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Abstract

A bench scale horizontal visbreaking reactor was 
assembled and found to perform well over the range of con
ditions tested. Crude Paraho shale oil was thermally 
pyrolyzed in the horizontal tubular soaker reactor. The 
reaction variables and their ranges were :

Temperature 600 - 910°F
Soaking Time 1 - 8 minutes
Pressure 125 - 250 psig

Increased temperature and/or soaking time resulted 
in viscosity and pour point reduction. Increased temper
ature resulted in increased gas production and increased 
API (decreased specific gravity) of the liquid product. 
Process configurations involving one pass preheat or 
injection of water resulted in coke formation.

Above 830°F, product viscosity was reduced from 51.65 
cSt to less than 20cSt, pour point was reduced from 80°F 
to 10°F or less, and API gravity was increased from 20.8° 
API to above 23°API. Approximately 3 to 5 weight percent 
of gas was produced. Product viscosity was found to in
crease with storage time.

Thermal cracking can be used to reduce the pour point 
and viscosity of shale oil. The horizontal soaker reactor 
developed can be used to thermally crack shale oil or other 
susceptible heavy oils.
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Introduction

The United States currently relies on substantial 
quantities of imported oil. Adequate liquid hydrocarbon 
supplies seem unlikely due to the depletion of convention
al domestic and foreign oil reserves. For national defense 
and economic stability, domestic petroleum supplies must be 
assured for extended periods. These factors have lead to 
an increased interest in the development of alternate do
mestic hydrocarbon resources such as coal, oil shale, and 
tar sands.

The United States has vast reserves of alternate hydro
carbon resources. The C/H weight ratio of oil shale (7 to 
8), favors oil shale as an alternate liquid hydrocarbon 
source.

The United States has enormous oil shale reserves.
The most readily developed reserves are those of the Green 
River formation of Colorado, Utah, and Wyoming. The USGS 
estimates this formation to contain almost two trillion 
barrels of oil of which approximately 600 billion barrels 
can be recovered by current technology (1). This could 
supply a significant portion of the United States future 
energy needs.

Technology for the extraction of oil from oil shale 
has existed for a long time. The production of synthetic

1
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fuels from oil shale has been demostrated by numerous re
search projects consisting of retorting followed by a com
bination of coking, severe hydrogenation, reforming, and 
cracking.

Despite the enormous quanity of energy available from 
oil shale, its development is confronted with numerous ec
onomic, technical, social, political, and environmental 
problems. Air quality will limit the extent of local pro
cessing. Colorado will most likely place a lid on atmo
spheric emissions. Shale oil retorts will be located at 
the mine sites due to raw shale transportation costs. The 
numerous retorts required for a commercial oil shale de
velopment will create substantial emissions. Further emis
sions associated with refining to end products may not be 
permitted (2).

Technically there is insufficient water for complete 
refining (3). It is extremely difficult, economically and 
environmentally, to site a new grassroots refinery in the 
United States. From an economic viewpoint, grassroots re
finery plant costs would be prohibitive since production 
will build gradually. Also since there is insufficient 
local market for finished products, the products would have 
to be transported outside the Rocky Mountain region (4). 
These factors create a strong incentive to modify existing 
refineries to process shale oil rather than develop new
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facilities.
Possible markets for shale oil may be appropriately 

modified refineries of the Mid-West, Gulf-Coast, and Pacific 
Coast. As a group, the California refineries are best 
equipped to integrate shale oil into the feedstock pool.
The most favorable location is Los Angeles, 800 miles away.

Initial quantities of shale oil may be transported by 
truck or rail to refineries. However, as the quanity of 
oil increases the transportation costs will become prohib
itive. Also, regional railways are currently overburdened 
with the transportation of coal to meet national energy re
quirements .

New and existing pipelines will provide the only eco
nomically and environmentally viable means for shale oil 
transportation from a commercial development to the product 
market. A pipeline is also safer than other alternatives 
both in terms of human hazards and potential environmental 
damage from oil spills. Pipeline transportation is partic
ularly desirable for oil shale since there already exists 
substantial common carrier networks within 200 - 300 miles 
of the Green River formation. These networks provide ac
cess to any part of the country.

Due to high pour point and high viscosity, raw or 
hydrotreated shale oil is not a suitable pipeline crude.
To pipeline, the pour point needs to be reduced to 30 to
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40°F.
One approach is to partially refine the raw shale oil 

to produce a suitable pipeline crude and complete refining 
at market destination. Received shale oil may then be re
fined by several proven routes. Crude shale oil has a high 
content of organic nitrogen (approximately 2% by weight) 
and arsenic. Current process technologies allow for cata
lytic removal of arsenic and nitrogen.

