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) ABSTRACT-

Heavy oil ~n the foem of Q a finely-divided spray was reaéted 

with simulated steam (oxygen added in the anode of a Oç 'torch in 

which' hy~rogen was generated) and pure hydrogen plasmas to 

determine the ~ products produced under vary~ng operatin'g 

conditions. Heavy oil was preheated to 200°C, . under Ci pressure 
. 

of 2000 kPa, fed through a pressure ,atomizer, at flowrates from 

0.002 to into . a . DC plasma jet contained in 
,. 
a , . 

stainless steel reactor'twenty cm in diameter and 1.5 m high. 

The hydrogen and' steam plasmas had respective maximum 

temperatures of 6000 K .and 3450 K. The effects of~t~e following 

operating' conditions were studied: 
, r 

i)'- 't he ste am t o' 0 i 1 ma ss rat i 0 , f rom o. S. t 0 2. 0 

i i ) the energy per kilogram oil from 0.5 to 12.0 kWh/kg 

,0./2 
t 

i i. i ) the flow of atomized quench wateI;', from 0 te m3 /h 

1 . 
The results have sh~wn that" the hea-vy oil reacts tq form 

light olefin~ : Soot and pitches. Light liquid hydrocarbons were 

nat in evidence. The major gaseous products were methane, 
o/itj 

_acetylene, and ethylene. Soot was also produced, and the 

unconverted oïl resi'due became more viscous. Only wi th ha steam 

plasmà dig gaseous products include carbon mdnoxide and èarbon 

dioxide. Higher , steam-to-oil mass ratios, and the , 

plasmas. Olefin 

increas~ conversion to oil to gas in both 

concentrations decreased at higher energy 

\ . energy-per-kg-oll 

, 

inputs with the steam plasma because the oxygen from the plasma 

preferentiaily reactea with the carbon to for, carbon monoxide. 

In hydrogen plasmas, the olefin concentration continued to 

incre~se vi th higher e~ergies. ~ 

. ,---~._ .. _-:_....--___ ~_. __ .;."..... ~ __ ,-.... ___ - _______ -__ .. ~.--~- ~. ___ ,~-~ .... ",_ . __ ~J 
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RtsUMS: 

. . \ 

) 'U~e hui le lourde a réagi avec des plasmas de vapeur d'eau 

et d'hydrogène -dans des conditions variées pour obtenir 

differents produits • L'huile d lourde la ·été préc-hauf fagée à 

200°<::" sous une pression de 2000 k~a, puis injectée par 

l,'entremise d'un atomiseur à un débitallant de 0.002 a 0.06 m3 /h 

, dans un jet de plasma contenu dans un. réacteur de 20 cm de 

diamètre.: Le plasma était composé d' hydrogène pur ou 

d'hydrogêne additionné d'oxygène dans' l'anode ('la vapeur 

simulée' ), ayànt respectivement une température D}aximum de 60pO 

et 3400 R. Les variable~ du procédé étaient: le rappost de la 

vapeur à l'huile, de 0.5 à ,.2.0~. l'énergie électrique de 0.5 à 

12.0 kWh/kg/h, et le flux de l'eau de trempe, de 0.0 & 0.2 m3 /h. 

Les résultats ont. démontré que. la gazéification et la 

pyrolyse de l'huile aonduisènt aux oléfines légères, plutôt qu'à 
'/ 

~'amélioration au niveau des p~oportions de liquides, et 

~on$tituent les ~éactions majeures. Les produits gazeux majeurs 

étaient du méthane, de l'acétylène, et de l'éthylène. Du charbon 

a aussi été produit et l'huile qui n~a pas réagi est devenue 

plus visqueuse. Avec un plasma de vapeur d'eau, le monoxyde de 

carbone et; le gaz carboniquè const i tuent u~e grande proport ion 

des produits gazeux. 
" 

Quant on utilise des proportions plus 

élevées, on constate une plus grand concentration d'oléfines et 

une plus grande conversion de l'huile au gaz. 
• 1> - . 
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ABSTRAKT 

, 
Schwer&~ wurde mit simuliertem Dampf und'Wasserstoffplasma 

versetzt, um zu bestimmen, welche Produkte unter Nerschiedenen 

Betriebsbedingungen entstehen. Das Schwerol wurde unter einem 

Druckcvon 2000 kpa auf eine Temp~ratur von 200°C erhiezt, durch 
.......... 

einen Zerstaubungs~pparat mit einer Durchflussleistung von 0,002 

bis 0.06 ml/h, in einen Reaktor mit 20 cm Durchmesser gefuehrt 

und in die Flamme des Plasmas "gespritzt. Das Plasma bestand 

'" entweder aus wasurstoff '(maximale Temperatur von 6000 K) oder .. 
Wasserstoff)mit Sauerstoffzusatz (maximale Temperatur von 3400 , 

~ K) und wurde der Anode (pos1tivlj Elektrode) des Brenners 

~ugeführt ( 'simu'l ierter Dampf'). Die Betriebsbedingungen des 
< 

Verfahrens wu'rden geandert: 

Dampf zu Olgewicht von 0,5 - 2,0; 

Leistung zu 01 von 0,5 - 12,0 kWh/kg/hI 

und der Wasserdampf wurder zugeschaltet oder nicht. 

Die Versu~hsergebniss~ haben gezeig~, dass Gaserzeugung und 

di, thermische .Zersetzung des -OIes i~ laichte Olefine die 

Hauptreaktionsformen sind, eher aIs die Unwandl ung in 

FIüssigkeiten. Mit einem Wasserdampfplasma wUfde fin grosser 

Teil des Gases auch von Kohlenmono~yd aut'genommen., Steigert man 

das Verhaltnis von Dampf zu 01, oder teistung zu 01 dann 
'.' ~ 

vergrossert sich die Umwandlung von 01 in Gas., und die 

Ronzentration-der Olefin~ im' Gas erhort sich ebenfalls. Die 

Hauptprodukte des Gases waren Methan, Azetylen, Athylen und 

Russ, und der umgewandelte Ola.nteil eine Hohere 

Viskositat. 

" 

? 
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GENERAL INTRODUCTION 

Hydrogen plasmis have been successfully osed to crack light 

hydrocarbons to -acetylene for over 40 years. However the 
, 

economic and technicàl challenges presented by heavy oil 

cracking haveif" yet to be overcome • This rituation may be changed 

by the use of a nov-~l steam plasma torch which could greatly 

reduce the cost of the processing. This ~esearch project 

therefore focuses on the potential advantages that steam may 

of ter over hydrogen as a plasma gas. Furthermore, the changed 

product composition resulting trom the changed react ing 

atmosphere must also bé characterized before fUTther work in 

this potentially new method of heavy oil upgrading is to be , 

justified. 

The Huels Chemical Company of West Germany has been 

" economically cracking refinery gases to acetylene in a specially 

designed DC arc hydrogen plasma reaetor sinee 1940. In 1970 the 

reactor was used to crack crude and heavy oils. The projeot was 
, 

technically successful. But redueed aeetyle~~ and ethylene 

y ielfds" ine reas.ed soo~ yields, and a high fraction of 
, 1 4. 

unconverted oil that had to be burnt because of soot bUlld up , 

prevented eeonomie operation. (Muller, 19B1) 

1 
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2 

The present work therefore examined the differences in 

product distribution with varying operating conditions in steam 

and hydrog3n plasmas. -This information eould then be used ::; others to study the changed economic pieture brought about 

the reduced operating costs and changed product distribution of 

the steam'p1asma. The great comp1exity of the reaction process, 
, 

and constraints imposed by the use of equipment not specifically 
, 

designed for the purpose necessari1y made these results of a 

pre~iminary nature. The main process variables studied were: 

a) the use of either hydrogen or steam plasma 

b) the energy used per kilogram of oil (specifie energy) 

c) the steam-to-oil mass ratio 

d) the queneh ra te. 

They were varied in an attempt to understand their influence 

upon the product distribution. The results would be usefu1 for 

further research aimed at optimizing oil conversion. 

The first section of the thesis will review the following: 

1) heavy bil properties, 

2) th~ unique chemistry of the aspha1tene moleeules 

3) the chemistry of heavy oil and.hydrogen 

4) current heavy oil prpcessing methods 
.. 

5) high temperature steam properties and reactions 

6} hy~rocarbon-plasma system species 
\ 

7) the plasma work done by Huels with hydrocarbons 

8) petrochemical feedstocks. 

The experimental study ~ill be deseribed in the second section. 
A 

An evaluation of the merits of this novel approach will then be 

attempted . 

---------~_. --_._---- -----.--
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INTRODUCTION 

\ 

The published literature on the treatment and upgrading of 
1 

heavy oil is very extensive. This survey was therefore limited 

to that information directly related to the present study. The 

first section will r~view the properties of heavy oil and the 

basic chemistry of the heavy oil, steam, and hydrogen. This 

will be followed by a description of the main rnethods of heavy 

oil conversion. Two k.ey technologies now in use will he .. 
described in depth in order to illustrate the chatlenges and 

goals that such processes encounter and strive for . 

• 

The second part will descri~ specifically the previous 

work and research done in hydrocarbon-plasma systems. The high 

temperature chemistry of steam and carbon-black. wi Il he 

described. Then the pioneering experimental work and the 
\ 

resulting large-scale operations of Huels Chernical Company of 

West Germany will be examined. They have spent considerable 

effort in the practicaL utilization of DC hydrogen arcs for the 
d • 

cracking of hydrocarbons, ranging from methane to heavy oil, for 

the production of acetylene. Lastly, the future place for this 

plasma technology in the changing oil r~fining and petrochemical 

feedstock world market will be studied. 

3 __ 1 
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HEAVY OIL PROPERTIES 

\ In the past ten years, since the Arab oïl embargo, great 

advances ha~e been ~ade in heavy oil conversion processes. These 

developments are a direct result of dramatically ·increased 

tonventional oil priees and of ~he realization that light or 

conventional oil reserves are gradually being det;>leted, 

requiring replacement by another hydrocarbon source. World 

heavy oil reserves are estimated to be 760 billion 
1 

barrels. 

Canada has proven reserves of 215 billion barrels, or 28 % of 
, 

the world reserves. 

Heavy Oil Properties • 

Heavy oil is significantly different from conventional oil 
. \ 

in that it has a very low hydrogen-to-carbon ratio (~igure 1) 

and high levels of contaminants, comprising various amounts of 

nitrogen, sulphur, and metals, which aIl concentrate in the 
~ 

heavY'asphaltic fraction. This asphaltic fraction of the heavy ~ 

oil gives it unique characteristics and also is the major source 

of upgrading difficulties. The asphaltene molecules, to be 

described in a subsequent section, have a complex aromatic rinq. 

structure containing nitrogen 'and sulphur atoms within the 

structure. ~pical properties of heavy and conventional oil are 

shown in Table 1. 

l' 
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TABLE l , COLD LAKE AND CONVENTIONAL OIL PROPERTIES 

~roperty q) 

API.gravity (2) 

denS'i t,y - kg/m 3 

viscosity -mm 2 ./s at 40 D C 

s~lphur wt:% 

nitrogen - wt.% .. 
carbon - wt.% 

hydrogen - wt.% 

l--' 

Alberta 

\Convent-ional 
( 

38.1 

834 

39 

.0.21 

0.5 

,. 

CCR - Condradson Carbon Res~due{3Y 

me t al s ... - ppm nickel 

vanadium 

3.5 

3.0 

Lake 

10.2 

998 

5300 

0.3 

Cold 

82.28 

12.59 

13 .. 1 

77 

190 

Boi1ing Point Fractions Vol ume Pe rcen t 5 

naphtha " -

mid-disti1late 

vacuum gasoil -

vacuum resi,d -
\. 

191°C 

191-343 Oc 

343- 566 oC. 

566°C + 

32 

28 

30 

8 

1 

18 

36 

45 

(l) -.AII data are from a.mêmorandum sent by o. Biceroglu of the 
Imperial Oil R~search Centre, Sarnia, Ont. 

(2) -dAP! 'g'ravi'ty 'is, ~e measure of the gravLty of liquid 
petroleum products derived from the specifie gravit y of wateri 
de'fined as-! 

API gravit y = 141.5/s.g. ~ 131.5 
where s.9. of· 1 is' IODAPI 

(3) _. This is a traditiona! test which is used to predict the 
amount of coke production in a coking process. 

J 
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HYDROCARBON CHÉMISTRY CONSIDERATIONS , 

Chemistry of the Asphaltene Molecule 

Asphaltene is that fraction of the oil insoluble in pentane 

at ambient temper~ture and sol~ble in benzene .. Resin is that 

fraction soluble in pentaQe but ~nsolub~e in propane. Together 
'b 

they are known as the asphaltie frâction of oil. While aIl oils 

contain sorne asphaltics conventional crudes contain only 10%, 

while heavy oil contains 35% of this ,. dif!icult-to-upgrade 

component. 

The ~arge asphaltene -molecule has a molecular weight 

ranging from 1000 to 500000. A structural model' has been 

proposed by Drushnel (1970) a~ is shown in Figure 2 (modified 

model of Kickie and Yen, 1967). An average giant mol~cule 

consists of 5 or 6 units held together by their centrâl aromatic 
1 

dises. Statistical13, a molecule has one or two nitrogen atoms 

and live or six sulphur atomS'. In the model it is assumed that 

one-half to two-thirds of each molecule within the particle 

consists of aliphatic constituents, prohably in l'he form of 
~ -

fused naphthenic rings. Hetals found include vanadium, nickel , 
1 . 

and iron. Metal . ions can directly bond to the 'd~fect' centres 
-

where holes of an imperfect aromatic sheet exist. Sulphur is 

u found in the sulphide for~ and i~ difficult to cleave from the 
L 

molecule because it is located in a weIl protected position . .. 

__ ~"'''' ___ '",!"'_.''_l~_''~~_'' -.......... - - ... "'~-~~--. .. -- ~-_ 

.. 
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" FIGURE 2 

c.' 
HYPOTHETICAL ASPHALTENE STRUCTURES , 

(Drushnel, 1970) 
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Chemically speaking, the conversion of asphaltenes to 

l ighter molec'ules wi Il i nvol ve a combi nat i on of the following 

processes: hydrogenation of the aromatics, 
ji). 

transalkylation, 

thermal cracking: and hydrogen transfer ~r hydr0genolysis. The 

steam cracking of high molecular weight hydro~arbons at lower 

temperatures is discussed by Blouri et al. (1981). With the use 

of thermal energy or catalysts the asphaltic stacks can be 

separated as the aromatic disk bonding 15 weakened. These lower 

molecular weight "êompounds can then be desulphurized, 

hydrogenated and cracked to light liquid hydrocarbons or gases. 

(Laimi and Trimm, .1982) 

Steam and Hydrogen 

A complete understanding of the reaction pathways in the 

steam/hydrogen plasma - heavy oil reaction is not within the 

scope of this thesis paper. But ô comparison of results obtained 

here vith those of other researchers c~n give valuable insights 

into the prime influences on, a~d routes of, the reaction 

complex •. 

Previous work with high temperature water vapour and 

hydrocarbon systems are extremely limited. However early 
-

research done in the U.S.S.R., (Il' in & Eremin, 1963) ~ith the 

pyrolysi!!., of gasol ine v":lpour in a water-water vapour plasma gave 

product yields of acetyl~ne and olefins which were higher than 

those from a hydrogen plasma. 

<' . 
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Both experiments were carried out in the same reactor, with 

respective ~ields of 7 and l~ vol.% acetylene, and 11 and 19 

vol.' total olefins •. Further changes brought about by the use of ' 

steam in the plasma wet~· the appearances of carbon dioxide, 5 

vol.', and carbon monoxide, 5 vol.~. Later work done in Japân, 

with conventional tecnnology, (Gomi &. 'Takahushi, 1975) used 

2,OOODC steam as a heat carrier to pyrolyze crude and heavy oil. 

Splits between olefinic and heavy aromatic products were 

approximate1y equal. There was a large change on the product 

spI i t s when , heav i·er 0 i 1 feed was used. For example, the pi tch 

fraction increased from 13 to 35 wt.%, and ~he methane and 

acetylene fractions decreased from about 20 to less than 4 wt.%. 

No carbon monoxide/dioxide was,produced. 

Kinetic studies of steam cracking of naphtha (Bajus and 

Leclercq, 1980) have shown that the formation rate of ethylene 

is at first hi~her than that of methane and acetylene, whose 

rate-s gradual1y increase with time. Tar and pitch formation 
i 

does not begin uhtil after a 1ag time of about 4 microseconds • 
. 

This shou1d be contrasted with the resu1ts of Huels (Gehrmann & 
, 

Schmidt,. 1971), which,' in a hydrogen plasma, hav~ indicated that 

the rate of acetylene formation decreases after an initial 

maximum, and 'that'of ethylene gradually increases. 

) 

----.... _--_ ... _""' ...... .,., ......... _------_.,- 1,. -,..,---_ .. _~--------_ .. -... , 
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In current technology the use of steam to upgrade 

,hydrocarbons usually entails the production of synthesis gas. 

On the other hand hydrogen acts as a hom0geneou~ catalyst Qf 

,moderate aetivity. A large excess is required to aceelerate the 

rates of reaction. It also has a marked effect on the product 

distribution. The secondary reactions become more predominant 

with increasîng hydrogen present, especially at higher . 

conversion and temperatures. (gaddoux and Iwasyk, 1962) For 

instance, hydrogen,participates in the following reactions: 

-,/ 

1. hydrogenolysis of ol~fins and aromatics; 

,2. hydrodecyclization of polycyclie compounds; 

3. retards reversible reaetions, such as; 

dehydrocondensation of aromatics; 

acceleration of pyrolysis, 50 ethylene yields are 

increased and coke yields decreased. 

A stud~ ~nto the fr~e radical reactions of hydro~arbons at 

higl1er temperatures' was done by Thomaos and ,MeNelis (il.962). 

- . ... 

