '*'. 4X, F5 2.3X, '** ** 

$4 *',4X,F52,3X.'*') t 
WRITE (6.86) NPRINT, NOU', H20UT . 
FORMAT(//,'* NITROGEN *',4X,F5 2.:'7.!X, '*','4X,F5 2,3X.'I3'** ~* 

$ '*'. 4X. F5. 2, 3X, '*') 
WRITE (6,87) ASHPRI, ASHOUT, 020YT 
FORMATU/, '* ASH ~','4X, F5 2, ~1X, '*', 4X, F5 2, 3X, '** ** 

$ *',4X,F5 2,3X, '*') 
WRITE (6,88) N20UT 
FORMAT(/I, 41X. '** *)} 
WRITE (6,20) 
WRITE (6, 10) 

N2 l:-',4X,'F5 2,3X, '*') 

FORMAT ( /1, 15X. ' RESULTS ') 
FORMATUI, 5X,' INLET CARBON TO STEAM RATIO IS " F6 2) 

CO 

co 

CH 

H2 

" 

02 

FORMATU/, 5X, , QUTLET HYDROGEN TO CAREON MONOXIDE RATIO 18 ',F6. 2) 
FDRMATU /, 5X. 1 CARBON CONVERSION BASIi:D' ON GAS FLOWS 15 ',F6. 2> 
F'ORMATU!, 5X. '. CARBON CONVER~ION BASED ON SOI.:.ID FLOWS. __ JS' " F6. 2> 
FORMATU/, 5X, , AVERAGE VALUE OF CARBON CONVERSION ('Y.,) 18 ',F6. 2) 
FORMATUh 5X, , THE ELECTRICAL POWER IN KW IS ',F8 2) , 
FOR 1"1 AT (5X, 1 PROVIDING A PERCENTAGE OF THE TOTAL POWER OF 1, F5, 1) 
FORMATU!,5X,' THE CHEMICAL POWER IN KW I.S '.FS 2) 
FORMAT(5X,' PROVIDING A PERCENTAGF. OF THE TOTAL POWER OF ',F5 1~ 
FORMA~I.!,5X,' 1:HE TOTAL POWER IN K~ 15 ',F8,2> 
FORMATtll, 5X, ' GIVING A POWER' TO PEAT, FLOW RATIO IN KW--H/KG OF ',F $7,2) _ . -
FORMAT fil, 5X. ' THE ENERGY CONTENT OF THE GAS IN BTU/F13 IS '. F7, 2) 
WR l TE (6, i 39 ) 
FORMAT(IIII/) 
WR 1 TE 1 (6, 20 ) " 

WRITE (6,140) 
FORMAT<I!,9X,' * FLEMENT * MASS-IN 
WRITE <6,150) 
FORMAT(9X , ( * * (KG/H) * 
WRITE (6,20) . 
WRITE (6 .. 160)CTOT1, CTOT2, CPCT 

* MASS~OUT * DIFFERENCE *') 
? ~ 

(KG/H) * (%) *') 

FORMAT(I/,9X.' * CARBON *',F7 3,2X.' *',F7 3,2X,' 1I-',F7.2,4X,' * 
$ , ) . 

WRITE (6, 170) ~T~T1, HTOT2, HPCT 
FORMAT(//,9X,' * HYDROGEN *',F7.3,-2X, 1 *',F7 3,2X,' *',F7.2,4X,' * 

$' ) , 
WRITE (6,180) OTOT1, OTOT2, OPCT 
FORMAT(I/,9X,' * OXYGEN *',F7 3,2X, 1. *Io,F7 3,2X.' .'/F7. 2,4X l ' * 

$' ) 
WRITE (6,190) NTOTl, NTOT2, NP~T 
FORMAT(II.9X,' * NITROGEN *',F7.3,2X, 1 *',F7.3,2X,' *',F7 2,4X,' * 

$ ') 
WRITE <6,200) ASHTOT: ASHTOT, ASHPCT 
FORMAT(/I, 9X, , * ASH *', F7. 3. 2X, , *', F7. 3,2X, 1 *', F7 2,4X, ' * 

$' ) , 
\.J 
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P*A11C*l' is an abtreviation fOr ''1he Facility for the Analysis of ", 
, 

a.aical '1be~, It i5 a packaJe OCIIpUter prqgram availab1:e ta 
r 

McGill oniversitr Students On the.. KSIC (~ll 'University System for 

Interactive ClJapJting) system by ProfeSEbrs 'lbœpaJn, Bale, . , am P~ton. 
, ., 

'!'he system. bas '~ data base of over 1600 ., 1i(0m3s am binary s:>lutiol)s.. " 
....... . . 

'!'he 1QJILIB pcogram available al the F*Ate*!' system 'f8S -used in this work . 
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Bale, C.W., Pelton~ A.D., 

F*A11C"T User' s GIide . 
W.T~ 

M:Gill University / lb>le Polytechnique 

\ lst &iition, June 1979 
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Statpak is a canversaticma.l supplied program available on r«JSIC 

UtGil.;t thiversity System for Interactive OJRputing) for the calcul.ation , 

qf s~tistics. A variety of stafistical' info~tion is avai~le with the. . , 

program, including l'IIlltiple and POl~;egressions. ' 
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