A method of upgrading raw shale oil to lower pour 
point and viscosity, to produce a pipeline suitable crude 
is required. Addition of pour point depressants, solvent 
deasphalting, coking, hydrocracking, hydrotreating or vis
breaking are some alternatives.

There are no proven economical shale oil pour point 
depressants or adaquate supply of dilutants. Coking and 
solvent deasphalting result in waste products presenting 
disposal problems. Hydrotreating or hydrocracking will 
require substantial quanities of water and hydrogen not 
available locally in abundance. These alternatives will 
also result in further atmospheric emissions.

Visbreaking is a variation of thermal cracking in which 
the charge stock viscosity is reduced by cracking under such 
mild conditions that coke formation is minimized. Visbreak
ing shale oil to produce a crude suitable for pipeline 
transportation has been previously proposed (5,6) and tested
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(7) .
A research program has been initiated at Colorado 

School of Mines to study the reduction of shale oil pour 
point and viscosity, to yield a stable product suitable for 
pipeline transport. The first stage of the research pro
gram was to build and develop a horizontal soaker visbreak
ing reactor to study the feasibility of lowering shale oil 
pour point and viscosity by partial thermal pyrolysis.

The reactor performance was tested over a range of 
visbreaking temperatures and soaking times using direct 
heat Paraho shale oil. The effects of reaction temperature 
and soaking time were examined. Data on the product sta
bility was obtained.
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Experimental Bas i s

Cracking Reactions
Thermal cracking is the pyrogenic decomposition of hy- 

carbons with the consequent production of both lighter and 
heavier hydrocarbons. Petroleum cracking chemistry is com
plicated due to the complex nature of petroleum mixtures.

Hydrocarbons have a characteristic temperature above 
which cracking reactions take place. Cracking generally 
begins at about 600°F to 700oF, depending on the material 
being cracked (8,9,10). At extremely high temperatures all 
hydrocarbons will decompose to their elements, carbon and 
hydrogen (11,12).

Hydrocarbon cracking reactions may be primary or se
condary. In general hydrocarbon cracking involves the fol
lowing primary reactions:

1. Paraffins are cracked to give olefins and smaller 
paraffins.

2. Olefins are cracked to give smaller olefins.
3. Alkyl aromatics crack to give aromatics and olefins.
4. Naphthenes are cracked to yield olefins and/or 

aromatics.
5. Aromatics are relatively uncracked.

A primary thermal cracking reaction is initiated by the en
dothermie homolysis of a carbon-carbon bond. This results 
in the formation of a free radical. The free radical can
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undergo $ scission to form an alkene and a primary radical 
which has two fewer carbon atoms. Alkenes formed can crack 
or undergo further reactions such as isomerization, dehydro
genation and exothermic polymerization.

Secondary reactions occur after the initial cracking 
steps and generally involve hydrogen transfer, isomerization 
and condensation reactions. Secondary reactions are neglig
ible when conversion to pyrolysis gas is low (30% or less) 
(12) .

Cracking Reactions
The most probable cracking reactions of paraffins are : 

splitting decomposition, forming a paraffin and an olefin, 
and dehydrogenation, forming the olefin of the same carbon 
number. The probability of dehydrogenation decreases with 
increasing molecular weight of the paraffin. The high mole
cular weight paraffins generally undergo various carbon- 
carbon splitting decomposition reactions with the rupture of 
the chain most frequently taking place in the middle of the 
chain.

Olefins are polymerized and partially decomposed in the 
first stage of cracking, olefins decompose in the further 
stages with formation of olefins, paraffins and diolefins. 
Cyclic olefins may be produced as a result of the reactions 
between olefins and diolefins. Polymerization is the pre
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dominant reaction at moderately high temperatures and high 
pressures.

Naphthene cracking reactions are predominantly dealky- 
lation (splitting of paraffinie side chains) and dehydro
genation to aromatic hydrocarbons. Only naphthenes of the 
six-carbon-ring structure are subjected to dehydrogenation. 
Dealkylation of unstable long paraffinie side chains takes 
place during the first stages of cracking. As cracking 
proceeds, the naphthenes are gradually transformed to naph
thenes or aromatics having comparatively short side chains 
(10,13). The paraffinie side chains split to form paraf
fins, olefins and other low-boiling fractions.

Due to great thermal stability, in the first and inter 
mediate stages of cracking the dealkylated naphthenes pre
serve the ring structure of the virgin naphthenic hydrocar
bons. In the very advanced stages of cracking or in high- 
temperature processes, rupture of the naphthenic rings may 
occur to a minor extent.