-

41 • :;. r 1 i 
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HEAVY OIL PROCESSES 

. SUrvey 

• The optimum heavy oil conversion process should have the 

following characteristics: 

1) low capi ta 1 and operat i ng cost s 

2) high liquid yields 

3) grea't feed and product flexibilhy 

4) no catalyst to be poisoned by the metals 

5) high metal, ni trogen and sulphur removal 
r 

6) no pre- or post-treatment of the oil 

-tlnfortunately, aIl these cri ter ia cannot be met by a single 

process. It is only through compromise and optimization that the .. ... 
best process for the spec i f i-c need of the refiner can be 

developed. The list below shows the major processes in use 

today in order from the simplest (lowest cost, lowest 

conversion, lowest contaminant removal) to those more recently 

developed which although yielding high quality liquid and gas 

products do so at a very high cost. For a complete list and . 
study of the most recent technologies the recently published 

review by Schumacher (l982) should be consulted. 



( 

13 

Heavy or Residual Oil processes can be div1ded into four basic 

groups (see Figure 4), as follows: 

i) Separation Processes 

Vacuum Distillation 

Solvent Deasphalting 

ii) Carbon Rejection Processes ( 

Thermal: Gasification 
"" . 

Fluid- and Flexicoking, 

Combined Visbreaking/Thermal Cracking 

Catalytic: Residue Catalytic Crack1ng 

iii) Hydrogen Addition 

Residue Hydrpcracking 

iv) Combined Carbon Rejection/Hydrogen Addition 

Thermal/Hydrocracking 

The choice of a suitable process always depends upon the uniqu~ 

cost and market situation of the producer; for while -the 

processes in catagories (iii) and (iv) have a muc~' higher 

conversion.they also have a much higher capital and operating 

costa Examples of two processing methods will now be given • 
.. 
" 

_____ , - __ 4' '-"' ___ ... ___ ~ ----.. ..... -.,'"'t!.~ ..... ~ .. , ... __ ._4i""" .... J _ ......... _<r 1" "M~ -< ... , ____ ..... _____ "....--... ......,..~ <& __ '-- ___ 
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FIGURE 3 

HEAVY OIL TREATMENT ROUTES 

(Laimi and Trimm,1982) , 
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CANMET HYdrocraèking 

The CANMET process is a hydrocracking ptocess for the 

upgrad~ng of heavy oil recently deve10ped by the Energy Research 

Laboratory in Ottawa and 1icensed exclusively to Petro-Canada in 

1980. (Harcies and Silva, 1981) A demonstrat10n plant of 5000 

'barrels per day is now under construction in Montreal. 
a 

The process uses an additive of pulverized coal im~regnated 
- . 

with iron sulphate, representing 0.5 - 5.0 mass % of the feecl. 

(It functions as a catalyst.) Conversions of 90% were achieved 

with oils such as that from Cold Lake.· The following process 

details are.revealing: 

i) the products are clos~ to 100% liquids 

i i) the products have less than 5 ppm metals 

iii) desulphurization is better than 60% 

iv) the hydrogen con~umption is less than 2 mass% of feed 

v) operating pressures are low due to the additive 
. 

Prooess details are given in Figure 4,' together with feed' and 

product properties. Heavier components are separated by 

atmospheric and vacuum distillation ahead of the CANMET unit to 

produce a blended synthetic oil product of 31.6°API and 0.21 

mass % sulphur. 

The economics of such an operation based on the 

first-quarter of 1980 shows a discounted cash flow rate of 
~ 

return of 2f.8 -%, with a payout time of 3.B years for a stand 

alone, operation. Direct costs for the entire upgrading would be 

$345 million. (Marcies and Silva, 1981) 
~ 

o 
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CANMET PROCESS FLOWSHEET AND PRODUCTS 

(Marcies and Silva, 1981) 

, 
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AddItIve I,>.ddl!lv. 

preparatIon 

Reactor, 

Heaters 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

/ 

Fr ael lonal Ion 
Ga~ od 

l' 1 Soltds wl!hdrowal 
L ~,:!v.!~s~e.:.~I~-____ "'_-... -,;...-;;.....,....:..;.------------...l..------------~ 

BaStS Cold Lake Crude wlth boolong pOIn\ greater than 404"C, 6 3 API, 350 ppm metals 

Feed 

Q,I 

AddItive 
Hydrogen 

ComposItIon Sullur . 
99wt % 52W1 'li> 

1 
1 97 

Conversoon (5:14'C+) 90 5 vol % 

~ ~sullurozatlorl 655 WI % 

HZ consumptlon 1,355 scf/bbl 

Producu ComposJ1tOn Sulfur 

H~S 359 
CH. 207 
C,Hs 1 62 
CJHB 1 75 
C.H IO 1 35 
Cb-204'C 1939 057 
204 - 343'C 3721 206 
343- 524'C' 2702 230 
524"C. (pltch) 798 3 ')9 

101al • 101 97 
W'H,,, !PH 1han 3 opm mf'tal~ 

·--..... , .. _ooq>;4i •• " ..... I _____ ~,. .... _ ... _____ ,_ .. __ • ______________ I .. ~ ___________ • 
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Oil Pyrolyis with Superheated Stearn 

A process was deve10ped to produce acetylene, ethylene and 

aromatics from crude oi 1. (Gomi & 1971. ) A 

semi-èbmmercial plant went into operation i~ Oct.1970 in Nakoso 
,l' 

Japan, with a capacity of lOO~OO ton/yr. crude. Steam at 2000°C 

was generated in regenerative furances which burn the off gases 

of methane and hydrogen from the reactor. 

Process details include the following. The cracked bottoms 

consisted almost entirely of aromatics and condensed six-ring 

hydrocarbons. Coking is minimized by operating at maximum 

temperatures and minimum residence times. The oil is preheated 

to 300°C and injected by atomizing nozzles into the middle of 

the reactor; with a weig~t ratio of steam to oil ranging from 

2:1 to 4:1. The operating' temperature was from 900-1200°C, and 

the residence time was from 1-5 microseconds. Much of the tai 

and pitch produced was sent to storage and used as the base for 

new products. 

The 1iquid products made up from 30-50 wt.% of the feed. 

The highly aromatic tars were observed to appear first 1ate in 
, 

the reaction. A process schematic is shown in Figure 5 and feed 

and produc t s yi elds in. Table II. with a change from a 

1 conventional crude feed to bot toms the methane and acety1ene 

yields decreased from abolJ.t.- 20 wt.~ to less than 4 wt.%, while , 

the ethylene yield stayed almost constant at about 20 wt.%. 
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FIGURE 5 

.... 
SCHEMATIC OF TH~,~UPERHfATED STEAM PROCESS 

(Gomi and Araki, 1971) 

• v 

.. 
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TABLE II 

YIELD~ FROM OIL PYROLYSIS IN STEAM 

(Gomi and Araki, 1971) 

-. .. 

- \ 

-
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----------------------------.-----------------
WI rallo of ~Ihylen~ 10 acelyJtne 

H2 l'Y. vol] 
CH. l'Y. vol} 
C,H2 l'Y. vol] 
C2H. 1% vol) 
C3H, l'Y. vol] 
CAB6 l'Y. vol] 
Olhcrs (CH) 6~ vol] 
CO, CO2 l'Y. vol] 

- Case 1 
1 

50 
15 
13 
12 
2 

<1 
<1 

8 

Case 2 
10 
30 
17 
3 

30 
7 
2 
7 
4 

------------- ------------- ~----

S~na Mmas Araf1Jco Kaf",· 
Feedstock crude cr"dl' erude cr"dl' 

Cracking condll ions 
Temperature of slcam (OC) 2000 1650 1450 2000 1650 
Wc.ghl rallo or slcam la fccdsloek 29 26 32 28 z.6 
Reaellan to tcmperalure (oC). 1150 1000 950 1150 1000 
ReactIon lime (sec)t 0005 0010 0·010 0005 0010 
Producfl 

(% W( la judsloek): 
CH. IS 7 77 SI 137 78 
C2H, 21-5 14 Il 177 1-6 
C,H. 20-4 262 294 186 25·2 
C,H6 08 95 112' 07 87 
C.H6 05 34 37 OS 28 

Benune fraction ffiP -200"C) 6 2 1 5 1 
NaPhth~ fraction 

(BP 2 so-q 5 12 Il 4 10 
Tar fraction (HP 2S()..04S0"Q 7 15 20 6 15 
Puch lraction (BP -4S0~C) 13 10 12 15 20 

• MeasuTcd at the oUllet Of the Teactor berore quenching. 
t Approxlmale calcuJalcll-figure. 
: Balances to 100% are H2. C, and CH fraellons 

-- ._.-,._----_ .... "" .. .,..="'!' ... .....,. ... -~,..-.. .. ~,-----~ -- ..,.. .. ..- ........ 

Kaf"JI 
bOllom 

1400 
JO 

950 
0101 

38 
06 

187 
8-3 
34 
J 

10 
14 
35 

.. 
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STEAM PLASMA CONSIDERATIONS 

In.troduction 

A thermal plasma is defined as "an electrical1y conducting 
~ 

Dut neutral gas at a high temperature consisting of e1ectrons, 

atoms, exci ted atoms and smal~ concentrations of ions". , 

(Howatson, 1976) The production of a plasma of superheated 

vapour and its applications to chemica1 processing has been 

under study in these labora tories for about three years'. 

(Gauvin, W.H., Cano Patent No. 1160593 (;1.084), U.S.A. Patent 

No. 4376010 (1983).) Also patent applications on the torch 

design have been submitted. (Gauvin, patent March 30, 1983.) 

Deyelopment of a special torch design capable of hand1ing the 

aggressive atmosphere of high temperature steam is currently 
< 

und'erway and applications to spray drying (Amelot, 1983) and 

synthesis gas production from peat (Grosdidier, 1983 and Stuart, 
, 

1984) have been studied. A steam plasma has several unique 
~ 

potential advantages in the heavy oi1 processing field. 

Firstly, steam itse1f: 

a) acts-both as a heat source and as a reastant 

b) 
.1 

lowers the hydrocarbon partial presyure and thereby 

encour~es higher se1ectivity to the desired olefini~ products 

c) reduces the partial pres~ure of higher boiling 

aromatics in the-zone of high conversion, lessening the tendency 

to form coke and tar .. 

_ --- .. pt 4: ~; 

__________ ._f; _____ _ 



". 

. ' / 
l 

21 

d} a1so reduces the coking tendency of the reaction by the 

presence of oxygen which -reacts with carbon to form CO ., CO 2 

gases, thereby ef fect i vIey increasing the reactant 
• 

hydrogen-to-carbon ratio 

.e) is much cheaper than hydrogen 

f) the enthalpy of the steam in the effluent gas Gan 

be recovered. 

Secondly, a water plasma reactor: 

i) is a simple, non-catalytic, one-step process 

with no moving parts 

ii) combines heating and reacting systems with a very high 

throughput requiring less materia1s; reducing capital costs 

iii) creates an inten~ive high temperature reaction zone 

which results in increased rates of heat and mass transfer, and 

of reac;:tion. 

Reactions, Reactive Constituents and Energies 

React ions at 3400 K, the ca1culated plasma jet 
1 

temperature , 

et the anode base, (See Appendix Il for calculations) include 

flzO OH + H · .. (l~ 
OH H + 0 (2 ) 

2 H H 2 · .. ( 3 ) 

2 0 Oz · .. ( 4 ) 

Mole fractions are given as a function of temperature in 

Figure 6. 

• 

-- -_._ .............. ,$ .... _-_-...,.,.....,....--.. -.---,,--..... -,------_.--'--_._~-~-----
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FIGURE 6 

STEAM PLASMA SPECIES MOLE FRACTION AS 
1 

A FUNCTION OF TEMP)rATURE 

• 

,/ 

---............... ~--. __ --.....--... -.~ -------r,,-... __ """';_4: __ .""4 .... ":'I),'*'_------__.,....,,_._-- .MII 



1.000 

0.800 

"r, -c 

/ 0 .- 0.600 .... 
0 
ca ... 
u. 

1 CD -0 '0.400 0 
:E .",....-.-, 

/' , 
0.200 

-..... ,H2 

" 0.000 2000 6000 

Temperature (K) '/ 

- ' 



2'3 

These compositions were calculated using a free energy 

minimization program( assuming ideal gases at equilibrium and 

one atmosphere. The values are in good agreement with those 

publ,ished by Ihpra (1977). These high temperature constituents, 

plus sorne H+ and Or-, should give steam plasma a unique ability 

to react with heavy oil in ways different from those of other .. 
upgrading processes. ' The steam plasma should serve the dual 

~ 

functions of: 

1) thermally cracking the carbon-to-carbon bonds of the large 

molecules to reduce their molecular weights 

2) allowing hydrogen to increase bhe sa~uration of the 

aromatic ring and asphaltenes by hydrogenation. 

Of special interest are the high energies required for 
" 

dissociation of the water molecules. As can be seen in Figure 7, 

(as calculated in Appendix II) to achieve temperatures beyond 

3500 K demands vast increases in electrica~ energy input. This 

is a result of the molecular dissociation which increases the 

enthalpy of the steam, but not the temperature. 50 although the 

s~eam plasma temperatures are not very high (that is, by plasma 

standards) their enthalpies are high. Finally, the properties of 

steam at high temperatures are summarized in Table 1 of Appendix 

II . 

- - ---.... --_. -_ .. _-- ---- ._--.. l 
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FIGURE 7 

STEAM TEMPERATURE VS. ELECTRICAL INPUT 

1 
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Carbon Black Formation 

Because of i ts importance industr ially' c~rbon black has 

been a subject for much research. Char~cterization of its 

formation by hydrocarbon cracking in hydrogen plasma reactors, 

èlone in France (Bolouri & Amouroux, 1983.), gives some 

.interestlng in5i~ht5 into hydrocarbon reactions and equilibtium 

species existing at high temperatures. The results suggest that 

, carbon black formation is a function of temperature, pressure, 

and hydro~en to carbon ratio, which is in opposition to ~the 

findings of other authors (Abrahamson,1977 anà Gaydon, 1960) who , . 
have suggested that a certain number 6f radical species 

primarily effect the formation mechanisms. 

The study has, been able to reconc ile these di fferent 

schools of thought, by the recognition that three different 

"zones" exist, in which the primary reaction route differs. (See 
• 

Fi gure 8.) At temperatures less than 1700 K, the "aromatic" 

route dominates{ in which ~ethane, ethylene, and benzene are the 

main species. At temperatures from 1700 to 3000 K (the 

"acety~ene" route) acety1ene and hydroge~ ~eing the dominant 

species. At temperatu~es above 3000 K- (the "molecular" carbon 

route) H, C, C2 , C, ~nd C2 H radicals dominate. 

In the conditi,ons of a plasma reactor carbon..oblack is a 

favo~d final reaction product whose yield can be reduced by 

the use of a quench, but not'compJetely eliminated. 

\, 
) 

/ 
/ 

J 
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FIGURF,i 8 
\ 'J 

EQUILIBRIUM HYDROCARBON SPECIES IN A HYOROGEN PLASMA 

(Bolouri and Amouroux, 1983) 

j 



, 

Théorie de formation 
des cycles aromatiques 
Abrahamson (19) 

0.1 

000 

Thé'one de Hudson 
Cl Porler (20, 3) 

/ 

Théories de : 
Gaydon (22), 
Cabannes (3), 
Smlt,h (21) 

-------;~~ ....... .._--,.-----------1.- .... ~If_--
A B c 

• 

( , 

i ---- ~- ---- ............. -----_._- --..~-=:.~._---,,~ .... -~---- . . 



27 

PLASMA PROCESSES 

Introduction 

Due to.the lack of an industrial1y proven steam plasma 

torch no processes now exist utilizing the technology. However 

research was carried out at MéGill (Stuart, 1984) using a 

simulated steam plasma to. gasify peat to synthesis gas. 

Furthermore a report describing the eeonomics (Gauvin et Costin, 

1981) of a steam drying process was most encouraging. 

However the processing of light refinery gases to acety1ene 

and ethylene in a hydrogen plasma has , been successfully and 

economically done at Huels (Gladisch, 1962) sinee 1940. This 

process is a useful yardstick for çomparison 'with the proposed 

processing' of heavy oil in a simulated steam plasma. Other 

hydrocarbon-plasma processes are also examined in papers by 

Eckert (1974), Fauchais 1980), Kovener (1983), Babcock '(1975), 

and Christofides (1983). 

Hydrocarbon Cracking in Hydrogen Plasma by Huels 

Huels Chemical Co~pany bf MarI, West Germany, has been 

~roducin9 ~cetylene and ethylene from refinery gases and 

naphthas since 19~O. Hydrocarbon cracking in plasmas began in 

1925 and the firsi!:~~~erational plant in the Second World War met 

the high demand for synthetic rubber by converting motor fuel 

by-products to acetylene in a hydrogen plas~a. 

( 
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FIGURE 9 

THE HUELS ARC FURNACE 

(MulleM983) 
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In the Huels process, hydrocarbon gas enters the reactor 

tangentially just after the laa-mm long arc strikes the anode, 

as shown in Figure 9. There is a two-stage quench, the first , 

using liquid hydrocarbons, which increases the acetylene yield, 

and the second of water, from vhich steam is formed and used to 

generate power. Radially stratifed temperature gradients and 

large recirculation rates in the reactor resul t in a 

heterogeneous product. Of the energy input, 45% is used for 

chemical reaction, 5% is lost by radiation, and 50% leaves vith 

the product gases. The mean hydrogen jet temperature is 3300 K, 

with reaction residence times of 1-4 milliseconds. 

AlthO~9h the plant now in operation uses refinery gases and 

naphthas as feedstock, research was carried out in 1970 t9 see / 

if crude and heavy oil stocks could be used as feed. At this 

time the reactor was slightly modified to allow for liquid oil 

injection behind the anode nozzle, to provide an oil quench to 

wash out the soot and to recyclé the unconverted feed. The 

yields achieved were highly dependent upon the oil 

characteristics, with a typical example of feed and product 

résults given in Table III. Less ethylene and acetylene were 

produced witp an oil feed. with heavier crudes this trend vas 
/ 

accelerated, together with increased carbon-black yields. The 

last was an insurmountable problem, because carbon black was 

absorbed by the oil during the quench. A bleed stream had to be 

burnt to maintain the carbon-black in 20 mass % suspension in~ 

the oil. This drastically reduced the economic viabli1ity of the 

pr-ocess. (Muller, 1983) 

'---'..,-. .. _.- --_.-----
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TABLE III 

PRODUCTS FROM THE HOELS PLASMA REACTOR WITH 
" 

CRUDE OIL FtEDSTOCK 

(Muller, 1983) 

\ 
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Powu Inpul 8500 kW Fudslock CTud~ 011 

PrOJlCnJes of Feedstock . 

Spt!c gTal'lfy 

'''cil ] 
0838 

Anall'SlS bl' boi"ng (ASTMj 

Gasolmt! Kt!roun~ 

1 

Gos 011 

(% WIJ (% M'I] [% M'/] 
< 180·C 180-260·C 260-360·C 

14 19 1 24 

Fud per 100 kg C~H2 [kg) 367 
Producls pu /00 kg C2H2 

Ethylene (kg) 48 
C,-C6 Hydrocarbons (kg) 82 
Hydrogen [NmJ ] \12 
Wasle 011 (20";' carbon black) [kg) \27 

Energy consumplion pn 100 kg C:rH:r 
(w,thoul gas separaI/on) [kWhr) 980 
SeluliVlly C2H2 + C:rH. 1% wt] 56 
Cracked gas analyslS J (% vol) 

,.. 

C:rH2 /45 
CJH, 031 
c.Ha 030 
C,H, 038 
C~, 65/ 
cJH, H2 
Allen 017 
Î- + n-C,H. 0·20 
trans-C,H. 0 03 
cis-C,H. 002 
J-J.-C,H6 0'33 

1 
1 

R~~ldue 011 

(% M'Il 
> 360·C 

43 

[% 1'0/] 
020 
0'38 
604 
026 
0/2 
005 
017 
010 
016 

68'5 
0/5 

Sulphur conl. 
[% "'Il 

1 032 

1 
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PETROCHEMICAL FEEDSTOCKS 

l ntroduct ion 

The conversion of heavy oil to liquid hydrocarbons is the 

preferred upgrading route; as exemplified by th,e CANMET 

hydrocracking process results. Other existing processes, such as 

Flexi-Cracking (Allan et al. 198L~ also seek to maximize liquid 

yields while others, such as visbre~king, produce useable 

hydrocarbons at a minimum cost. (Al lad and Martinez, 1983) 

Howe~er another viable alternative is to crack. the oil to 
, 

olefins; with a tar and pitch residual. This route was 

illustrated by'~-the Japanese Steam Cracking Pxocess. Because of 

its short residence times and h~gh temperatures plasma usèd for 

hydrocarbon pyrolysis or cracking produces ,1 ight olef i ns; 

specifically acetylene, as its most valuable product. l t is not 

presently a widely-used chemical feedstoc k • How~ver this 

situation may change, as described in the paper by Babcock 

(1975), in which the plasma-acetylene process was described as 

beinq one of the technologies of tomorrow. Compounding thi$ 

~urdle is the present oil glut which has made the large capital 

investment needed for a heavy oil upgrading plants unattractive. 

(Green,- 1981) But what about future possibilities? 
/ 

'_-Ct 
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Ethylene or Acetylene? 

" 

Acetylene once was, and ethylene now i5, the building block 

for the petrochemical industry in the production of synthetic 

material5 such as vinyl chloride, vinyl acetate, and neoprene. 

While ~thylene p~oduction has doubled in the past ten years, 

acetylene production has decreased by over 50%. (Morris, 1983) 

This has been due in large part to the present costs of 

hydrocarbon feeds, which although expens ive, are still 
" relatively loweF than that of electricity. For the major cost 

directly affecting ethylene process}ng cast i5 the hydrocarbons 

feed priee, and for acetylene it lS the price of electricity; 

assuming a hydrocarbon feed is u5ed rather than the old calcium 

carbide. 

However during the 1970's this price advantage offered by 

cheap hydro~arbo~s was slowly offset by increased OPEC oil 

priees. This change i5 as yet insufficient to cause major 

changes this moment. In processing strategy , perhaps in the not 

50 distant future, when cheap electricity offered by nuelear, or 
\ 

other new means, is available, will aeetylene be a competitive 

petroche~ical feedstock. 

-._-- .. - --,"-_ ... 



.. 

33 

Hydrocarbon Up9rading: Processing Trends 

Interest is high in the wor1d's vast bitumen deposi~ and 

heavy oil fields, despite falling ôil priees: first because 

there is a perception that oil priees will rise again as world 

economies gain strength, and that new discoveries of light crude 

gields are not keeping pace with demand, 50 heavy crudes (Ondish 

and Suchanek, 1979) must soon supply the shortfall. However 

extra care must be taken when processing such an energy 

intensive (one third of the oi1 is used ln processing) and 

environmentally expensive (ie. su1phur removal) hydrocarb6n. 

More of the 'bottom end of the barrel' must be used; but how to 

do it most effectively? 

There are a host of alternatives - alm09t as many as there 

are companies interested. (Shah, 1983) However aIl of these new 

processes have a single theme: the use of higher temperatures, 

shorter residence times, smaller sèale, no catalyst, and 

f1e~i~le feed. The plasma process offers aIl these advantages. 

But although the production of light liquid hydrocarbons 

does not seem suited to use of plasmas, the production of 

olefins 15 a very viable option. This 'slice of the future~ m~y 

yet see the use of plasmas. 

/ 

1 
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l NTRODUCT ION 

The interest in the application of plasma technology to the 

processing of hydrocarbons has grown significantly in recent 

( years. Trends in oil upgrading have begun to emphas~ze the need 

for flexible and low capital cost processing units which operate 

at higher operating temperatures and shortex residence times. 

Plasma processing meets these new demands. However, there are 

still severe cost constraints to be overcome. Although Huels of 

W. Germ~ny has econornically cracked methane to acetylene in a 

hyd rogen pla sma reac tor (Gehrmann, 1971) hi gh elec t r ici ty cost s 

have led to the preponderance of ethylene as a petrochemical 

feedstock. This high cost of electricity is not an obstacle in 

Québec since its electricity cost is among the world's lowest. 

Another ri9h cost associated with the plasma process is the 

necessi1 Y of using hydrogen as a plasma gas. The use of a steam 
e, . 

plasma wou1d significantly reduce thlS cpst. 

The expe~imental work doneohere has sought to demonstrate 

the viability of heavy oil processing in steam plasmas. The 

objectives of the experimental study were: 

1) to react heavy oil with both stearn and hydrogen plasmas 

and compare the reaction products 

2) to examine the effect of steam-to-oil 

mass ratio on the reactîon products 

G3) to examine the effect of specifie energy èonsumption 

on the reaction products 

39 
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4) to examine the influence of quench on the reaetion , 
products. 

It was decided to use 
'" 

the part"icle contacting methodology 

developed in this laboratory m,ny years ago, whereby a spray of 

fiaely divided droplets, issuing from an atomizing nozzle, is 
\...... ., 

entrained by the reacting gas, in this case water vapour or 

hydrogen, and allowed to react in a finite contacting time. This 

technique, called "the atomized suspension technique" (AST) 

permits very high rates of heat transfer because of the small 

size of the partieles (Gauvin, 1981). The author was assisted by 

the existence in the laboràtory of the reactor and plasma 

generating equipment used by P. Stuart in a previous plasma 

.project (Stuart, 1984). However, sinee the equipment was n?t 

specifieally designed to hand1e heavy oi 1s considerable 

modifications had to be made to it, which put sorne severe 

limitations on the range of operating conditions which"could be 

used. 

APPARATUS ... 

.. 
The apparatus used in the exp~rimental work consisted of 

~. 
plasma generator, heavy oil feeding, ~eacting and sampling 

units. The general layout of the laboratory is shown) in Figure 
, 

1. 

--- ---_ .. -.-----------



41 

The system can be broken down into four sections 10r further 

examination: 

1. steam plasma generating equipment with torch 

2. heavy oil preheater and atomizer 

3. reactor and auxiliaries 

4. sampling and collection train 

5. effluent system. 

Steam Plasma Generating Eguipment 

The DC power supply (Figure li #1) was manufactured by 

Miller Electrical Manufacturing (mode1 SR-1500F7) and was a 

1500-ampere model wired to a 575 volt, 60 Hz, three phase power 

source. The control console (Figure 1: #2) was made by Metco 

Inc. (model 2MC). The plasma torch (Figure 1; #3) was 

manufactured by the Thermal Dynamics Corp. (model U51-T55) of 
1'::> ~c>\J.I~ 

New Hampshire. It is shown in Figure 2. A steam plasma flameVin 
-

Figure 3. A hydrogen plasma flame is shown in Figure l, Appendix 
, J 

I. Although the hydrogen flame looks much longer this was not 
. 

the case in the reactor. In the open, where the photograph was 

taken, the hydrogen reacted with the oxygen in the air. In the 

reactor the hyd~gèn gas would only react with the heavy oil 
~ 

droplets. The steam plasma flame was spl;t; because ~f the two 

oxygen entry ports which disturbed. the evenly distributed 

hydrogen gas fl~w. Both flames are of sufficient length and 

breadth to fully cover the area covered by the oil spray. 
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FIGURE 1 

EXPERIMENTAL SYSTEM / 

1. Reet if ier 

2. Control Console 

3. Plasma Torch 

4. Oil Supp1y 

5. Steam Boi1er 

6. Reactor 
-. 

7. Liquid Collector 

8. Gas Condensor 

9. One-Way Gas Flow Control 

10. Sample BottIes 

• __ .... ___ ~ .. _....... _--A" 
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FIGURE 2 

THE PLASMA, TORCH 

FIGURE 3 

A STEAM PLASMA FLAME 
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The steam plasma generating equipment consisted of a power 

source which sent a 400-volt open circuit DC voltage to the 

control console and hence to the torch. The controls on the 

console regulated the current and gas flows to the torch. The 

cooling water flowrate to the torch was set using a calibrated 

rotameter. The electrical power entered the torch through the 

brass connections on the water lin~s. Argon and hydrogen flow 

through the control console, regulated by calibrated rotameters, 

and into the torch. Oxygen enters the torch anode to generate 

the simulated steam plasma. See Figure 2 in Appendix 1 for 

details of the torch cathode and anode confi~uration with its 

gas streams. 

It is appropriate to emphasize here that 'simulated' steam 

plasma was used, in that the gas passing through the arc was 

hydrogen which reacted with oxygen in the lower section of the 

anode to produce a steam plasma. A plasma torch whose electrodes 

can tolerate the injection of pure steam into the arc was not 

available in these laboratories, but one is currently being 

developed in association with the Hydro-Québec Research 

Institute. Studies have shown that hydrogen and oxygen react to 

forro steam in a very small fraction of a second (Aiken, 1982). 

The dramatic shortening of the hydrogen plasma flame, as 

photographed, was due to oxygen addition. This show'ed ,·that a 

true steam plasma existed at the ~evel of oil injection. 



.. 
45 

Heavy Oil Preheater and Atomizer 

The heavy oil was preheated to 200°C in a steel pipe of 

.twelve cm in diameter and fifty-five cm in length (Figure 1; 

#4). An elect~ical heating tape on the outside, wrapped about 

with fiberglass insulation, together with two immersion coils 

within the preheater, heated the oil. A diagram of the 

preheater is giyen in Appendix l, Figure 3. A pressure of 2000 

kPa (nitrogen ga5) was maintained in the vessel to reduce 

evaporation of the lighter fractions of the oil and to drive the 

oil through the pressure atomiter. The heavy oil flowed through 

0.635 cm stainless steel tubing to the atomizer which is located 

in the reactor top: two cm from base of the plasma jet. The 

atomizer was at an angle of 15° from the axis of the plasma jet, 

as shown in Figure 4. The atomizers used were the common oil 

burner nozzles, full cone design, supplied by Delevan Corp. of 

South Carolina. The heavy oil used in this research project was 

supplied by Imperial Oil from its Cold Lake reserves. Typical 

properties are shown in Table Ir following. 

\ 

-.---- ---~ 
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TABLE l COLD LARE HEAVY orL PROPERTIES 

Property 

API gravit y 

density kg/of 

viscosity -mm 2/s at 40°C 

sulphur - wt.% 

nitrogen - wt.% 

carbon - wt.% 

hydrogen - wt.% 

CCR - Condradson Carbon Residue 

metals - ppm nickel 

vanadium 

. 
Volume pifcent , 
initial boiling point 

5 

10 

20 

30 

40 

45 

Value 

10.2 

998 

5300 

4.4 

0.3 

82.28 

19.59 

13.1 

77 

190 

Distillation 

165 

249 

290 

354 

415 

475 

510 

{' 
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FIGURE 4 

THE REACTION ZONE 

\ 
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Reactor and Auxiliaries 

, 
The reactor (Figure li #6), which was 120 cm long and 20 cm 

in diameter, '~as constructed of 316 stainless steel, as shown in 

Figure 5. A s ma 11 b 0 il e r ( Fig ure ~ 1; # 5) wa s ' use d t 0 g e n e rat e 

steam to keep the oil entrYrli~es warm and hence the oil flowing 
\ 
~ 1 

and the atomlzer unplugged~ The reactor top was water-cooled, 
\ 

as was the side observation' window, from which the quench line 

and safety nitrogen purge line entered. Shielded thermocouples 

provlded information on gas and wall temperatures. This 

infprmation wa$ gathered with a digital voltmeter and voltage~ 

converted to temperatures. 

The collection consisted of two major 

parts; that for and that for solid and liquid 

collection. The gases the reactor exit were passed 

through two water-cooled condensors and a drying column to lower 

the temperature and remove water vapour which would have 

disturbed the gas chromatograph analysis. Glass sampling 

bottles (Figure li #10) were ~sed to transport the gas samples 

to the gas chromatograph. (See Figure 6.) These gases w,ere then 

vented to the atmosphere. The liquids were collected in three 

metal containers located below the reactor, and below the 
0. 

condensor /( Figure 1; #7). Sol i ds were scraped f rom the reac tor 

wall. 
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FIGURE 5 

"THE REA'CTOR 

, 
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FIGURE 6 

THE SAMPLING SYSTEM 

, 
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Effluent System 

The effluent system was designed to allow safe exit 'of the . '" 
reactor gases. It consisted of: 

f 

~ 

a) a large condensor(Figure 1; #8),\ 

which drained into a collector: 

b) exit piping with a minimum number of bends ( to 

r. minimize the pressure drop) ; 

c) an orifice plate to measure exit gas flowrate; 
• d) a bucket (Fi9ure l· 1 # 9) ; 

in which the end of the exit pipe was 

placed to prevent entrainment of air upon shutdown; 

e) a purge line near the exit to flood the line with 

• nitrogen at shutdown. 

These la st two precautions would allow gases to exit the reactor 

system, but allow none to enter. This would be the case with an 

emergency shutdown, when the sudden drop in flow and temperature 

in the reactor would form a vacuum and suck in outside gases and 

possibly cause an explosion. The effluent exit system, although 

designed for a minimum pressure drop, built up reactor pressure 

to unacceptable levels (100 kPa) when high oil and/or plasma 

flows were used. See Appendix l, Figure 4, for a diagram of the 

system. The calibration curves for the orifice plate are given 

in Appendix IV. 

--
\ 

--- " .. ---- l 
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Const ra ints 

One of the main objectives of the project was to observe 

the change in product composition with operating variable 

settings. Therefore it was of the utmost importance to determine 

the limits within which to equipment could be used to achieve 

these changes. The whole experimental program could only be 

.planned within these constraints. 

, .... 

There were five limitations: 

a) ~omparison between hydrogen and steam plasmas at the 
(J 

same specific energy and mass ratio settings 

was not possible; 
• 

\ 
\ 

b) completely independent variation of the specifie ener~y 

consumption (S.E.C.) and the steam-to-oil mass ra~io 

with steam plasmas was not possible; 

c) the oil flow could only be varied by a factor of three 

- from 0.008 to 0.02 m'/h; 

d) hydrogen gas flows in the torch could only be varied by 

a factor of two - from 8.5 to 17 m3 /h; 

e) electrical power could be changed by varying the 

amperage by a factor of two - from 100 to 200 A • 

.. 

t 
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Comparative Hydrogen and Steam Plasma Conditions 

Energy input into the system was controlled by variation of 

the current from 100 to 200 A. Wi th the hydrogen plasma this was 

the sole source of energy. However, because the energy of -
eombust ion (H 2 + 1/2 O2 = H2 O) of the simulated steam plasma was 

50 high - almost three times that possible from electrical 

sources - the specifie energy consumption was always mueh higher 

for the steam plasma (about J.. 5 vs. 6 kWh/kg oil for hydrogen 

and steam plasmas respectively). Also, because hydrogen i5 50 

much lighter,)than steam, steam-to~oil maS5 ratios were always an 

order of mag,itude larger than the hydrogen-to-oil mass ratios 

'(about 0.08 vs. 0.8 kg/kg oil respectively). It should be note-d 

that at steam-to-o il mass ratio set t i ngs ni ne t imes la rger than 
-

the hydrogen-to-oil mass ratio the amount of hydrogen available 

for reaetion in each case was equal, sinee the difference was 

made up by the oxygen aLone. 

Independent Variation of Specific Energy Consumption 

and the Steam-to-Oil Mass Ratio ) 
For hydrogen plasmas the specific energy consumption could 

be varied completely independently of the hydrogen-to-oil maSs 

ratio by simply increasing the current. Wlth steam plasmas it 

was required to' chan.ge the plasma gas. flow to give meaningful 

variation in ~pecific energy consumption, because the energy of 
\ 

combustion constituted 10-80% of the total energy input to the 

system. 

.-

. . --- -- ~ -----
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For instance, to reduce the S.E.C. by 50% (at a fixed oil flow) 

the current could be at most, cut in half, from 20U to 100 A. 

This would only bring about a change of 10% in the total energy, 

50 that the remaining 40% energy reduction had to be 

accomplished by a corresponding 40% reduction in plasma gas 

flow. Changes to the gas flowrates, then, change the 

stoichiometry of the system and of the réaction. 