The long paraffinie side chains of aromatic hydrocar
bons are thermally as unstable as those of naphthenes.
They split up in the first stages of cracking forming aro
matics with shorter side chains. As in the case of naph
thenes, dealkylation of high-boiling and viscous aromatics 
having long paraffinie side chains "breaks down" the vis
cosity. The degree of instability of long paraffinie side



T-2697 9

chains depends mostly on the size of the chain and does not 
depend on the aromatic ring (9,10,14). In the advanced 
steps of cracking, aromatics are largely Subjected to con
densation reactions, yielding polycyclic aromatic hydro
carbons which form coke.

Coke formation is a secondary reaction taking place 
readily in cracking aromatic hydrocarbons. In cracking 
paraffins and olefins, coke formation is a result of a 
series of preceding intermediate reactions (8,9,10,14).

Reaction Variables
Since the controlling factors in cracking operations 

have been found to be reaction rate and equilibrium pheno
mena, it is important to know the effect of time, tempera
ture and pressure on these factors (8,9,10,14,15,16).
Within narrow limits, time and temperature are practically 
interchangible (9,16). For a given reaction time, the ex
tent of decomposition increases rapidly as temperature in
creases. Primary decomposition reaction rates approximate
ly double every 28°F at 820°F (9).

From a theoretical standpoint, the velocity constant 
of monomolecular cracking reactions should be independent 
of the pressure. Pressure affects secondary bi/and poly
molecular cracking reactions. Pressure may affect the 
phase existing in a cracking reactor. At low temperatures
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(600°F - 800°F) and moderate pressures the mixture will be 
liquid or mixed phase (9). At increased temperatures and 
decreased pressures the mixture will be vapor. Pressure 
effects the reactor residence time a vapor mixture experi
ences.

Gas Formation in Cracking
"Cracked gas" is a decomposition product of cracking. 

The formation of gas progresses at the expense of all other 
products due to the greater thermal stability of hydrocar
bon gases. The formation of coke follows the same rule, 
increasing constantly with the time of cracking. From the 
thermodynamic standpoint, cracked liquid products are only 
intermediates convertible into gases and coke under crack
ing conditions. In the final stage of cracking, the charg
ing stock should be entirely converted into hydrogen and 
carbon. Cracking gases generally consist of low molecular 
weight hydrocarbons, including methane, ethane, propane, 
butanes, ethene, propene and butenes, which are fairly 
stable under cracking conditions (8,17).

The yields of gases depend upon many variables, includ
ing the nature of charge, time-temperature factor of crack
ing, and pressures (18,19). Cracking conditions very 
strongly affect the chemical composition of gases. High 
cracking temperature favors the formation of hydrogen and



T-2697 11

gaseous olefins. A high pressure is favorable to the poly
merization of olefins. Thus the gases of vapor-phase crack
ing are richer in olefins and hydrogen than those of the 
mixed-phases process.

Storage Stability of Cracked Residues
Cracked residues with a high content of free carbon or 

coke are very unstable in storage, gradually precipitating 
coke in the form of a thick sludge or sediment (13). The 
precipitation of carbonaceous sludge on storage of cracked 
residues may be due to coagulation of the asphaltenes.

Water Injection
The intoduction of water into a feedstream will serve 

several purposes. First it will lower the hydrocarbon par
tial pressure, lessening the tendency to form coke and 
heavy tar deposits (10). Water injection will increase re
actor velocities, decreasing the formation of localized hot 
spots (20). Water will also provide sufficient oxidizing 
effect on tube metal to significantly diminish the catalytic 
effect of the tube wall on carbon formation (10).

Visbreaking
The viscosity and pour point of heavy crudes can be 

lowered by visbreaking (15,21,22). Visbreaking is a once 
through liquid phase operation using mild temperature-time
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conditions (9,15,23). Visbreaking conditions range from 
800°F to 950°F and from 50 to 300 psig (9,10,15,17,21,24, 
25,26,27,28). Some visbreaking may occur below 800°F (15).

In general increasing either temperature or residence 
time will increase the severity of visbreaking. Temper
ature and residence time are somewhat interchangeable over 
the range of visbreaking conditions (15).

Viscosity breaking of heavy residues takes place in 
the first stages of cracking when the most unstable hydro
carbons are split off. The splitting is accompanied by a 
strong decrease in viscosity due to decomposition of the 
most viscous cyclic hydrocarbons having long paraffinie 
sice chains (9,10,15). In general, stability against heat
ing decreases as molecular size increase (24,25,26).