Oil Flow Variation 

The pressure nozzles used had been designed for the 

atomization of water or light oils. With the use of heavy oil,. 

even preheated to 200 oC, the high viscosity prevented 

atomizâtion at low ail flows. Tqis lower flow limit was found by 

commissioning experiments. In fhe sa me set of experiments it was 

found that at excessive oil flows there was insufficient 

hydrogen plasma gas availablë~ for reaction, or high enough , 
reac~ion temperatures, 50 that màst of the oil left the reactor 

unchanged. The oil flow limits were: 

1) low oil flow limit: 0.008 m3 /h 

2) high oil flow limit: '0.02 m3 /h. 
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Plasma Gas Flow Variation 

The plasma torch had been designed for operation within a 

relatively narrow range of gas flows. These limits w~~e found by 

commissio~ing experiments to be 8.5 to 17 m'/h. At high 

hydrogen gas flows the arc either blew right out of the anode or 

inc reased the vol tage 50 much tha t the a rc fa i led. Thi s was a 

result of lower gas temperatures and low gas electrical 

conductivity. At low gas flows the increased gas temperatures 

resulted in a very high anode erosion rate and short anode life. 

Electrical Power Variation 

Power limits were set by arc stability a~d anode erosion -

at low powers there wa~ insufficient power to maintain the arc. 

At high powers high anode erosion did not allow the experiments 

to run for the necessary ten minutes. 

.. 
1 ......... 
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EXPERIMENTAL PROCEDURE 

General 

A very detailed eight page long procedure stating every 

step and precaution to be taken was used during each experiment. 

While it will not be included here its major points have been 

outlined in Appendix III. 

To carry out an experiment two people were needed; one at 

the control console to maintain gas flows, current settings, and 

a stable arc, and one other to switch oil and quench flows 

on/of f, take the gas samples, and gather all the flow, 

temperature, and pressure data needed. The sequence of events 

during the actual running of the experiment were as follows: 

1)" the argon plasma started and transfer to a hydrogen or 

steam plasma was done after two minutes of stable operation; 

2) the quench water immediately started (if any) and the 

oil flow begun after the system had reached a stable temperature 

(three minutes): pressures and temperatures were recorded; 

3) samples were taken two and four minutes after oil flow 
\ 

had begun (negligable change in gas samples were found with 

these times) and pressure and temperature readings taken to 

ensure that equilibrium had been reached. 

\ 
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Pressures measured indicated exit gas flow (orifice plate) and 

reactor pressure (for safety). Temperatùres were taken with 

thermocouples in the reaction zone, after the quench, and at the 

orifice plate. Plasma gas flows, currents, and voltages were 

noted. Afterwards the reactor, collectors, and all piping were 

cleaned. AlI water, residue and soot found were weighed. 

The quench water entered the reactor from the side 15 cm 

down from the torch. Flat spray atomizers which covered the 

entire reactor areas were used. For hydrQgen and steam plasma 

respectively the flowrates were 0.1 and 0.2 m1/h. Because of the 

higher energy input from the steam plasma higher quench flows 

were used for it. 

, . 

... 

---~-_."--+--- _o. 

-
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The gas analysis was done with a Hewlett-paekard gas 

chromatograph (model 5700A) with a Spherocarb carbon molecular 

sieve made by Chromatographie Co. The column was calibrated for' 

each of the gases present in the gas mixture, using a carrier of 

helium with nine percent hydrogen, a mixture which would detect 

both hydrogen and the other gases. This special carrier was 

necessary because a normal helium carrier gas has a thermal 

conductivety 50 close to that of hydrogen that the hydrogen 

would not be detected. The solids (carbon-black) and liquids 

(tars) were analyzed in Sarnia by the Imperial Oil Research 

Laboratories. Viscosity tests were done on sorne liquid samples, 

with one total metal and sulphur analysis.~ 

" The data collected, listed below, were all entered into the 

mass balance program, attached in Appendix V : 

1. AlI oil, plasma, and quench water flows were measured. 

The mass balance was carried out, using these flows, on the 

following atomic species: carbon, hydrogen, and oxygene 

2. The experimentally determined flow and power settings r 

were used to calculate the steam-to-oil mass ratio, specifie 

energy consumption , and the oil-to-gas/sooi/re~idue conversion • 

.. 
" -.! 
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Condi t ions 

By varying the three system parameters listed below the 

total range of experimental conditions (as listed in Table II 

and shown in Figure 7) were set: 

a) the current 100 - 200 A 

b) the plasma gas f 10\1/ 8.5 - 17 m3 /h 

c) the oil flowrate 0.008 - 0.02 ml/ho 

FIgure 7 illustrates well the strong proportionality between the 

mass ratios and the specifie energy consumption. 
c 

The temperature in the reaetion zone was measured for the 

la st half of the experiments with a digital voltmeter aftèr it 

was found that the strip chart recorder was giving spurious 

readings due to a strippe~ printin~ wheel and faulty relay 

switch. Therefore there are no results for the fi rst 

experiments. The témperatures of the steam plasma alone and 

with oil injection respectively, 10 cm from the toreh exit, were 

approximately 2300 K and 2100 K. With quench the temperatures 

were only 900 K at this point. After the quench line, 22~ cm 

from the torch exit, temperatures were, respectively for steam 

plasmas with and without quench, 1400 K and 300 K. The 

measurements made 13 cm from the torch exit were made with a 

bare rhodium-platinum (type S) thermoçouple and those after the 

quench with a shielded chromel-alumel ~type K) thermocouple. 

1 • , 
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TABLE II EXPERIMENTAL CONDITIONS 

( 1 ) A: hydrogen plasma on1y B: hydrogen with quench 

C: steam plasma only D: steam with quench 

(2) reaction zone only 

EX. TYPE ENERGY/ STEAM!HYDROGEN OIL PLASMA CURRENT POWER 

# (1) KG OIL TO OIL'MASS RATIO KG/H MJ/H AMPS KW 

1 0 10.4 1.5 3.0 6. 3 4~ 100 32 

2 B 6.0 0.5 2.4 13.8 130 14 

3 A 0.4 0.05 25.0 15.3 100 11 

4 A 0.5 0.06 21.7 15.3 100 11 

5 C 0.6 0.09 60.0 7.5 100 35 

6 0 3.1 0.54 21.5 15.7 100 66 

7 B 1.5 0.06 14.1 10.6 200 21 

8 C 2.6 0.46 22. 8 ~ 14.2 100 60 

9 C 6.5 1.2 8.9 14.2 100 58 

10 C 5.5 1.0 10.4 14.2 110 58 

Il 0 6.2 0.9 8.' 1,0.6 200 55 

12 C 5.1 0.81 13.~ 14.5 200 67 
1 

13 B 1.7 0.07 11.8 9.8 200 20 

14 A 1.7 0.17 7.4 15.3 100 13 

15 A 2.2 0.08 9.9 9.9 200 21 

16 D 9.6 1.5 7.6 15.3 200 73 

17 C 12.6 2.0 3.3 8.7 120 41 

18 C 4.7 0.65 11.2 9.9 190 52 
... ., 

O:O~". ---19 A 0.6 • ... J , • 18~.2" 15.'3 100 Il 
l' .... 

r 

'" " 

---~._-' 
.. 0_- _ .... __ . _' ____ - - Or .- -~ -, ~.-. .. ....... ~~ .. 
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FIGURE 7 

EXPERIMENTAL CONDITIONS 

~Ydr0gen plasma only , (a11 with the expt.# attached) 

• hydrogén plasma plus quench 
" . 
o steam plahma 'or'l1y 

• steam plasma plus quench 

c 

/ 

------------------"'1'1 .... --·---- ._------ --._---~_. ----- --
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J ) 
Droplet Size-Distribution 

i" Pressure atomizers manufactured ~y Delevan Corporation were 

used to atomize the heavy oil. A pressure of 2000 kPa and a 

temperature of 200°C was needed to sufficiently atomize the 

h~avy oil, for the viscosity had to be redu;e~ a level that 

al1owed'droplet breakup t~ occur. (S~e· Sakai et al. for report 

on pressure atomization.) Atomizer flowrates general1y ranged 

from 0.008 to 0.02 ml/h; where at each individua1 f10wrate a 
~ 

different atomizer was used. Representative pictures of the oil 
z., 

droplets are shown in Figure 8. 

Droplet sizes were measured by ~he placing of microscope 

slides under the atomizer as it sprayed oil in the open 

atomosphere for a small fraction of a second. Pictures were then 

taken of the droplets through a microscope and then measurements 

made of approximately 200 droplets. The results of calculations 

of the mean number.drop1et size and standard deviation for-the 
, 

atomizers at the lowest and hi~hest flow extremes a~e: 

", 
i) at 0.008 m3/h a... 290 ~m 

fT'" 23 

ii) at 0.02 m3/h a.. 220 ~m 

fi" 15 

* ... ----,------,,~~ ---- - -----
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,variations in droplet size distribution will have an effect on 
~ / 

the ease of oil gasification, th~ smaller drops vapourizing more 

quickly and hence with increased gasificatjon and olèfins in the 

gas. Over the entire range of co~ditions the mean droplet size 

varied 1by only 25%. This was felt to have a minumum influence on 
~-

-the.ex.perimental results., Signif~cantly smaller particles would 

be expected to vapourize and react more quickly, but this iould 

hot be quantified. , 
For the quench water fIat spray atomizers manufactured by 

John Brooks were used. Higher flowrates were used for the steam 

than the hydr?gen plasma experiments. Although higher flows were 

provided better quenching a lower flow reduced problems ~ring 

the eXler iment (such as pressure. bui Idup in the reactor), and 

alsolreduc~ cooling of reaction zone. 

, 

, . 

,---............. """".-----........ ----.. _--------------- 1 .. 
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• 

FIGURE 8 

OIL DROPLETS 

\. 
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Mass Balances 

A complete mass balance was carried out on all experiments. 

The program, included in Appendix V, Jhad the fol10wing rive • 

major sections: 

i ) experimental data entry 

i i ) 
~ 

orifice meter gas flowS 
.. 

i i i) mass an~ energy inputs 

iv) gas and 1iquid output calcu1ations 

v) oil conversi~s. 

In the first section the powers, flows, times, and collected 

weights of all 'products were entered. In the second section 

measured f10ws and gas volume percents were entered in to the 

equation generated by the orific~ plate ca1ibr,tion curves for 
ao 

hydrogen and steam. 
,~ 

In the third séction a11 oil; plasma, and 

quench flows and total weights were calculated, as we11 as th~ 

powe.rs. 1 n the fourth sect ion the indi vidual gas masse!!) and 

products per 100 kg acetylene were calculated~ Finally, the 

oil-to-gas, soot, and residue conversions were calculated. 

C~mp1ete mass balances were achieved about t~e experimental 

·system. 

---'-'""'"",,,.--..-~-------"-:------- - ---_ ... _--
.. 
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RESULTS 

Products and Conversions 

Pyrol,sis and gasification were found to be the major 

conversion processes in the plasma reactor. The gases found 

included hydrogen, me~hane, ethylene, acetylene, and traces of 

ethane for both hydrogen and steam plasmas. Only with steam 

plasmas were carbon moro~ide/dioxide formed - as a result of 
.) .,f 

• 
reaction with oxygen contained\in the steam. Soot (carbon and , 

ash) was also formed with both types of plasmas. Partially or 
r. 

unreacted heavy pil was a1so co1lected from ~he experiments with 

higher oil flowrates. 

There was no upgrading of the heavy oi1 to 1ighter liquid 

hydLocarbons in either plasma, bèeause the high temperatures 

vapourized the droplets. Flash distillation of the oil occutred 

in the reaetor. Tfie oil droplets onÎY reacted with the hydrogen 

or steam while in the gas phase. Analyses have indicated that 

reaction had \occured between the lighter oil fractions first, 

then with the heavier ~sphalties, sinee when excess oil was fed, 

that residue collected was extremely viscous,very much like 

unreacted 'asphalti~s', the ~eavy end of the, heavy oil (called 

, residue' f rom 

flows. 

.,. 

on). Residue ,as only 

J. 

colleeted at 

._-------

higher oil 



, 
L ___ . 

67 

The products,per 100 kg acetylene are given in Table IV, to 

allow comparison with the results of other workers. Minimum 

process values for the production of 100 kg of acetylene in a 

hydrogen plasma were: 

i) 233 kg of feed oil ri (ex.Ù4) 

ii) 235 kWh of energy (ex. #3) 

And for a st/am plasma: 

i) 543 kg of feed oil (ex.il7) 

ii) 552 kWh of energy (ex.i6) 

Information in Table III shows that the maximum acetylene 

concentrations (dry gas) for hydrogen and steam plasmas were 

respectively 13 and 7 vol.%. Conversions to gas, as shown in 

Table V, were as high as 100%. 

It should be noted that aIl gas volume percents given are 

on a dry basis. However the water vapour fractions have also 

been Qresented in Table III. Only when water quench was used, 

especially with the steam plasma, did the water vapour make up a 

substantial fraction of the gas. For instance, with steam plasma 

and quench (ex.ill) the watek vapour made up 48 vol.% of the 

total gas, while without quench it made up only 4 vol.%. 
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TABLE- III DRY GAS VOLUME COMPOSITIONS 
\ 

EX. 'ACETYLENE ETHYLENE METHANE HYDROGEN CARBON CARBON WATER 

MONOXIDE DIOXIDE 

1 4.5 6.5 4.5 38 23 21 64 

2 4.0 0.0 1.0 75 3 15 1 

3 14.-0 6.0' 7.0 74 0 9 a 

4 12.0 6.0 9.0 73 0 0 0 
'V 

5 7.0 4.5 7 53 7 23 3 

6 4.5 4.5 13 30 30 15 BB 

7 7.0 3.0 11 65 15 0 24 

8 4.0 7.0 14 35 34 0 4 

9 3.0 3.0 6 42 35 0 4 

10 3.0 4.0 5 43 36 3 5 

11 2.0 2.0 3 30 21 " 10 48 
? 

12 5.0 7.0 12 45 22 0 4 

13 7.0 4.0 5 42 22 0 2 

14 13 7.0 10 71 0 0 0 

15 10 10.0 15 64 0 0 0 

16 2.0 1.0 3 25 1~ 9 44 
... 

17 5.0 10.0 Il 32 34 1 4 

18 3.0 4.,0 8 J9 ( 41 0 4 

19 B.O 4.0 5 82 0 0 0 

---- ------, "" --._----, .,- ---...,.,_. -,,_ .......... _...----.------, ,-----~----'~---_ ... 
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TABLE IV PRODUCTS PER 100 KG ACÉTYLENE 



-. , ' 

70 

TABLE V CONVER§IONS AND POWERS 

EX.J GAS SOOT RESIDUE~ POWER -:- KW 

WT.% WT.% WT.% ELECTRICAL CHEMICAL TOTAL 

'" 1 94 0 6 11 21 32 

2 65 0 ' 35 14 0 14 

3 28 0 72 11 0 11 

4 33 0 67 11 0 Il 

5 7 0 93 11 24 35 

6 63 0 37 15 51 /!l66 

7 2S 0 72 '0 21 0 21 . 
8 26 13 60 14 46 60 

9 81 13 0 12 46 58 
, 

10 89 12 0 .. 12 46 58 

11 43 , ,0 57 20 35 55 \. 

12 63 33 4 20 47, 67 

13' 59 0 0 41 20 0 20 
/ 

14 BO 20 0 13 ~ 13 

15 48 52 0 21 0 21 

16 '43 0 57 23 ~50 73.. 
~ 

17 100 a a 13 28 • 41 , - , 
18 74 26 0 20 32 52 

/ 

19 27 0 73 Il 0 Il 

~ 

, 
\-. 

f 

pp;) " 
~ - ... _- -- ...... -- .. 
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Repeatabi l i ty 

Repeat experiments were performed for both hydrogen (ex.3, 

4 & 19) and steam plasmas (ex. #9 '& 10) . For most ~ocess 

va r iables and products repea tabi l i ty was ~xcellent •. For 

in stal!ce, for the hydrogen plasma experiment eavy oll-to-gas 

conversion va~i~d from 28 to 33 wt.%, acety~ene concentrations 

were 14 and 12/V'b1.-%, --and the oil needed to produce 100 kg of 
, -. 

acetylene changed y-om 553 to 497' k.9 (respectively trom ex. #3 

& 4). Th es e d i f fer e n ces we r e w i th i n l 5 % . Although the results 
.., 

trom experiments 3&4 agree well the third repeat, ex.#19., had 

olefin gas concentrations 25-50% less than the two previous. The 

probable cause for this difference is a reduced flow into the 

sample b'ottles, giving concentration fr'om early on in the 

experiment (ie. partially plugged line). ~ecause ~ll other gas 

concentrations from hydrogen plasma experiments are in agr~ement 

with those of ex.#3&4 the results from ex.#19 have 'been 

re j ected. For the steam plasma (ex.#9 & 10 respectively 

oil-to-gas conversions varied from 87 to 89 wt.%, acetylene 

concent ra t ions not a t al l' , and the 9i l cequi red per 100 kg 
• 

acetylene produced from 691 to 803 kg. These differences were 

also within 15% of each other. 

Sources of experimental uncertainity, and their effect~, 
( 

are. now listed: 

1) g-as chromat:<-ographic analys i s - var ia t ion in area s of an 

individual gas peak could vary up to 10% of the reported value; 

2) plasma and exit gas and oil , f~ow measurements - were 

dependent upon the accuracy of the instrumentation: 

1 
.\ 

---~ \-
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for the plasma gas the. rotameters, for the exit gas f10w the 

orifice plate, and the oi1 f10w the oi1 height change , 
measurement of the preheater. Total unéertainity from ~hese 

sources is estimated to b~ 5%; 

3) collection of soot, oil residue and water after eac};} 

~ exp~riment the entire reactor, collectors and exit lines had to 

.-- -~---

scraped out; minor accumulations occurred at hard to reach 

places. The total uncertainity in the mass of material collected 

is estimated to be 5%. 

Therefore the exper imenta 1 uncertainity 
,1 

for the f ollowi ng 

experimental variables and products presented was: 

i) 20% aIl values per 100 kg acetylene producedi 
\ 

i i ) 10% gas concentrations; 

i i i) 5% oil-to-gas/so~jresidue conversions; 
// 

i v) 5% energy ~ting, a11 gas f1ows, 

oi1 ~~d water f10wrates. These uncertainties 
J-

accounted for the ~riations observed • 

DISCUSSION 

1 nt roduc t ion 

Three main reactions occur s{m~ltaneously in the plasma-

'heavy oi1 system; these are: hydrogenation, coke formation, and 

gasification. Gases rather than 1iquids were the main reactlon 

products, because the homogeneous gas forming reaction were 50 

much faster than t\e mult i step 1 iquid f orming J.react ions. 

ditterence "in rates of formatioA was vital since tne 
J 

, 

This 

" \ 
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reaction time (oil droplet in the hot plasma zone) was small; 

being in the order of several milliseconds. 

A decrease in· the molecular weight is achiev~d by a 

hydrogenolysis/ hydrogenation mechanism (Blouri et al. 1981) by 

the addition of hydrogen. Hydrogen is also available in the 

steam plasma as dissociated water vapour. Coke formation is a 

problem in heavy oil processing because many species in the 

heavy oil , such as polycyclic aromatics, and naphthas, readily 

form coke. Acetylene is also well known as a soot! precursor. 

Lower hydrogen excesses and higher temperatures also favour coke 

formation. 

Many Possibl~reactions simultaneously occur, as shown in 

Figure 9, in which two main types are important: the degradation 

of the molecule to lighter components, and 

polymerisation/hydrogenation reaction to produce coke. Although 

these reactions for' oil are very complex the.most important 

olefin forming ~teps are the carbon-carbon bond breakage, and 

free-radical combinations: 

R-R = 2 R 

R. + R. '"' R-R. 

The hydrogen reacts (Figure 9) first to acetylene and ethylene 

and then to methane and soot. Sorne of the most important olefin 
, . . 

forming reactions, of the many posslble, arB: 

C + 2H 2 = CH. 
. 
2C + 2H 2 = C2Ha 

CaHs = H + CaH" 

CaHa + 2H = CaH" 
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High temperatures and low pressures favour bond breakage near 
, 

the end of the chain, as was the \ase here. The production of 

tars and coke does not 'begin unti1 tfter an induction period in 
'" " 

which olefins are produced (Taniewski et al. 1981). 

A study of the hydrogen content in the exit gases has shown 

that 85 to 95 wt.% of the hydrogen from the plasma leaves as 

part of an olefin molecule. 

Analyses of the heavy oil residue show that although the 

meta1s concentrated.in this phase the sulphur was equally split 

between the gas and residue phases. Metals, ln one analysis 

(ex.#5), increased from 77 to 116 ppm nickel, and from 190 to 

295 ppm vanadium. At the same tlme the sulphur weight fraction 

only increased from 4.4 to 4.9 wt.%. When aIl the 011 reacted 

it was completely gasified to soot and olefins, thereby openlng 

up the possibility for the use of this technology for the 

gasification/pyrolysis of heavy oil. Viscosity measured were in 

the order of three times that of the raw feed oil. However 

boiling point analyses were not done so 
~ 

there 
. , 
lS a slight 

possibility that sorne of the soot entrained in the residue to 

increase its viscosity. This increa5ed viseosity indieates that 

the lighter hydroearbons were vapourized, leaving the heavy 
.. 

asphaltics unreacted. 
, ~ 

The four variables studied in the following pages are: 

i} plasma gas used : hydrogen or steam 

ii) specifie energy consumption (S.E.C.) 

iii) steam or hydrogen-to-oil mass ratio 

iv) water quench on or off 

--- -,-,....".----
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FIGURE 9 

HYDROCARBON PYROLYSIS REACTION SEQU§NCE 

(Liami and Trimm, 1981) 

/ 

f 

• 
( 
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Differences in HydrogeQ and Steam Plasma Products~. 

The most ~triking differences between the hydrogen and 

steam plasma products were: 

i) large amounts of carbon monoxide and/or carbon dioxide 

with the st~am plasma only 

ii) generally higher olefin concentrations with the 

·hydroge~ plasma. 
, 

The results for comparative soot (carbon plus ash) yields were 

inconclusive: both plasm~s produced considerable soot. For both 

steam and hydrogen plasmas this occured at higher S.E.C. values. 

For ins tance, for the hydrogen plasma, at 0.5 kWh/kg 0 il 

(ex.#3/4) no soot was formed and large amounts of liquid resid~e 

remained; while at 2.0 kWh/kg oil (ex.#14/l5) large amounts of 

soot were formèd and no residue remained (see Table V). 

The carbon monoxide/dioxide produced in the steam plasma 

were a result of th~ following reactions (Bajus et al., 198Ù): 

hydrocarbon + H 2 0 '" CO + COz + Hz 

C + H 2 0 '" CO + Hz ---
'C + H 2 0 • CO 2 + 2H 2 1 

~ 

In the hydrogen plasma there was no oxygen and so neither of 

these gases were produced. 

----_. 
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-,. 
Lower olefin gas fractions were generally observed in the 

steam plasma (Figure 10). For instance, the ~ximum acetylene 

gas concentrat~on in the hydrogen plasma was 13 vol.% and in the 

steam plasma the maximum was 5 vol.%. This was because the 

carbon or hydrocarbon available for reaction -to olefins reacted 

preferentially wit~ the oxygene This woutd proportionally 

decrease the olefin yield as more carbon monoxide/dioxide were 

produced. Carbon dioxide was formed only when quench was used. 

Comparisons between products of the- two plasmas are shown 

in Figure 10. Oil.to gas/soot/residue conversions were defined 

as that weight percent of the oil, fed which reacted to one of 

the three aforementioned products. (residue being that liquid 

pitch collected at the bottom of the reactor; the asphaltics) 

In Figures 10 and Il comparisons have been made between the 

best results for the respective hydrogen and steam plasmas. 

Best results have been defined as those with the highest 

concentrations of olefins in the gas and requiring the minimum 

oil feed and energy input per 100 kg acetylene product. However 

it should be noted that the S.E.C. 

mass ratios differ considerably 

experimental settings were: 
1 

1) hydrogen plasma - ex.#l4 

2) steam plasma - ex.#12 

and steam/hydrogen-to-oil . 

between the two. 

1. 7 kWh/kg oil, 

0.17 kg hydrogen/kg oil; 

5.1 kWh/kg oil, 

0.81 kg steam/kg oil. 

The 

---_._ .... _""""'=~---_ . .".-..... .. .. ~---------"'_ .. -
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Although there wal much more steam than hydrogen'available for 

reaction, the actual weight of hydrogen available from the steam 

plasma was almost half that for the hydrogen plasma. 

Furthermore, as shown in Figure Il, the weight of hydrogen 

plasma gas needed te produce 100 kg of acetylene was almost 

identical for both types of plaSma. 

In spite of the higher S.E.C. of the steam plasma, 

oil-to-gas conversions were higher with the hydrogen plasma; 63 

vs. 80 wt.%, perhaps as a result of the greater availability of 

hydrogen. Furthermore, as can be seen in Figure Il, 
~ 

aIl 

utilities needed and by-products of the production of 100 kg of 

acetylene were higher with the steam plasma. This indicates the 

reduced efficiency of conversion to acetylene via the steam 

plasma route. For instance, the unwanted soot by-product yield 

was 235 kg with the steam plasma and 45 kg with the hydrogen 

plasma. 

J 
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FIGURE 10 

GAS CONCENTRATIONS WITH STEAM 

AND HYDROGEN PLASMAS 

o steam plasma 5.1 kWh/kg oil, O.Bl kg steam/kg oil 

~xper iment # 12 

• hydrogen plasma 1.7 kWh/kg oil, ,p .17 kg hydrogen/kg oil D 
: 

experiment # 14 

J 

1 
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FIGURE 11 

UTILITIES AND BY-PRODUCTS PER 100 KG ACETYLENE: 

STEAM AND HYDROGEN PLASMAS 

o steam plasma experiment # '12 

• hydrogen plasma : exp~riment #14 
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Etfect of Specifie Energy Consumption . , 

Increasing power, for a given oil and plasma gas flow, was 

the equive1ant of increasing the reaction temperature. Because 

of equipment constraints already mentioned it was difficult to 

vary the S.E.C. independently of the st.,eam/hydrogen-to-oil mass 

ratio (as shown in F'igure 8). The results given are therefore 

not at exact1y equa1 mass ratios, but are close. The discussions 

will only be for those experiments without quench, 50 as to make 
'. 

the comparison independ'ent of the quench effect. 

For a hydrogen plasma increasing the S.E.C. from 0.6 to 

2.2 kWh/kg ,ex. #4 & 15 respect ively, (a t hydrogen-to-oi l mass 

ratio of 0.07 kg hydrogen/kg oil) had the fol1owing effects 

(Figure 12) :'~ 

i ) olefin gas concentrations increased slightlYi 

i i) oi l conversion to gas increasedj 

iii) soot was formed only at higher specifie energies;. 

iv) residue remained bnly at low specifie energies. 

'AflitionallY, less oil was needed to produee the same amoun t of 

. aeetylene at higher energies (see Figure 13). The formation of 

..by-produets (soot, ethylene, and methane) , and ene l'gy 

,requirements were signifi,eantly higher at higher specifie energy 

consumpt ions. 

For the steam plasma an incr~fse f rom 2.6 to 4.7 kWh/kg 

1 ,ex.18 &. 18 respective1y, (at steam-to-oi1 mass ratio of 0.5 kg 

steam /kg oi1) had the fo1lowing effects (Figure 14) : 
t 



i) dec reased· hydrocarbon gas concen t ra t ions; 

H) increased conversion to gas; 

i i i) inc reased soot ~rma t i on and much less res idue. 

Although the energy input to produce 100 kg of acetylene at 

higher S.E.C.' s (Figure 15) was 23% more, 58% less oil was 

needed and by-product fOI;'mation was reduced. 

Gas conversions increased in the bydrogen pla$ma because at 

the higher S.E.C ... the temperatures were higher. At the lower 

temperatures the heavy oil molecules were ngt yapourized , a 

prerequisite reac t ion S occ ur ing , the in for the gas phase 

reactor. The !;)oot and gBses produced at these hign S.E.C.'s are 
\ 

an indication that the heavy oil has been exposed to higher. 

temperatures, because pyrolysis has not taken place to produce 
... 

light or heavy liquid products. 

However the decreased hydrocarbon ~as concentrQtions in the 

steam plasma highli-ght the differences in~ this reacting 

atmosphere; that is, the presence of oxygene At higher S.E.C. '5 

(and thus assumed higher temperatures) more carbon monoxide i5 

formed 1 (increasing from 34 to 41 vol.%). At these higher 

temperatures there would be more free oxygen, and because the 

~ygen is mQre reactive thân is the hydrogen, it reacted 

preferentially with the hydtGdarbons and soot "to reduc~ the 
1 

hydrocar.bon gas· concentration~ and increase the carbon monoxide 

concentrations. However this disadvantage '(the production of 

more CO) is more than o'ffset by the threefold increase in 

oil-to-gas conversion. 

I~ , 
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FIGURE 12 

ENERGY' EFFECT ON COMPOSITIO~ 

HYDROGEN PLASMA 

o high specifie energy eonsumption: expt;~15 - 2.2 kWh/kg oil 

• low specifie energy eonsumption expt.#4 - 0.6 kWh/kg oil 
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FIGURE 13 

UTILITIES AND BY-PRODUCTS PER 100 KG ACETYLENE 

EN~RGY EFFECT ON HYDROGEN PLASMAS 

O'high specifie ~nergy consumption expt.t15 - 2.2 kWh/kg oil 

• 10w specifie energy consumption ~ expt.i4 - 0.6 kWh/kg oil 
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FIGURE 14 

~NERGY EFFECT ON COMPOSITION 

STEAM PLASMA 

o high specifie energy consumption: expt.#18 - 4.7 kWh/kg oil 

• low specifie energy consumption : expt.#8 - 2.6 kWh/kg oil 
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FIGURE 15 

UTILITIES AND BY-PRODUCTS PER 100 KG ACETYLENE 

l 

ENERGY EFFECT ON STEAM PLASMAS 

o high specifie energy consumption: expt.i18 - 4.7 kWh/kg oil 

• low specifie energy consumpti~n expt.i8 - 2.6 kWh/kg oil 
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Effect of Stoichiometry 

For the hydrogen plasma, without quench, increasing the 

hydrogen-to~oil mass ratio from 0.08 to 0.17, ex.i15 & 14 

respectively, 

(Figure 16): 

(at 2 kWh/kg oil) had the following effects 

i) gas conversion increased from 48 to 80 wt.% 

ii) soot formation decreased by over 50 % 

iii) gas concentrations were about constant - acetylene 

increased whi1e ethy1ene and methane decreased 

As can be seen from Figure +7 the oil and energy' needed per 100 

kg of acetylene decreased by about 50%. 

For the steam plasma, without quench, an increase from 0.65 

to 1.12 kg steam/kg oil, ex.ilS , 9 respectively, 

oil) had the following effects (Figure 18) 

( 5.5 kWh/kg 

i) increased oil to gas conversion from 74 to 87 wt.%, 

proportionally decreasing the soot formation 

ii) gas concentrations stayed about constant 

... -~ .. -- :III 4 CP;;;:;» 
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Additionally, as shown in Figure 19, the oil and energy needed 

per 100 kg acetylene decreased by about 50%. 

The increased gas conversions, and consequent decreased 

soot formation, were a resu1t of more hydrogen being available 

for reaction. At the lower hydrogen/steam-to-oil mass ratios 

there was insuffitient hydrogen for the carbon to react with, 50 

that i t remainded as free car bo n ; t ha t i s , soot. Gas 

concentrations (volume percents) stayed about constant because 

the temperature was constant; it being the single most important 

influence on changing gas concentrations. Oil and energy needed 

per 100 kg acetylene decreased sa drastically as a result of the 

increased gasification of the heavy oil to hydrocarbon gases . 

. . ... ~.~._-----_.-----------
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FIGURE 16 

EFFECT OF STOICHIOMETRY ON COMPOSITION 

high mass ratio 

low ma s s rat i 0 

HYDROGEN PLASMA 

) 

expt.#14 - 0.17 kg hydrogen/kg oil 

expt.#15 - 0.08 kg hydrogen/kg oil 
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FIGURE 18 

( ,~-

EFFECT OF STOICHIOMETRY ON COMPOSITION 

STEAM PLASMA 

o high mass ratio expt.#9 - 1.12 kg steam/kg ail 

• low mass ratio : expt. #lB - 0.65 kg steam/kg oi 1 
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FIGURE 19 

UTILITIES AND BY-PRODUCTS PER 100 KG ACETYLENE 

STOICHIOMETRIC EFFECT ON STEAM PLASMA 

o high mass ratio 

• low mass ratio 

• v 

, _.~. 

expt.#9 - 1,12 kg steam/kg oil 

expt. #l8 - 0.65 kg s_te~m/kg oi 1 

l 



'\ ' 

2400 

2200 

1-
U 2000 
::J 
C Hioh Mass RatiO 

0 
1800 a: ~ :mm:mr: Low Mass Ratio iillilinii!J 

Q. , 

LaJ 1600 Z 
r--

LaJ 
~ 

1400 >-.... 
LaJ 
(.) 1200 ct 

. 

QI 
~ 1000 
0 
0 

" 
800 -.c 

~ 600 
~ 

( 
~·:·:·:'lI 

~ 

0 - 400 -

QI 
~ 

200 

0 

~ mm 1 ll~~1 .0 0 1 r 1:~::~1 . 
Oil Plasma Eneroy Residue 500t Ethylene Methane 

kWh 

PROCESS VARIABLE AND PRODUCT 



) 

93 

Quench 

The quench was meant to reduce the reaction. time and 

thereby allow the examination of this factor. However it only 

served to slow the reaction by decreasing the overa1l 

temperatur~. For instance, measured tempera t ures in the steam 

plasma decreased from 2100°C to 900°C when the quench water was 

applied.(These measurements were taken above the quench entrance 

li ne. ) 

In the hydrogen plasma, at settings of about 2.3 kWh/.kg oil 

and" 0.09 kg hydrogen/kg oil, the change to quench (ex.#15 

without and ex.#13 with) had the following effects (Figure 20): 

a) olefin gas fractiona decreased by over 50%; 

b) conversion to hydrocarbon gas increased slightly 
, 

-----
from 46 to 59 wt.%; 

c) soot formation ha l\t ed and the residue remaining 

increased from 0 to 41 wt.% of feed .. 

J 

As shown in Figure 21 about 100% more oil feed was needed for an 

equivelant amount of acetylene produced. 

'\'1 

- --~-~-
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In the steam plasma, at settings of about 5.5 kWh/kg oil 
, 

and 0.85 kg steam/kg oil, (Figure 22) results wete very similar 

to those mentioned above (ex.#12 & Il respectively) 

al acetylene concentrations decreaJed from 5 to 2 vol.% 

'bl gas conversion decreased from 63 to 43 wt.% 

c) unconverted oil increased from 4 to 57 wt.% of feed. , 

The oil, plasma gas, and energy needed to produce the same 

amount of acetylene tripled (Figure 23). 
1 

AlI these results point ~o one thing: that the water quench 
\ 

did not perform its intended' function of sim"ply reducing the 

reaction time (with expected higher acetylene and reduced 

methane and ethylene gas yields). The water only cooled the 

reaction zone temperature to the point where less gasification 

ocurred. This is highlighted by the vastly lncreased residue 

collected, and the halted soot production. And with the steam , 
plasma carbon dioxide gas, which is produced' only at lower 

temperatures, was found when the quench was used. These results 

were"caused by the reactor design. The atomized quench water 

sprayed perpendicularly to the reactor walls at a high velocity. 

The water reflected off in aIl directions including the 

reaction zone. The Fesult wa~ a temperature decrease in the 

reactions zone. 