During the thermal process of visbreaking two process
es take place. The hydrocarbons are partially cracked pro
ducing lighter products and at the same time carboids and 
coke are formed through polymerization, condensation, dehy
drogenation and dealkylation reactions (9,15,25,26,28,29,
30) .

Carboids, coke, asphaltenes continue to be held in 
stable colloidal solution or suspension up to a limit of 
conversion past which they separate to form deposits (15, 
21,28,30,31,32). Thus, over cracking may result in an un
stable product which will produce a slude or sediment during
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storage or handling. Product storage stability limits the 
extent of visbreaking (15,28).

Visbreaking Processes
Visbreaking can be achieved by heating the feedstock 

to high temperatures (880°F to 950°F) in a furnace and 
quenching directly thereafter (furnace cracking) or by 
allowing the cracking to proceed at lower temperatures 
(800°F to 900°F) with increased soaking times in soakers 
(soaker cracking). A wide range of feedstocks may be pro
cessed by either method (20,21,22,33,34,35,36).

Early visbreaking units before 1930 were plagued with 
numerous coking and mechanical problems. Cracking was ini
tiated in a heater and completed in soaking drum. There 
were numerous problems with coke formation in soaking drum 
visbreakers. Improved heaters and cheap fuel lead to wide 
use of coil cracking. After 1933 most visbreakers were of 
the coil cracking type (24,25,26,27,28,31,35,36).

During the period from 1960 to 1975 many old thermal 
cracking units were converted into soaker type visbreakers 
(21,22,23,28). Soaking units appear to have a number of 
distinct advantages over coil cracking units (21,22).

Some advantages of soaker visbreaking over furnace vis 
breaking are:

1. approximately 30% less fuel consumption
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2. lower investment cost due to decreased requirements 
for materials of construction

3. 10% to 15% decreased exchanger size
4. process flexibility. Soakers are less sensitive 

to feedstock changes and process upsets
5. increased run lengths due to mild process condi

tions
6. decreased pressure drops across the visbreaker
7. slightly lower yields of LPG
The direction of flow in the visbreaker is important 

in determining the extent of cracking that will occur. In 
upflow or downflow configurations density gradients can in
crease or decrease, respectively, residence times for the 
heavy fractions. A horizontal soaker of small diameter will 
avoid segregation of flow, causing over cracking of heavier 
portions.

High oil velocities should be maintained to avoid local 
overheating and coke deposition.

Shale Oil
Shale oil has a high content of arsenic and nitrogen, 

relative to petroleum crudes, complicating catalytic refin
ing (1,37,38,39). The Conradson carbon residue is low, 
which is an advantage in visbreaking and conversion to dis
tillate liquid (40,41). Shale oil has a high pour point and 
viscosity is due to the high concentration of long-chain 
paraffins (42,43,44).
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Experimental Equipment

A schematic of the bench-scale unit used for partial 
pyrolysis of shale oil in this study is shown in Figure 1.
The system is divided into:

1) Feed system
2) Preheat-Soaker system
3) Quench-Separator system
4) Sample system

Feed System
Liquids fed to the system are contained in elevated 

one liter volumetric burets. The shale oil containing buret 
is wrapped with heating tape powered from a manually oper
ated variable voltage transformer. Due to a high pour point, 
the shale oil sample is heated to assure flow. A 1/2 inch 
Tygon tube connects the buret to the positive displacement 
pump inlet.

The metering pumps are reciprocating positive displace
ment pumps of the plunger design. The capacity of the pumps 
is linearly adjustable from zero to maximum capacity. Two 
pump heads are powered by a common driver. The pumps pro
vide pulsating flow creating pressure surges + 10 percent.
The sample pump discharges to 1/4 inch 316 stainless steel 
tubing.

Over pressure protection is provided by an adjustable 
spring loaded pressure relief valve. Relief flows to a 1/4
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Table 1. Diagram Legend

1. Oil Feed
2. Water Feed
3 * Reciprocating Pump
4. Reciprocating Pump
5. Relief Knock-out Drum
6. Preheat Entrance
7. Lindberg Furnace
8. Lindberg Controller
9. Controlled Soaker Furnace

10. Controlled Soaker Furnace
11. Quench Exchanger
12. Surge Vessel
13. Baffel Filter
14. Dry Gas Test Meter

15. Removable Gas Collection Tube
16. Thermocouple Selector Switch
17. Digital Temperature Display 
  Process Line
  Electricity

Variable Voltage Transformer 
^£) Thermocouple 

(£&) Pressure Gauge 

iwJ Heating Tape 
gjg Rupture Disc 

—£$3— Block Valve
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inch stainless steel relief header connected to a 4 inch by 
11 inch vertical knockout drum.