/ 
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FIGURE 20 

QUENCH EFFECT ON COMPOSITION 

HYDROGf;N PLASMA 

o without quench: expt.U5 - 2.3 kWh/kg oil, 0.09 kg H2 /kg oil 

• with quench expt.i13 - (the same) 

of 
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FIGURE 21 

UTILITIES AND BY-PRODUCTS PER 100 KG ACETYLENE 

QUENCH EFFECT ON HYDROGEN PLASMA 

o without quench 

• w i th que n c h 

expt.#15 - 2.3kWh/kg oil, 0.09 kg Hz/kg oil 

expt.#13 - (the same) 
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FIGURE 22 

QUENCH EFFECT ON COMPOSITION 

STEAM PLASMA 

o without quench: expt.#12- 5.5 kWh/kg oil, 0.85 kg HzO/kg oil 

• with quench expt.#ll- (the same) 
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FIGURE 23 

UTILITIES AND BY-PRODUCTS PER 100 KG ACETYLENE 

QUÊNCH EFFECT ON STEAM PLASMA 

o without quench: expt.#12 - 5.5kWh/kg oil, 0.85 kg H10/kg oil 

• wi th quench expt.#ll - (the same) 
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Cemparison With Other Processés 

Comparisons of results of the steam plasma process with the 

ether heavy oil processes discussed i~ this thesis are presented 

in the table followiog. First (Table VI), thé lower temperature 

processes (CANMET and Superheated Steam) produce significant 

amounts of light hydrecarbens (boili~~_points less t,han 

approximately 500°C). They use longer residence times (in the 

order of a second) than the two plasfa p~ocesses presented. 

Although the CANMET process data are unavailable simil&r 

processes have temperatures and residence times in the same 

region as the Japanese process. This is by design. The CANMET 

process is designed to produce light liquid hydrocarbons and 

uses a '-""._ ..... additive to encourage conversions to liquids. 

process is a compromise - achieving reduced 

1 iquid, and increased gas and pitch yields, with a less 

expensive and a less complex precess. 

\ 
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In both the Huels and steam plasma processes the high 

temperatures preclude the production of 1 iquids, rather 

favouring gasification. The acetylene gas fraction produced 

wi th the steam plasma was about a third of that produced by the 

Huels process. However the ethylene conc~ntration was equal, 

and the methane was twice that of Huels. These differences 

result from the lack of quench for the steam plasma. As can be 

seen from Table VII the Huels process required less feed and 

energy ta produce the same 100 kg of acetylene. Huels was able 

ta recycle i ts unconverted 
1 

ail (feed was crude oil) and thus 

\ increase the pracess efficiency. However the hydrogen plasma 

• 

results from this research (expt.#l4) gave better results than 

those of Huels - reduced oil feed and energy for equivelant 

acetylene production. This can be misleading sinee the anode 

lives of this process are only a fe~ minutes and the Huels 

reactor can run continuausly for hundreds of hours . 

--'-~7 
LL _ 
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TABLE VI COMPARISON OF HEAVY OIL PROCESSES 

./ 

Process Temp. Gàs WT.% Liquid Wt.% Time 

and Type acetylene ethylene methane light pitch millisec 

CANMET 

Hydro- o o 2 90 (l ) 8 

Cracking 

Superheat-

ed Steam 950 21. 5 20.4 1'5.7 18(3) 13 101 

Pyrolysis 

( 2 ) 

Huels 

Hydrogen 3000 14.5 vol% 6.5 vol% 6 vol% o 35(7) 1-4 

Arc (4) 

Steam 

Plasma 1800 14 19 13 o 37(6) 3-7 

( 5 ) 5 vol. % 7 vol. % 12 vol. % ( 8 ) 

(1) light hydrocarbons with boi1ing point less than 524 D C 
(2) rèsults for Kafuji bottoms feed 
(3) light hydrocarbons with boiling point less than 450°C 
(4) crude oil feed 
(5) ex. # 12 
(6) includes 33 wt.t soot 
(7) 20 wt.% soot 
(a) estimated from mean jet temperature and flowrate 

\ --- ... >Cl ......... 
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TABLE VI l COMPARISON OF P~ASMA-HEAVY OIL PROCESSES 

PARAMETERS PER 100 KG OF ACETYLENE PRODUCT 

Feed Methane Ethylene Waste ~ Soot Energy 

Process kg kg kg oil-kg(l) kg kWh 

Huels 

Hydrogen 367 48 82 127 980 

Arc 

\ , 
'-../ 

Hydrogen 

Plasma 233 29 52 0 45 383 

(2 ) 

Steam 
" 

Plasma 703 91 134 26 235 1056 

(3 ) 

/' 

(1) 20 wt. % soot 
( 2 ) ex.#14 
( 3 ) -,ex.#12 

\ ' 

--- --,.. _ .. _--.. _---. ..------------------
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CONCLUSION 

Heavy oil was reacted in both simulated steam and hydrogen 

plasmas. In both cases the most &lgnificant reactions were those 

of gasification and pyrolysis. Comparisons of results, from the 

two plasmas, were made. Three other operating variables were 

changed, namely: the energy-per-kg-oil, the steam/hydrogen-to-

" oil mass ratio, and the use or not of quench. Comparisons were 

made with the results of other· heavy 011 processes described in 

this study. This represents a prellminary study into this area. 

The maJor reaction products were acetylene, ethylene, 

methane, and soot. Gas compositions ranged from 3 to 15 vol.% 

and soot yields from 0 to 50 wt.%. Oil to gas conversions of 

100% were achieved. 

Steam plasma differ~ most significantly from hydrogen 

plasma in that carbon monoxide constituted a high fraction of 

the gas. This is a result of reaction with oxygen made available 

. \ from the dissociated ste~' This reduced the carbon available 

for reaction ta olefins, and hence the olefin gas concentrations 

were less with the steam plasma. 

l ncreased energy-per-kg-oil (and hence temperatures) 

increased oil-to-gas conversions, and soot formation for both 

plasmas. However, while olefin gas' fractions increased with 

increasing energy for the hydrogen piasma, a decreased 

- - - - - ---------~-----



104 

hydrocarbon gas fraction was observed with the steam plasma. 

This was a result of increased fractions of dissociated oxygen, 
\ 

avai1able at the higher temperatures, reacting to form larger 

fractions of carbon monoxide. 

Increased steam/hydrogen-to-oil mass ratios caused 

increased oil-to- gas conversions, and decreased soot formation, 

for both plasmas. ~s the mass ratio increased (within the limits 

given) more hydrogen was made available for reaction, so that 

the carbon could react with it to form olefins, and not remain 

as free carbon (soot). Gas compositions remained constant 

because temperature, not mass ratio, had the biggest influence 

on the gas composition. 

The use of water quench did not reduce the residence time. 

It simply sprayed into the reaction zone and slowed gasification 

cons iderably. 

It can be concluded that although steam offers considerable 

cost advantages over hydrogen as a plasma gas the olefin 

production is decreased because of carbon monoxide formation. 

Furthermore, this process, like previous plasma processes, 

gasified and pyrolyzed , rather than liquefied, the heavy oil. 

Gases rather thap'~liquids were the main reaction products 

because the homogeneous gas forming reactions were so much 

faster than the multistage liquid-forming reactions. However if 

olefins and/or synthesis gas products are desired to be obtained 

from heavy oil by relatively simple means this process offers 

great potential. 

.. 
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RECOMMENDATIONS FOR FURTHER WORR 

The results of this work, while giving a good overall 

picture of the steam plasma-heavy oil reaction, have contributed 
. {} 

little to a fundamental understanding of the reactlons 

occurring. Addi t ionally, the equipment used was not 

specifically designed tor this work, 50 tha t process 

optimization was not possible . 

. Therefore the following is recommended: 

" a) a kinetic study of the steam plasma-heavy 

oil reactions on single droPtets; 

b) process optimization with a specially designed 

reactor and system, including recycle of the 

unreacted oil and consultation with Hue1s to discuss 

their experience; 

c) experiments under more severe conditions~ higher 

temperatures and higher steam-to-oil mass ratios. 

1 -
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APPENDIX l 

EQUIPMENT DETAILS 

The following diagrams have been referred to in the main 

body of the thesis. They serve to better clarify the description 

of the equipment used. 

The following has be~n included: 

i) photograph of a hydrogen plasma 

ii) bottom of the OC-jet plasma torch 

iii) the preheater 

iv) effluent system 

108 
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FIGURE l 

Photograph of Hydrogen Plasma 

1 r 
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FIGU~E 2 .... 

Bottom of the De-Jet Plasma Torch 

length of anode holder: 4 cm diameter of inner annulus: 5 mm 
.) outside diameter of anode holder: 2 cm 

, 

\ 

( 

--____ """'== .... .."n __ .-,.,.....-·-·-· - -



1. Cooling water in 
2. Cooling water out 
3. Plasma gas in 
4. Plasma gas out 
5. Auxiliary gas injection 
6 Cathode 
7. Anode holder 
8. Anode"' 

~+--® 

1 ••••••• •• •• ••••• • . . . .. . . . . . . . . . . . . . ........... ...... . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . 

l ta. 

- --" 



111 
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FIGURE 3 

The Preheater 

o 
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FIGURE 4 

Effluent System 
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APPENDIX II 

Calculations for the Plasma Temperature 

To estimate the plasma flame, torch exit, temperature ana 

enthalpy the EQUILIB program of the McGill Music computer system 

was employed. Furthermore, the composition at equilibrium was 

calculated. For the simulated plasma the reaction was: 

Hz + 1/20 2 = products. 

, where the products are those as discussed in the section on 

steam plqsma in the 1iterature survey. 
, 

To calcu1ate the temperature of the simulated steam plasma 

, based on these equilibrium predictions, the power input into 

the torch was equated with the enthalpy of reaction (as 

calculated by EQUILIB). The power input to the torch was: 

Q = nIV 

where: Q power, J/s 

n efficiency 

1 current, amps 

V voltage, volts (characteJistic for hydrogen) 

(EQUILIB is a Gibb's Free Energy minimization program used at 

McGill for Thermodynamic analysis of reactions.) 

--_._--- ----._---............ ~ .. ----
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Gi ven that the character i st ic voltage of the hydrogen i s 160 V, 

that the normal operating efficiency of the torch is 75%, and 

that a stable current for the torch with hydrogen is 200 A, Q 

can then be calcu1ated to bel 

Q = 0.75 (200) (160) "" 24,000 J/s 

To convert these units to those appropriate for enthalpy data: 

H = Q/m where: m ~ mass flowrate of steam, gmol/s 

The known flowrate of the hydrogen in the plasma torch ranges 

about 630 ft3/h: 

m = 630 (1000/35.3) (273/298)/22.4 

= 724 gmol/h (3600) 

.2025 gmol/s 

Therefore the enthalpy of the plasma gas is, at 

settings, 118,889 J/gmo1. This corresponds to a 

3400 K, as calculated with EQUILIB. 

these max imum 

tempe rature of 

The same procedure was carried out for hydrogen alone. The 

maximum plasma temperature was found to be 6000 K. 

- --_. ---~- -- ~---- L 



l 

j -

115 

TABLE l HIGH TEMPERATURE STEAM PROPERTIES 

'\ 

EQUILIBRIUM THERMODYNAMIC PROPERTIES AT 1 ATMOSPHERE "', 
T H S G Cp M TOTAL 

K kcal/mol cal/mol kcal/mol ca1/mol/K g/mo1 MOLES 

1000 -51.602 55.521 -1.7.103 9.806 18.016 1. 000 

2000 -39.974 63.104 -166.102 14.386 1 7 . 952 1. 004 

3000 -5.614 65.002 -200.621 63.724 15.366 1.172 

3400 25.249 60.138 -174.221 101.677 12.036 1. 497 

MOLE FRACTIONS AT 1 ATMOSPHERE 

T(K) KaO 

1000 1.000 

2000 0.9096 

3000 0.6437 

3400 0.3037 

HO 

0.0 

0.00211 

0.09286 

0.14701 

H 0 Ha Oz 

0.0 0.0 0.0 0.0 

0.00013 0.000033 0.0058 0.0023 

0.05932 0.024507 0.1335 0.0461 

0.28741 0.094196 0.1839 0.0599 

LN(KP) E2UILBIRIIUM CONSTANT OF REACTION 

T(K) HzO-H+HO HO-H+O 2 H ::: Hz 2 0 = Oz 

1000 -45.1182 -39.628 39.799 45.15716'" 

2000 -15.130 -13.15.35 12.81289 14.61841 

3000 -4.76101 -4.15693 3.63954 4.34078 

3400 -2.31090 -2.0816 1. 45308 1. 91106 

J 

-



----~ ---~------- ----~--

116 

APPENDI XIII 

~rocedures 

Procedures 

1. The oil heater was switched on several hours before 

start -up. 

2. A preliminary check of the utilites qnd safety systems 

by the opera tors. 

3. The torch was checked for gas and water leaks, the 

argon gas flow set and the arc centered. 

4. The argon plasma was started, then transferred over to 

a hydrogen/steam plasma, the quench water flow started, and oil, 

flow began once the system had reached a stable temperature and 

pressure. 

5. After about two minutes samples were taken ov~r ,the 

next seve'ral minutes and temperatures and pressures at each 

sample t ime noted. 

6. The oil, steam, and quench f lows were stopped and argon 

plasma allowed to purge the system. 

7. The gas samples were analyzed immediately, the liquids 

and solids collected and a portion sent to the Imperial Oil 

Research Lab in Sarnia for analysis, the quench water and oil 

preheater volumes measured, and the whole apparatus cleaned. 

Y' 

\ 
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APPENDIX IV 

Orifice Plate Calibration Curves 

On the following two pages are the two calibration curves 

used for the data analysis. The first shows the measured 

flowrates for air and corresponding manometer height 

measurements. 

with density 

The second shows Iines corresponding to equations 

corrree t ion s made for several poss lIe plasma 

ga ses: hydrogen, steam, and argon. 

."--.~Ie-..,~...,.. ___ ~_._ .... ~ .... _---...... -_._~~_ .... , - -----
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FIGURE 5 

ORIFICE PLATE CALIBRATION CURVE 

MEAStJRED 

" 
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FI GURE 6 

ORIFICE PLATE CALIBRATION CURVES 

CALCULATED , , 
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APPENDIX V 

MASS BALANCE COMPUTER PROGRAM 

.. 
. ' 

) . i 
.--. 1 
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, 
\ *BATCH PRINTA CFMOOOO CYB9 <999,9999) 

********************************************************~ 

IID MUSJOB CYB9 000 010 050 000 R=BHI06 C=1 ,F;:;: 
**EXCESSIVE TIME ESTIMATED ASSUMING 180 SERVICE UNt,TS 
ISYS REG=200 
ILOAD WATFIV 

1 

2 
3 
4 
~ 
6 
7 
B 
9 

10 

1 1 
12 
13 
14 
1~ 
16 
17 
18 
19 
20 

21 
22 
23 
24 

25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
3~ 
36 

C $WATFIV NOLIST 
C PROGRAM MASS16, HYDROGEN PLÂSMA - NO QUENCH 
C THIS IS USING MUSIC 'A' SUBMITTING MODE 
C 
C THIS PROGRAM DOES A MASS BALANCE ON THE EXPERIMENTAL SYSTEM 
C AND DOUBLECHECKS THE CONSISTANCY OF THE DATA 
C THE VARIOUS PROCESS PARAMETERS ARE PRINTED, TOGETHER WITH THE 
C CONVERSION OF THE OIL TO THE VARIOUS PRODUCYS 
C THE ENERGY CONSUMED IS ALSO CALC~LATED 
C 
C 

REAL Kl, K2, K3, K4, KS, K6, K7, K8, K9, KI0, Kll 
C 
C ********************************************* 
C A EXPERIMENTAL DATA 
§ **************************:~:~******.7\** ** 

VOL T = 1 50 0 ,- "-- __ -- -
AMP = 200 0 - /'" j 

C 

C 

C 

C 

V ::: 150 0 /1 
A = 200 0 1 1 

POWOID = 0 67 "-
STOILD = 0 0 
H20ILD = 0 222 ( 
OILD = 2 6 

THE ABOVE 5 VALUES ARE THOSE ARIGIN~ LV DESIRED BY PLAN 
EFF= 0 71 / 

VOLUME ï. OF THE EX 1 T GAS AS FROm HE GC 
H2 ... 0 64 -\ 
02 = 0 0 
co = 0 0 
C02 ... 0 0 
CH4 = 0 15 
C2H2 = 0 10 
C2H4 = 0 10 
C2H6 = 0 02 
H20 = 0 0 
x x = (1 OO-H20) 
TERM Ta CONVERT GAS ANALYSIS RESULTS FROM DRY TO WET BASIS 
AH2 =H2*XX 
A02 ==02*XX 
ACO ... CO*XX 
ACH4 =CH4*XX 

DON'T KNOW WHERE THE SULPHUR GOES 
AC02 ::: C02*X)( 
AC 2H2 =C 2H2* )( X 
AC2H4 =C2H4*XX 
AC 2H6 =C 2H6* X X 
H20X == H20*100 0 
H2X = AH2*100 0 
02X ... A02*100.0 
COX ... ACO*100. 0 
C02X ::: AC02*100 0 
CH4X::: ACH4*100.0 
C2H2X = AC2H2*100 0 
C2H4X ... AC2H4*100 0 



37 

38 
39 
40 
41 
42 
43 
44 
45 
46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64" 

65 

66 

67 

68 

69 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 
C 

C2H6X = AC2H6*100 0 
NOW FOR THE GAS VOLUME ON A DRY BASIS 

H2Y = H2X/XX 
02Y = 02X/XX 
COY=COX/XX 
C02Y = C02X/XX 
CH4Y=CH4X/XX 
C2H2Y = C2H2X/XX 
C2H4Y = C2H4X/XX 
C2H6Y=C2H6X IXX 
H20Y = H20X 

HEIGHT = 57 0/25 4 \ 
INCHES OF OIL HEIQHT CHANGE IN THE PREHEATER 

H2ROT = 24 0 / 
ROTOMETER SETTING 

PLAST == 6 00/60 ~ PLASMA TIME, HOU S 
OILT = 3 5/60 

OIL FEED TIME, HO 
QUENT = 0 0/60 

QUENCH WATER TIME, HOURS 
QRATE :: 0 0 

QUENCH WATER RATE, USGPH 
ATOMI Z = 2 6 

OIL FLOW, USGPH 
COLREA =0 00/3 785 • 

WATER COLLECTED BELOW THE REAC TOR, USGL 
COLCYC =0 0/3 785 

WATER FROM THE CYCLONE, GL 
SOOT = 0 4 

CARBON SOOT COLLECTED FROM THE REAC TOR, KG 
OILLIN = 0 0 

aIL COLLECTED FROM THE FEED LINES, KG 
OILCOL = OILLIN 

aIL FROM BELOW/IN THE REACTOR, KG 
TEX IT = 338 0 

TEMP , K, AT THE ORIFICE PLATE 
TPLAS = 1500 0 

'K, OF THE PLASMA , HYDROGEN ALONE 
PEXIT :: 16 0 [ 

PSIG, ~ ORIFICE, ABSOLUTE P= 2 ATM. 
HPLAS = 9 5 

MM OF HG wrTH PL~SM ONLY, DELTA P 
HOIL = 19 0 

MM OF HG AT ORIFI , WITH GASIFICATION, DELTA P 
VEXIT == 653 0 -' 