The relief header enters the top of the knockout drum. 
Liquid can be drained from the drum through a copper line, 
by opening a valve on the bottom of the drum. The knockout 
drum liquid removal line drains to a glass beaker or flask 
for transfer to a slops waste drum. The knockout drum vapor 
outlet is through the top of the drum. The vapor relief is 
via 1/4 inch copper tubing venting to the fume hood.

Manual pressure relief is provided to reduce the system 
pressure to atmospheric for emergency shut down. Manual 
pressure relief is to the 1/4 inch stainless steel relief 
header to the knockout drum. Use of the manual pressure 
relief valve may allow coke or solids. from the system lines 
to enter the relief section. Solids or sludge may affect 
future performance of the relief svstern.

Over pressure protection is also provided by a rupture 
disc on the pump discharge line. The disc is designed to 
rupture at 396 psig. Rupture flow discharges to securely 
affixed 1/4 inch copper tubing which vents to a liquid 
knockout drum and the fume hood.

A 1/4 inch 316 stainless steel tee is provided in the 
pump discharge line to allow for injection of a second fluid 
The tee is capped when not in service. Water can be in
jected with a flow set by a second adjustable pump powered
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by a driver common to the first pump. System pressure is 
monitored with a pressure gauge indicating 0-400 psig.

Preheat-Soaker System
Oil is first pumped through the preheat furnace and 

heated to the desired temperature. Oil then flows to the 
soaker to provide reaction time. Heat is added to the soak
er to provide heat required for cracking reactions, thus 
keeping the oil temperature constant.

Fluid flows from the pump discharge line to the preheat 
furnace. Fluid is warmed prior to entering the preheat fur
nace by heating tape powered from a variable voltage trans
former. The preheater inlet is insulated with Zetex tape 
wrapped with the heating tape. Prior to entering the pre
heat furnace the line is expanded to 3/8 inch 304 stainless 
steel tubing.

The fluid makes two passes in 3/8 inch stainless steel 
tubing through a 1200°C Lindberg preheat furnace. The pre
heat furnace is a 200°C to 1200°C series 5400 Lindberg single 
zone furnace. A type K thermocouple in the heated section 
of the furnace is used to monitor temperature for control.

The fluid is preheated to the soaking temperature in 
the preheat furnace. The preheater outlet temperature is 
monitored with an inline type J thermocouple. This temper
ature is recorded as the soaker inlet temperature. The
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Lindberg furnace.is adjusted so as to provide an outlet tem
perature equivalent to the desired soaker temperature. The 
3/8 inch stainless steel tubing inside the furnace is wrap
ped with an alumina-silica refractory fiber wrapped with 
several layers of Zetex tape for insulation.

The soaker is connected to the preheater by a section 
of 3/8 inch 304 stainless steel tubing, 20 inches in length. 
The connecting section is covered with several layers of 
Zetex tape and wrapped with resistance heating tape to main
tain the fluid temperature. Power to the tape is provided 
by a variable voltage transformer.

Fluid flows from the 3/8 inch connecting section to the 
soaker. The soaker consists of a section of 1/2 inch 316 
stainless steel tubing. The 1/2 inch tubing is inside of 
one or two resistance tube furnaces. The tube furnaces have 
a one inch inside diameter. One furnace is 28 inches in 
length and the other furnace is 26 inches in length. The 
furnaces can be used individually or paired to provide heat
ing for the desired soaker length. Power to each furnace is 
controlled by individual variable voltage transformers.

Type J sheathed thermocouples are placed in the inlet 
and outlet ends of the furnaces. The thermocouples monitor 
the furnace tube-air interface temperature. The indicated 
temperature is used to aid in manual adjustment of the vari
able voltage transformers for the furnaces. Experimentation
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indicates the tube-air interface temperature needs to be 
approximately 120 percent of the absolute soaking temper
ature to avoid heating or cooling of the soaking fluid.

Ends of the soaker are packed with refractory fiber, 
through which the thermocouples are inserted. The thermo
couples and refractory fiber are wrapped with Zetex tape.

Soaker discharge fluid temperature, is monitored by a 
type J thermocouple. The thermocouple is immersed into the 
fluid flow. The temperature is recorded as the soaker out
let temperature. The thermocouple and thermocouple well are 
insulated with several layers of Zetex tape to provide insu
lation and protect the operator from burns.

Quench-Separator System
The fluid is quenched directly upon discharge from the 

soaker. Quench is provided by a 27 inch double tube heat 
exchanger with shell-side tap-water cooling. The interior 
tube is 1/4 inch stainless steel tubing through which the 
hot fluid flows. The outer tube is 1 1/4 inch carbon steel 
pipe. Quench water, 1.5 gpm at 73°F, flows through the an
nular space between the tubes. The exchanger will quench 
2.76 liter per hour of shale oil from 800°F to 120°F. Ends 
of the quench exchanger are wrapped with Zetex tape to pro
tect the operator from burns.

Back pressure control is provided by a manually adjust-
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able valve on the exchanger outlet. The fluid temperature 
is measured directly after the pressure control valve to 
assure the fluid is quenched below cracking temperature.

Sample-System
Fluid flows to a surge vessel following quenching. 

Liquid is drained from the bottom of the surge vessel 
through a 1/2 inch stainless steel line. The drain line is 
reduced to 3/8 inch stainless steel tubing. A 3/8 inch 
stainless steel manual valve controls flow through the 3/8 
inch drain line. Fluid flows through the drain line to a 
collection flask in the fume hood. The collection flask is 
open to the atmosphere during collection. The flask is 
purged with nitrogen and stoppered with a neoprene stopper 
prior to and after sample collection. All samples are 
stored under a nitrogen blanket.

Vapor from the surge vessel flows from the top of the 
vessel, through 1/4 inch stainless steel tubing. Safety 
pressure relief for the surge vessel is provided by a rup
ture disc designed to rupture at 396 psig. Rupture dis
charge is to securely affixed 1/4 inch copper tubing which 
vents to a liquid knockout drum and the fume hood. A manual 
shut off valve is provided on the vapor outlet line for down 
stream meter protection in case of upset.

Vapor flows through the block valve to a baffle system
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to remove entrained liquid before metering. The baffle con
sists of 1/4 inch tubes offset in an enclosed section of 
pipe. The baffle is packed with glass wool to remove en
trained liquid from the vapor. The vapor flow is metered 
by a calibrated dry gas test meter. When water injection 
is used, a Drierite filter is used to remove water from the 
gas before metering.

Gas from the dry gas test meter flows through 1/4 inch 
Tygon tubing to vent in the laboratory hood. Gas samples 
are taken by inserting a gas collection tube on the tubing 
outlet.

The inline collection tube is purged with sample gas 
for two minutes. A sample is taken by closing the outlet on 
the gas collection tube for about thirty seconds. The in
let valve is then closed and the sample tube removed from 
the end of the line to allow normal venting to continue.
The sample is removed to be analyzed by gas chromatography.

Thermocouple s
For system temperature measurement, 6 inch ungrounded 

iron-constantan (type J) thermocouples in 1/8 inch Inconel 
sheaths are used. The thermocouples are inserted through 
1/8 inch Swagelock fittings in 1/4 inch stainless steel 
Swagelock tees for leak free fluid temperature measurement. 
Sheathed thermocouples, used for tube furnace air interface
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temperature measurement, are inserted to the desired loca
tion without fittings.

The thermocouples are connected to a manual selector 
switch. Output from the switch is to an Omega digital read
out.

Chromatograph System
The noncondensed product gas is analyzed with a Carle 

Model III Analytical Gas Chromatograph equipped with a 
series-bypass switching option. Three columns separate the 
product gas components :

Column 1A: 15 ft. x 1/8 in., 28% Bis (EE) A + 4,7%
Squalane + 2% Carbowax 1540 on 80/100 
Chromosorb PAQ

Column IB: 16 in. x 1/8 in., 1% Tetraethyleneglycol
Dimethyl Ether on 80/100 Porasil C

Column 2 : 4.5 ft. x 1/8 in., Porapak Q, 80/100 mesh
The chromatograph sampling system operates under vacuum with 
a helium carrier gas. Component peaks are recorded by a 
Houston Instrument #7302 Omniscribe 1 mV Recorder complete 
with integrator. Details of the chromatograph system and 
operational procedure are comprehensively described by Smith 
(45) .
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Experimental Procedure

The system components and the laboratory glassware were 
thoroughly cleaned and weighed prior to and after each run. 
Once the system was assembled, insulated and pressure tested, 
start-up oil was pumped through the system for system warm 
up. Additive-free 10W motor oil which will not significant
ly crack at soaking temperature, was used as the start-up 
oil.

The quench exchanger water was then turned on to pro
vide necessary cooling. The digital temperature readout 
was used to check the operability of the calibrated thermo
couples .

The soaker and preheat furnaces were turned on for warm 
up after the pump rate was set and calibrated. The absolute 
temperature of the start-up oil exiting the preheat furnace, 
was raised to 105% of the shale oil soaking temperature.
The absolute temperature of the start-up oil exiting the 
soaker was raised to 120% of the shale oil soaking temper
ature .