FT3/HR OF GAS WITH OIL GASIFICATION. ESTIMATED 
VOLPLA = 347 0 

MEASURED PLASMA FLOW FROM ROTOMETER TO THE TORCH 
VEXIT1 = 347 0 

FT3/HR OF PLASMA AS MEASURED AT THE ORIFICE PLATE 
VEXIT3 == 500 0 

FT3/HR OF GAS WITH OILi 8 SUCH THAT THE ATOMIC OUTPUT BALANCED 
AUXSTE = 0 00 

AUXILIARY STEAM FLOW. KG 

C CONVERSION ~ACTORS AND CONSTANTS 
C 

R = 42 5796 

---------------------- .----
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71 

72 

73 

74 

75 
76 
77 

78 

79 

80 
81 

82 

83 

84 

8~ 

86 
87 

88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 

99 
100 
101 

c 

c 
c 

c 
c 
c 

c 

c 
c 
c 

C 

C 
C 
C 
C 
C 
C 
C 
C 

C 

C 
C 

C 

c 
C 
C 
C 

C 

PSIA*FT3/KGMOL/K 
PV = PEXIT*VEXIT3/(R*TEXIT) 
WITH OIl GASIFICATION. USING EXIT FLOW SO ATOMIC BALANCE BALANCES 

= IDEAL GAS LAW USING VOLUMETRIe MEASURED EXIT GAS FLOW 
PV1 = PEXIT*VEXIT1/(R*TEXIT) 

PV/RT FOR THE PLASMA ALONE 
K1 = 35 314 

= FT3/M3 
K2 =0 040872 

= 1000L/M3 *(273/298 K) 1 22 414 L/GMOL/I000 GMOL/KGMOL 
K3 =2 0 = 2 G/MOL 
K4 = 16 0 
K~ =18 0 
K6 = 3 777 

= 998 KG/L * 3 78~ L/USGAL 
K7 = 79 437 

= 68,317 CAL/GMOL*4 186J/CALI 3600S/HR/I000W/KW*1000GMOL/KGMOL 
K8 =13 846 

= 13 846 = SLOPE OF THE H2 ROTOMETER CURVE 
K9 = 32 0 
Kil = 4 329E-3 

= 7 48 GL/FT3 / 1728 IN3/FT3 
AREA == 15 71 

AREA OF THE INS~DE OF THE PREHEATER. IN2 

************************************************ 
B ORIFICE FLOWMETER CALCULA1IONS 

************************************************ 

G= VO~ FLOW, M= MASS FLOW, D= DENSITY. H= MANOMETER HEIGHT 
A= AIR, G=GAS MIXTURE OF EXPERIMENT SUBSCRIPTS USED 
GAPLAS= 22 07*HPLAS**1/2 + 6 31 

FOR PLASMA ALONE 
GAOIL == 22 07*HOIL**1/2 + 6 31 

FLOW WITH OIL GASIFICATION 
MANOMETER CALIBRATION CURVE FOR AIR 
DA = 0 8711 
UNITS OF DENSITY ARE KG/M3, FLOW ARE FT3/HR. HEIGHT IN MM 
GHPLAS == 71 95*HPLAS**1/2 + 20 6 
GHOIL == 71 95*HOIL**1/2 + 20 6 
FLOW FOR HYDROGEN PURE, GH == 3 26*GA 
NOW TO CALCULATE AN AVERAGE DENSITY TO CONVERT MANOMETER READING 
TO A CORRECT VALUE OF FLOWRATEi AVG DENSITY = DAV 
GAS DENSITIES ARE GIVEN FOR 80(1) AND 130 C(2) 
DH21 = 0 0609 
DH22 = 0 0696 
D021 = 0 969 
D022 = 1 105 
DCOI = 0 848 
DC03 = 0 848 
DCH41 = 0 445 
DCH42 = 0 492 
OC021 = 1 333 
OC022 = 1 525 
DACET1 = 1 171 
THIS ACETYLENE DENSITY IS FOR 0 C 
DACET2 == 1 3 
DETHl = 1 11 
DETH2 = 1 269 

----------_._- ---
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102 
103 
104 

105 
106 
107 
108 
109 
110 
111 
112 
113 
114 

115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
131 
132 
133 
134> 
135 
136 

137 

138 

139 

140 

141 

142 

143 

144 

(fi 

c 

C 

C 

C 

C 
C 
C 

DETHAI = 0 810 
DETHA2 = 0 826 
DH201 = 0 55 

U8ING LINEAR INTERPOLATION, TOR 18 THE ORIFICE TEMP 
TOR = 110 0 
DH2 = (1/(130 0-80 0»*«130-TOR)*DH22-(80 O-TOR>*DH21) 
D02 = (1/(130 0-80 0»*«130-TOR)*D022-(80 0-TOR)*D021) 
DCO = (1/(130 0-80 0»*«130-TOR)*DC03-(80 0-TOR)*DC01) 
DCH4 = (1/(130 0-80 0»*«130-TOR)*DCH42-(SO 0-TOR)*DCH41) 
DC02 = (1/(130 0-80 0»*«130-TOR)*DC022-(80 O-TOR)*DC021) 
DACET = (1/(130 0-80 0»*«130-TOR)*DACET2-(80 0-TOR)*DACET1) 
DETH = (1/(130 0-80 0»*«13Q-TOR)*DETH2-(80 O-TOR)*DETH1) 
DETHA = (1/(130 0-80 0»*«130 0-TOR)*DETHA2-(80 0-TOR)*DETHA1) 
DH20 = DH201 

WEIGHT FRACTIONS FROM VO~UME 'la 
H2W = H2*DH2 
02W=02*D02 
COW=CO*DCO 
C02W=C02*DC02 
CH4W=CH4*DCH4 
H20W=H20*DH20 
C2H2W=C2H2*DACET 
C2H4W=C2H4*DETH 
C2H6W=C2H6*DETHA 
y == C2H6W+C2H4W+C2H2W+CH4W+H20W+COW+C02W+02W+H2W 
H2Z=H2W/Y 
02Z=02W/Y 
COZ=COW/Y 
C02Z=C02W/Y 
CH4Z=CH4W/Y 
C2H2Z=C2H2W/Y 
C2H4Z=C2H4W/Y 
C2H6Z=Ci6W/Y 
H20Z=H2 W/Y 
DAVG1 = 2Z*DH2+02Z*D02+COZ*DCO+CH4Z*DCH4+C02Z*DC02 
DAVG2 = ~H2Z*DACET+C2H4Z*DETH+C2H6Z*DETHA+H20Z*DH20 
DAV= DAVGl + DAVG2 

FLOW D SITY CORRECTION EGUATION 
GPLAS = GHPL *(DH2/DAV)**(1/2) 

FINAL CORR CTED FOR PLASMA FLOW 
GOIL = GHOIL*(D IDAV)**{1/2) 

FINAL CORREC D FOR FLOW WITH OIL 

" 

C *************************************************** 
C C MASS AND ENERGY INPUT CALCULATIONS 
C 
C 
C 

c 
C 

C 

C 

C 

*************************************************** 
PLASMA FLOWRATE 
ORIFIC = GPLAS/35 314*K2*K~ 

KG/HR OF PLASMA AS MEASURED 
PLASMA = K8*H2ROT + 1~ 385 

CFH 
PLASMB = PLASMA/35 314 

M3/HR 
H2MOL1 = PLASMB*K2 

KOMOL/HR 
H2KG1 = ~H2MOL1*K3 

KG/HR 
H20KG2 = 0 0 

AT ORIFICE PLATE BY DELTA P 



t 
145 
146 
147 

148 
149 

150 

151 

152 

153 

154 

155 

156 

157 

158 

159 

160 
161 
162 
163 
164 
165 

166 

167 

168 

169 

170 

171 

172 
173 

174 4 

c 

c 
c 

c 

c 
c 

02MOLl = 
02KGl = 
H20GL :::: 

H20MLl = 
H20ML1=O 
H20PLA :::: 

KG/HR OF PLASMA 
o 0 
o 0 
o 0 

USGL/HR 
H2MOLl 
o 
o 0 

USGAL 
PlASKG = H2MOll*PLAST*K3 
KG OF PLASMA FED 
PLASMA VOLUMETRIC FLOW IN FT3/HR CORRECTED FOR THE EXIT TEMP 
VEXIT2 = PlASMA*TEXIT/TPLAS 

C -----------------------C OIl FLOW 
C -----------------------

C 

C 

C 

C 

C 

C 

C 

C 
C 
C 
C 

ATOMI = ATOMIZ*OILT 
USGAL- TOTAL 

OIlHEI = HEIGHT*Kll*AREA 
VOLUME OF aIL CHANGED IN PREHEATER, US. GALLONS 

OIlHIE~= OILHEI*K6 
WEIGHT, KG, OF OIL FROM THE PREHEATERi MEASURED 

OILGL = (ATOMI + OILHEI)/2 0 
, AVG OF aIL USED, GL 

OILKGl = OILHIE/OILT 
MEASURED KG/HR 

OIlGLH = OIlKGI/K6 
MEASURED USGAL/HR 

OILKG3 = ATOMIZ*K6 
KG/HR 

OIlKG2 = ATOM1*K6' 
KG OF OIL FEDi CALCUlATED . 

KG ~ OMOl OF ATOMIC SPECIES FROM THE OIl FED 

COl~G :::: OILHIE*O 8228 
HOlKG = OILHIE*O 1059 
SOLKG = OILHIE*O 044 
COlMOL = COLKG/12 0 
HOlMOL = HOLKG 
SOlMOL = SOLKG/32.0 

C ------------------------C GUENCH WATER 
C -------------------------
c 
C 

C 

C 

C 

C 

C 

G~NCH = GRATE*GUENT 
, GAL 

~UENKG = GUENCH*3, 785 
KG 

GUEKG2 :::: GRATE*3 78~ 
KG/HR 

WATIN :::: GUENCH + H20PLA 
TOTAL WATER INPUT FROM THE GUENCH ~ PLASMA, GAL 

WATIN1 = GUENKG+AUXSTE 
KG OF TOTAL WATER IN FROM aUENCH AND PLASMA & AUX STEAM 

HGUKG = GUENKG*2.0/18.0 
KG OF H IN THE GUENCH WATER 

OGUKG = GUENKG*16.0/18 0 
HGUMOL :::: HGUKG 

KGMOL OF H FROM THE WATER 
OGUMOL -OGUKG/16.0 



175 
176 
177 

C --------------------------------------------------
C POWER INPUT, KW, ELECTRICAL, CHEMICAL & TOTAL 
C --------------------------------------------------

ELEPOW = VOLT*AMP*EFF/1000 0 
CHEMPO = 0 0 
POWER = ELEPOW + CHEMPO 

RATIOS 

1 1 

C 
C 
C 
C 

UNITS,KG STEAM/KGOIL, KGH2/KGOIL, KGOIL/KW POW~R 

178 STOIL = H20KG2/0ILKG1 
179 H20IL = H2KG1/0ILKGl 
180 POWOIL = POWER/OILKG1 

181 
182 
183 
184 

185 
186 
187 
188 
189 
190 

191 

192 

193 

194 

195 

196 

197 

198 
199 
200 
201 
202 

c---------------------------
C TOTAL KGMOLES OF INpUT 
C ---------------------------

C 
C 
C 

C 
C 
C 
C 
C 
C 
C 

C 

C 

C 

C 

C 

C 

C 
C 
C 
C 
C 
C 

CMOLIN = COLMOL + 0 82*OILCOL/12 0 
SMOLlN = SOL MOL 
OMOLIN = 02MOLl*2 O*PLAST + DGUMOL 
HMOLIN = HGUMOL + H2MOLl*2 O*PLAST + HOLMOL+ 0 11*OILCOL 

TOTAL KG INPUT OF ~TOMIC SPECIES, & TOTAL WEIGHT 

CKGIN = COLKG 
SKGIN = SOLKG 
OKGIN = 02KG1*PLAST + OGUKG + AUXSTE*16 0/18 0 
HKGIN = H2KGl*PLAST + HGUKG + HOLKG + AUXSTE*2.0/18 0 
TOTIN1 = CKGIN + SKGIN + OKGIN + HKGIN 
TOTIN = OILHIE + GUENKG + PLASKG + AUXSTE 

**************************************************** 
D GAS AND LIGUID OUTPUT CALCULATIONS 

**************************************************** 

WATER AND aIL RESIDUE COLLECTED 

WATCOL = COLREA + COLCYC 
GL WATER COLLECTED 

WATKG = WATCOL*3 785 
KG 

DELWAT = WATIN1 - WATKG 
KG OF WATER LEAVING AS VAPOURi 57 

DELWAA = DELWAT/18 0 
KGMOL OF WATER TO VAPOURi 00317 

OILKG = OILCOL 
KG OF OIL COLLECTED AS RESIDUEi*K6 IF OILCOL= GL 

DELOIL = OILHIE - OILKG-SOOT 
KG OF OIL GASIFIED 

TOTLIG = WATKG + OILKG 

...... , ..................................... . 
D ALTERNATIVE METHOD OF GAS BALANCE ••••••••••••••••••••••••••••••••••••••••••••• 

FIRST CONVERSION OF VOL. % FLOW TO WT FLOW, THEN TO TOTAL KG 
H2DENS = H2*GOIL*DH2/K1 
H2DENZ =GPLAS*O. 082/K1 
H2KG = H2DENS*OILT +(PLAST-OILT>*H2DENZ 
02DENS = 02*GOIL*D02/K1 
02DENZ = 0 0 



C 
203 
204 
20:5 
206 
207 
208 
209 
210 
211 
212 
213 

C 
214 
215 
216 
217 
218 
219 
220 
221 

C 
222 
223 
224 
22~ 

C 
C 
C 

226 
227 
228 
229 
230 
231 
232 
233 
234 

C 
C 
C 
C 
C 

23~ 
C 

236 
C 

237 
C 

238 
C 
C 
C 
C 
C 

-239 
240 

C 
241 

C 

CALCULATED TOTAL PLASMA KG 
PLASKG = (H2DENZ+02DENZ)*PLAST 
02KG = 02DEN8*OILT + (PLAST-OILT)*02DENZ 
COKG = CO*GOIL*DCO/Kl*OILT 
C02KG = C02*GOIL*DC02/K1*OILT 
CH4KG = CH4*GOIL*DCH4/Kl*OILT 
C2H2KG = C2H2*GOIL*DACET/K1*OILT 
C2H4KG = C2H4*GOIL*DETH/Kl*OILT 
C2M6KG = C2H6*GOIL*DETHA/Kl*OILT 
H20KG = H20*GOIL*DH20/Kl*OILT 
TOTKG = H2KG+02KG+COKG+C02KG+CH4KG+C2H2KG+C2H4KG+H20KG+C2H6KG 
GASKG = TOTKG/OILT 
NOW TO CONVERT TO KG OF ATOMIC SPECIES 
HKGSUB = C2H4KG*2 0/28 0+C2H2KG*2 0/26.0+CH4KG*4 0/16 0 
HKGGAS = HKGSUB+H2KG+H20KG*2 0/18 0+C2H6KG*2 0/30 0 
HKG = HKGGAS,tO. 1059*OILKG+WATKG*2 0/18.0 r 
OKGGAS = C02K~*32 0/44 0+COKG*16 0/28.0+02KG+H20KG*16 0/18 0 
OKG = OKGGAS+WATKG*16 0/18. 0 
CKGSUB = C2H6KG*24 0/30 0+C2H4KG*24 0/28 0+COKG*12 0/28 0 
CKGGAS =' CKGSUB+C2H2KG*24/26+C02*12 0/44 0 
CKG = CKGGAS+O. 8228*OILKG+SOOT 

CALCULATEo OIL TO GAS CONVERSION 
HGAS = CKGGAS*O 106/0.823 l 
GASOIL = HGAS +CKGGAS 
TOTOUT=OILKG+WATKG+TOTKG 
TOTOT1=HKG+OK~+CKG 

CALCULATE THE PROCESS VALUES PER 100 KG ACETYLENE 

KI0 = 100 0/C2H2KG 
SOOTZ = SOOT*KI0 
OILKGZ = OILHIE*KIO 
HYDRKG = PLASKG*KIO 
CH4KG=CH4KG*KI0 
ELETKG = ELEPOW*KIO*OILT 
C2H4KG = C2H4KG*KI0 
RESIDK = OILCOL*KIO 
H2M3 = PLASMB*QILT 

CONVEI =GASOIL/OILKG2*100 0 

• 

TO GAS - CALCULATEDI USING GAS FLOWS AND 
CONVE2 =(OIlHIE - OIlKG - SOOT)/OILHIE*100 
TO GASI MEASUREOi WITH RESIDUE COLLECTED ~ 
CONVE3 = SOOT/OILHIE*lOO 0 

OIL CONVERSION TO S0rI 
CONVE4 = OIlCOL/OILHIE 00 0 

OIl CONVERSION TO RE IDUE 
... 

ATOMIZER FEEDRATEi ï. 
o 
HEIGHT IN PREHEATER, ï. 

TOTAL OUTPUT OF: ATOMIC SPEC lES, KGI ,,& TOTAL OUTPUT 
NOW ASSUMING THE RES lOUE HAS THE COMPOSITION AS THE FEED 

,; 

TOTOT3 = 
TOTKG2 = 

TOTOT2 = 

OILKG+WATKG+SOOT 
TOTI~ - TOTOT3 
GAS UT SY MEASURENT, DIFFERENCEi KG 
TOTO 3+ TOTKG2 
TOTAL OUT SY MEASUREMENT ALONEi KG 



242 
243 

C 
C 

C 

CARBON ATOM SPLIT IN PRODUCTS 
RESIDC=O 823*OILKG 
GASC=CKG-RESIDC-SOOT 

C ~~###~~~##~~~~##~~~~####~~#########~#####~~~###~ 
C F THE PRINTOUT 
C ~#*#**###*#~~~##~~~~##**~#~##~~###~~~###~#~##### 
C 
C 

244 
245 1 
246 
247 2 
248 h 
249 :...:1 

250 
251 4 
2::52'''' 
253 6 
254 
255 7 

256 
257 8 

258 
259 9 

260 
261 10 

262 
263 11 
264 
265 12 
266 
267 14 

268 
269 16 

270 
271 18 

272 
273 19-

274 
275 20 

276 
277 21 
278 
279 22 
280 
281 24 
282 
283 26 

WR 1 TE (6, 1 ) 
FORMAT< ' 1 ' ) 
WRITE (6,2) 
FORMAT< Il, 72 ( , * ' ) ) 
WR 1 TE (6, 3 ) , 
FORMAT< Il, , EXPERIMENT NO 16, OCT 1 ,1984 - HYDROGEN PLASMA, 

S WITH NO GUENCH ') 
WRITE(6,4) 
FORMA T (II, 72 ( , * ' ) ) 
WR 1 TE ( 6, 6) C ONVE2 -
FORMATU, 'THE OIL-TO-"QAS CONVERSION 18 ',F6 3,' WT 'lo') 
WR 1 TE (6, 7) H2X, 02X, ,COX, CH4X, C02X 
FORMAT ( l, 'WET EX IT GA~ VOLUME' (., OF, H2- " 

SF5 2,' 02- ',F5 3,' 0-', F5 3,' CH4- ',F6 3,' C02-', F5 3) 
WRITE (6,8) C2H2X, C24X, C2H6X, H20X 
FORMATU, 'WET EXIT GAS VOLUME (., C2H2- " 

SF7 4,' C2H4-', F6 2,' C2H6- ';F5 3,2X, 'WATER- ',F6 2) 
WRITE (6,9) H2Y, 02Y, COY, CH4Y, C02Y 
FORMAT(/, 'DRY EXIT GAS VOL % H2 ',F6 3,2X, '02 ',F63,2X, 

S ' CO' , F 6 3, 2 X, 'c H4 ' , F 6 3, 2 X, 'C 02 ' , F 6 3) 
WRITE (6,10) C2H2Y, C2H4Y, C2H6Y, H20Y 
FORMAT< l, 'DRY EX IT GAS VOL % C2H2', F6 3, 2X, 'C2H4 " F6 3,2X, 

S 'c 2H6 ' , F 6. j, 2 X, , H20 ' , F 6 3) 
WRITE (6,11) CONVE3 
FORMAT ( l, 'THE OIL TO SOOT CONVERSION 15 " F6 3,' WT (.') 
WRITE (6,12) CONVE4 
FORMAT< 1, 'THE OIL TO RESIDUE CONVERSION IS ',F6 3,' WT 'lo') 
WRITE (6,14) STOIL, STOILD 
FORMATU, 'THE STEAM-TO-OIL WEIGHT RATIO 15 " F6 3, ' 

SHOWEVER THE DESIGNED RATIO WAS ',F63) 
WRITE (6,16) H201L, H20lLD 

/ FORMAT< l, 'THE HYDROGEN-TO-OIL WEIGHT RAT 10 r8 ',F6 3, ' 
S HOWEVER THE DESIGNED RATIO WA8 ',F6 3) 

WRITE (6,18) POWOlL, POWOID 
FORMAT< l, 'THE POWER-TO-OIL RATIO IS ',F6 3,' KW/KG/HR, 

SHOWEVER THE DESIGNED RATIO WAS ',F6.3) 
WRITE (6,19) OILGLH, OILD 
FORMATU, 'THE OIL FEEDRATE IS " F6 3,' USGPH, 

SHOWEVER THE DESIGNED FLOW WAS ',F63) 
WRITE (6,20) PLASMA, QOIL 
FORMATU, 'THE PLASMA FLOWRATE 18 ',F7 2, , CFH', 

S' C~LCULATED GAS FLOW WITH OIL ',F9 3) 
WRIl'E (6,21) GRATE 
FORMAT< l, , THE GUENCH RATE la ',F6 3, , USGPH' ) 
WRITE (6,22) TOTIN 
FORMATU, 'THE TOTAL INPUT OF MASS MEASURED IS ',F6 3,' KG') 
WRITE (6,24) TOTOT2 
FORMATU, 'THE TOTAL OUTPUT IS ',F6. 3,' KG') 
WRITE (6,26) POWER 
FORMAT< l, 'THE TOTAL POWER INPUT IS ',F5 2,' KW') 



284 
285 27 
286 
287 28 

288 
289 29 

290 
291 30 

292 
293 32 

294 
295 34 

296 
297 35 

298 
299 38 
300 
301 39 
302 
303 40 
304 
305 42 
306 
307 43 

308 
309 45 

310 
311 46 

312 
313 48 

314 
315 50 
316 
317 52 
318 
319 60 

320 
321 65' 
322 
323 70 

324 
325 71 
326 
327 72 

328 
329 73 

WRITE (6,27) AMP, VOLT 
FORMAT U, 'THE POWER SETT INGS ARE ',F7 3, 'AMPS " F7 3, ' VOL T5' ) 
WRITE (6,28) OILKGZ 
FORMATU, 'THE PRODUCTS AND INPUTS FOR 100 KG OF ACETYLENE ARE 

$ aIL FEEO " F6 2,' KG' ) 
WRITE (6,29) HYDRKG, ELETKG 
FORMATU, 'STEAM PLASMA SUPPlIEO ',F6 2, 'KG g, THE 

$ELECTR ICAl POWER 15 " F9 2,' KWHR 1 ) 

WRITE (6,30) C2H4KG, RESIDK 
FORMATU, 'ETHYLENE PRODUCT ',F6 2,' KG g, THE RESIDUAl 

$OIl. ',F6 2,' KG') 
WRITE (6,32) H2M3, SOOTZ, CH4KG 
FORMATU, 'CUBIC METERS OF HVDROGEN " F8 2,' SOOT " F8 2, 

$', METHANE ',F7 2) 
WRITE (6,34) H2Z, 02Z, COZ, C02Z, CH4Z 
FORMATU, 'THE WEIGHT f. PROOUCT GAS ES ARE, H2 " F5 3,' 02 

$F5 3,' co " F5 3,' C02 " F5 3, 1 CH4 ' , F5 3) 
WRITE (6,35) C2H2Z, C2H4Z, C2H6Z, H20Z 
FORMAT U, 'WT f. ACET.YLENE " F5 3,' C2H4 " F5 3, 1 ETHANE 

$F5 3,' WATER " F5 '3) 
WRITE (6,38) 
FORMAT (l, 'COMMENTS' ) 
"'RITE (6,39) 
F"OR MA T ( '1 ' ) 
WRITE (6,40) 
FORMAT('EXPERIMENT #16- OCT 1 ,1984 HVDROGEN WITH NO GUENCH') 
WRITE (6,42) 
FORMAT(II,72( '*'» 
WRITE (6,43) ~, 
FORMATUI, 'THE OIL ATOMIZ~R 15 POINTED DOWN FROM THE REACTOR TOP 

$,NEAREST TO THE TORCH, BEING A DElEVAN 30 DEGREES, 2 5 GPH@100PS!') 
WRITE (6,45) H2ROT, TPlAS, TEXIT 
FORMATUI,4X, 'H2 ROTOMETER SETTING ',F6 2, 10X, 'EST PLASMA TEMP. 

$ " F9 2, 'K', 10X, 'EXIT GAS TEMPERATURE ',F6 2, 'K'r 
WRITE (6,46) PlAST, aUENT, OIlT 
FORMAT</I, 4X, 'FEED TIMES, HOURS PLASMA '. F6 4. 10X, 'GUENCH WAT 

$ER " F 6 4, 10 X, '01 L " F 6 4 > 
WRITE (6,48) H2X, 02X, COX, CH4X, C02X, C2H2X, C2H4X 
FORMATUI, 'EXIT WET GAS OUTPUT, VOLUME f. H2-',F6 2,2X, '02-',F 

$7 3, 2X. 'CO-', F7 3,2X, 'CH4-'. F6 2,2X, 'C02-', F6 2,2X. 'C2H2-', F6 2,2X 
$, 'C2H4-', F6 2,2X, 'C2H6- " F5 3) , 

WRITE (6,50> C2H6X, H20X 
FORMAT(/, 'WET EXIT GASES,VOL ï. ETHANE- ',F6 2,2X, 'WATER- ',F6 2) 
WRITE (6,52) 
FORMAT(II,20( '*'» 
WRITE(6,60) OIlGLH, OIlKG1, OIlHIE l 
FORMAT (//, 5X, , THE OIl FEEDRATE, IS, USGPH '.7X, F6 2, 9X, 'KG/HR 

$ " F7 4,9X, , TOTAL KG ',F7 4, 4X, 'AS BV MEASUREMENT') 
WRITE (6,65) OIlD 
FORMAT</I, 5X, 'HOWEVER THE DESIRED OIl FEEDRATE IS " F6 2, , GPH') 
WRITE(6,70) PLASMA, H2KG1, PLASKG 
FORMAT(//, 5X, , THE PLASMA FLOWRATE. IS, CFH '.7X, F6 2,9X. 'KG/HR 

$ W~ i~~ ~~l ~~') , ~~I~~G KG: ',F7 4) 
FORMAT(/, 'THE CAlCULATED TOTAL PLASMA KG, , 40X,F7 4) 
WRITE (6,72) GRATE, GUEKG2, GUENKG 
FORMAT ( Il,5)(, , THE QUENCH .RATE, IS, GPH " 8X, F6 2, 9X, 'KG/HR 

$,F6.2,9X,' TOTAL KG ',F62) 
WRITE (6,73) TOTIN, TOTINt 
FORMAT< Il, 5X, , THE TOTAL INPUT BY ADDITION OF THE ABOVE ',30X. F6 



330 
331 74 

332 
333 76 

334 
335 80 

336 
337 92 

338 
339 120 

340 
125 341 

342 
343 130 

344 
345 131 
346 
347 133 
348 
349 134 

350 
351 135 

352 
3::53 145 
354 
355 150 
356 
3::57 152 
358 
359 160 
360 
361 170 
362 
363 190 
364 
365 191 
366 
367 194 
368 
369 196 
370 
371 198 
372 
373 200 

374 
37::5 210 

376 

$ 3, , KG MEASURED " 5X, F8 4, , KG CALCULATED') 
WRITE (6,74) WATKG, OILKG, TOTKG2, SOOT 
FORMAT(//,5X, 'MEASURED OUTPUT WEIGHTS OF ',6X, 'WATER -',F6 3,6X, 

$'OIL RESIDUE - ',F6 3,6X, 'GAS BY OIFF - ',F8 4,' KG',6X, 
$ 'SOoT - ',F8 4) 

WRITE (6,76) ToTOT2, TOToT1 
FORMAT<//, 5X, 'TOTAL BY ADD OF PREVIOUS OUTPUTS -',33X, Fa 4, , KG, 

$ MEA8URED', 5X, F8 4, , KG CALCULATEO ') 
WRITE(6,80) POWER, CHEMPO, ELEPOW 
FORMAT<//, 5X, 'THE TOTAL POWER INPUT, KW, IS',6X, F6 2, 12X, 'CHEMICAL 

$ ',F6 2, 12X, 'ELECTR ICAl " F6 2) 
WRITE (6,92) H20IL, H20IlD 
FORMAT <1/, 5X, 'HYDRDGEN TO aIL WT FEED RATIO 18 ',12X, F6 2,10X, 

$'HOWEVER DE9IRED 19 ',F63) 
WRITE (6,120) POWDIL, VOLT, AMP 
FORMAT(/I,5X, , THE POWER TO OIL RATIO, KW/KG/HR, 18 ',14X, Fl0 5, 

.4X, 'WITH SETTINGS OF ',3X,F6 2,' VOLTS',4X,F7 3,' AMPS') 
WRITE (6,125) POWOID, V, A 
FORMATU/, 5)(, , HOWEVER THE DESIRED POWER/OIl RATIO IS " 15X, F6 

$3, 4X. F6 2, , VOL T8', 5X, F6 2, , AMPS') 
WRITE (6.130) CONVE2, CONVE1 
FORMAT <1/, 5X, 'OIL TO GAS - CONVERSION, WEIGHTï. " 8X, 

$ 'MEASURED " F6 2, ' ï.', 10X, ' CAl'CULATED ' F8 4, , ï.') 
WRITE (6.131) CONVE3 
FORMATU/. :';5)(, 'OIL TD SOOT - CONVERSION WT /. 
WRITE (6,133) CONVE4 
FORMATU/, 5X, 'Oll TD RESIDUE - CONVERSION WT ï. 
WRITE (6,134) GOIl, GASKG 

',9X,F62) 

',9)(,F62) 

FORMAT <1/, 5)(, 'MEASURED EXIT FLDWRATE OF GAS ',F8 2, , FT3/HR 
$', 5X. 'CALCULATED EXIT FLOW TO BALANCE KG OUTPUT " Fe 2,' KG/HR') 

WRITE (6.135) QPLAS, VOlPLA 
FORMAT(//, 5X, 'MEASURED @ ORIFICE PLATE EXIT PLASMA FLOW'. F8 2.5X 

$, 'MEASUREO @ GAS R01"DMETER ',F6 2. ' FT3/HR') 
WRITE (6,145) 
FORMAT(//,72< '*'» 
WR ITE (6, 1 50 ) 
FORMAT <1/, 5X, 'KG OF 
WRITE (6,152) 
FORMAT(//,72( '*'» 
WRITE (6,160) HKGIN, HKG 
FORMAT <1/, 4X,' HYDROGEN ATOM 
WRITE (6,170) OKGIN, OKG 
FORMAT(I/,4X,' OXYGEN ATOM 
WRITE (6,190) CKGIN, CKG 
FORMAT <1 l, 4X , .. , CARBON ATOM 
WRITE (6,191) TOTINt. TOTOT1 

INPUT 

F7 4,20)(, F74) 

F7 4,20X, F74) 

F7 4,20X, F74) 

FORMAT<lI,2X, 'BY SUM OF ATOM WTS ',3X, F6 3, 17X, Fe 4) 
WRITE (6,194) 
FORMAT(//,72( '*'» 
WR 1 TE (6, 196) 
FORMAT (//, 25X, , DOUBLECHECKS ') 
WR 1 TE (6, 198) 
FORMAT(II,72< '*'» 
WRITE (6,200) WATIN1, WATKG, DELWAT 

OUTPUT' ) 

FORMAT <II, 4X, 'KG OF WATER " F6 2,15X, F6 2, , 1 COLLECTED', 
$10X, 'THEREFORE WATER TO VAPOUR IS, " F6 2, , KG') 

WRITE (6,210) OILHIE, OILKG, DELOIl 
FORMAT <II, 4X, , KG OF aIL " F6. 3, 15X, F6 3, , ; COLLECTED', 

$8X, , THEREFORE tHE OIL TO GAS IS " F9. 5, , KG') 
WRITE (6,220) GASOIL, SOOT 

/ 

.. 



377 220 FORMATU, 'CALCULATED GAS TO OIL KG ',F7 4,2X, 'MEASURED SOOT ' 
$F6 2) 

378 WRITE (6,280) ATOMIZ, OILGLH 
379 280 FORMATUI,4X, 'USGAL/HR OIL FLOW ESTIMATEO - ',F6 2, 1~X, 'MEASURE 

SO - ',F6.2) 
380 WRITE (6,300) OILKG~, OILHIE 
381 300 FORMATC/I, 5)(, 'TOTAL OIL FEED,KG - ESTIMATED " F6 2, l~X,' 

$BV MEASUREMENT " F6 2) 
382 WRITE (6,305) OILKG3, OILKG1 
383 305 FORMAT (/1, 5X, , KG/HR OF OIl FEEO - ESTIMATED " F7 4, 15X, ' BY 

$ MEASUREMENT " F7 4) 
384 WRITE (6,306) H2KG, 02KG, COKG, CH4KG, 'C02KG, C2H2KG, C2H4 

$KG, H20KG 
385 306 FORMATC/I,3)(, 'OUTPUT KG OF H2-',F5 3,' 02-',F5 3,' CO-',FS 3, 

$' CH4-', FS 3, , C02-', FS 3, , C2H2-', FS 3, , C2H4-', FS 3, , H20 ' 
$,F7.4) 

386 WRITE (6,307) TOTKG, TOTKG2 
387 307 FORMATC//,5)(, 'TOTAL GAS OUTPUT, KG . BV CALCULATION - ',F8 4, 10X, 

.'BV DIFFERENCE MEASUREMENT - ',F6 3) 
388 WRITE (6,314) TOTIN, TOTINI 
389 314 FORMAT(f/, 'INi SUM OF OIL&PLASMA&GUENCH BULK KG' " F6 3,10X, 

$'SUM OF ATOMIC WEIGHTS IN, KG ',F63) 
390 WRITE (6,316) TOTOT2, TOTOn 
391 316 FORMATC/I, 'OUTISUM OF COLLECTED OIL&WATER&WATER VAPOUR, KG 

$, F6. 3, 5X, ' SUM OF ATOMIC WEIGHTS OUT, KG " F6. 3) 
392 WRITE (6,318) DAV 
393 318 FORMAT(/, 'THE AVERAGE GAS DENSITV rs ',FS 3,' KG/M3') 
394 WRITE (6,319) KIO 
39~ 319 FORMAT(f,' KI0 ',FS.2) 
396 WRITE (6,322) RESIDC 
397 322 FORMAT (f, 'CARBON ATOM IN RESID OIL ',F6 2) 
398 WRITE (6,324) GASC, HKGGAS, OKGGAS 
399 324 FORMAT (/, , IN THE GAS CARBON ',F6 2, 2X, 'HYOROGEN ',F6 2,2X, 

$'OXVGEN ATOM ',F6 2) 
400 WRITE (6,330) 
401 330 FORMAT ( '1 ' ) 
402 STOP 
403 END 

$DATA 
COMPILE = 1 89 SU 

--- - .--- -------~- .---