Shale oil was introduced to the system when the start
up oil temperature had stabilized. Due to the high pour 
point (80°F) of shale oil, the shale oil buret was heated 
to assure sample flow. Shale oil was run through the system 
for a period of time necessary to pass a minimum of three
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system volumes through the equipment, to assure removal of 
start-up oil. Due to endothermie cracking of shale oil, the 
preheater temperature decreased 5% and the soaker tempera
ture decreased 20% as shale oil entered the system. When 
the temperature stabilized, shale oil was run through the 
system for an additional 15 minutes, before samples were 
taken.

A calibrated dry test gas meter measured the amount of 
noncondensed product. The dry test gas meter reading was 
recorded at the beginning and end of sample collection.

Liquid product was drained from the bottom of the surge 
vessel and collected in flasks. The flasks were purged with 
nitrogen prior to sample collection. The liquid sample 
flasks were blanketed with nitrogen and sealed with neoprene 
stoppers after sample collection. Several samples were 
taken during experimental runs for comparison. A waste re
ceiving flask was used to collect all liquid flow following 
sample collection.

Noncondensed product gas samples were taken during the 
run for analysis. Gas samples were taken in glass or stain
less steel collection tubes placed on the gas vent outlet. 
Collection tubes were purged for several minutes with sample 
gas, prior to sample collection. The gas sample was analyz
ed by gas chromatography, as described by Smith (45).

Elapsed time was recorded With a digital stop watch
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accurate to 0.01 seconds. The elapsed time was used to cal
culate the volume of feedstock used. System pressure was 
continuously monitored via the pressure gauge and maintained 
by the manual back pressure control valve on the double-tube 
exchanger outlet.

Once the sample collection was complete, power was 
turned off to all equipment except the pumps. Start-up oil 
was then introduced to displace shale oil from the system.
The system pressure was let down when the temperature had 
decreased to below 200°F. Distilled water was then pumped 
through the system to displace start-up oil and assist in 
cooling the system.

When the system was cool the quench exchanger water 
was turned off, the pumps turned off, other equipment shut 
down and the system was left to cool overnight. The follow
ing day the system was disassembled for portions to be weigh
ed and examined. Products were weighed and tested.
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Results

An experimental bench scale horizontal soaking vis- 
breaker was designed, assembled and tested. A series of 
experimental runs were made with direct heat Paraho shale 
oil.

The Phillips Petroleum analysis of the Paraho shale oil 
used, is given in Table 2 and Table 3 (46). The Colorado 
School of Mines determined average physical characteristics 
are tabulated in Table 4. The viscosity of raw shale oil 
was 51.56 cSt, the pour point 80°F and the API gravity was 
20.8° API.

The effects of soaking time and temperature on product 
viscosity, pour point, API gravity, stability and on gas 
production were examined. Stability was examined as an in
crease in product viscosity with storage time. Soaking time 
is defined as the soaker volume divided by the shale oil 
volumetric feed rate. Soaker temperatures are given as the 
temperature of shale oil entering and exiting the soaker. 
Graphically, soaker temperatures are given as the arithmetic 
average of the inlet and outlet temperatures.

Pressures were maintained at 150 to 250 psig for the 
experimental runs. Pressures below 100 psig resulted in 
flow stoppage due to coke formation.

The reaction conditions and corresponding product char-
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TABLE 2
CHARACTERIZATION OF COLORADO SCHOOL 

OF MINES SHALE OIL

API Gravity, 60F 19.8
Specific Gravity, 60/6OF 0.9352
BS & W, vol % Trace
Ash, wt % 0.05
Viscosity, 100F

Centistokes 50,9
SUS (Saybolt Universal) 236.7

Viscosity, 130F
Centistokes 22,75
SUS 109.8

Elemental Analysis, wt %
Carbon 83,28
Hydrogen 12.74
Oxygen 1,63
Nitrogen 2,21
Sulfur 0.77

Arsenic, ppm 54.4
Hydrocarbon Type, wt % (a)

Saturates 26.5
Aromatics 21.5
Resins 41,9
Asphaltenes 1,8

Distillation Fractions, % (b)IBP-400F 2,9
400-650F 23,2
650-1000F 49.4
1000F+ 24.5

(a) The SARA analysis does not identify the olefin compounds,
(b) Yields (as area percent) based on simulated dis 

tillation by GLC, TBP (GLC) distillation data given in Table 3,
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TABLE 3
SIMULATED DISTILLATION OF PARAHO SHALE OIL FROM 

COLORADO SCHOOL OF MINES 
AS DETERMINED BY GAS LIQUID CHROMATOGRAPHY

Crude Oil Boiling Point Distribution - Phillips R & D 
HG-27755-99-1 (2297) DGF

n #16 Oct/1/81 Time: 02:33:13
%Off B.P.F. %QFF B.P.F. %OFF B.P.F
IBP 309 30 683 60 881
1 340 31 691 61 888
2 377 32 699 62 895
3 404 33 707 63 902
4 418 34 714 64 909
5 436 35 723 65 916
6 448 36 730 66 923
7 461 37 737 67 930
8 475 38 746 68 937
9 485 39 752 69 944

10 498 40 759 70 951
11 509 41 767 71 959
12 517 42 773 72 966
13 531 43 781 73 974
14 542 44 787 74 982
15 554 45 793 75 990
16 564 46 800
17 572 47 806
18 580 48 812
19 589 49 818
20 598 50 823
21 606 51 829
22 616 52 83523 623 53 840
24 633 54 846
25 642 55 851
26 649 56 856
27 659 57 862
28 667 58 868
29 674 59 875
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açteristics are summarized in Table 5. Three temperature 
tegions were observed; 600°F to 700°F, 750OF to 820°F, and 
820°F to 910°F. The effects of temperature and soaking time 
for the three regions were discussed separately in follow
ing sections.

In figure 2 the product viscosities are plotted as a 
function of soaker temperature for the entire temperature 
range (soaking times from 0.9 to 8.1 minutes). Below 700°F 
product viscosity increased. At 600°F and 4.9 minutes, the 
viscosity increased from a feed viscosity of 51.65 cSt to 
67.05 cSt. Above 700°F the product viscosity decreased. A 
100°F soaker temperature increase resulted in approximately 
an 18 cSt decrease in product viscosity.

In Figure 3 the product API gravities are plotted as a 
function of soaker temperature (soaking times from 0.9 to 
8.1 minutes). Below 700°F product pour point increased to 
90°F. Above 830°F product pour points decreased to 10°F or 
less.

In Figure 5 the production of off-gas as a weight per
cent of the feed is plotted as a function of soaker temper
ature (soaking times from 0.9 to 8.1 minutes). Below 700°F 
no off-gas was detected. From 750°F to 820°F gas production 
was approximately 1 percent by weight. From 820°F to 910°F 
gas production was from 3 to 6 percent.

Table 6 gives a typical analysis of off-gas produced
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Figure 2. Effect of temperature on product viscosity
(soaking time 0.9 to 8.1 minutes)
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Figure 3. Effect of temperature on API gravity
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Figure 4. Effect of temperature on product pour point

(soaking time 0.9 to 8.1 minutes)



PR
OD

UC
T 

GA
S,

 W
EI

GH
T 

PE
RC

EN
T 

OF
 

FE
ED

T-2697 37

5

4

3

2

O O O1

0
950850750650550

SOAKER TEMPERATURE, DEG F
Figure 5. Effect of temperature on gas yield

(soaking time 0.9 to 8.1 minutes)



T-2697 38

between 700°F to 750° F. Table 7 gives a typical analysis 
of off-gas produced between 750°F and 910°F. Below 700°F 
no off-gas was detected. Above 750°F the shale oil was 
cracked to a greater extent yielding more and heavier gas. 
When soaking temperatures were raised from the 700°F to 
750°F range to above 750°F, slight differences resulted;
CO^ increased from 19.2% to 21.2%, propane decreased from 
1.1% to 0.1%, propylene decreased from 17.0% to 12.4%, and 
the overall gas production increased.

Additional experimental runs were made to check the ef
fects of the addition of water as a cracking dilutant. The 
effect of heat flux due to soaker configuration was also 
examined. Additional runs were made to check the reproduc
ibility of the pyrolysis system. In all, 36 runs were ne
cessary to investigate the effects including reproducibility.

600QF to 70 0°F
Tests for the effects of soaking time and temperature 

were made over the temperature range from 600°F to 7 0 0OF.
The results indicate polymerization and cracking occurred 
at low temperatures. Addition of heat to shale oil with 
unsaturated hydrocarbons, in the presence of small amounts 
of oxygen, polymerized portions of the sample. This result
ed in increased pour point, viscosity and density. Crack
ing reactions became more dominant at increased temperatures
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Table 6 
Typical Product 

Off^Gas 
700 F to 750 F

Compound Mole %
Carbon Monoxide CO 19.2
Methane CH^ 19.6
Propane C3H8 1.1
Propylene C3H6 17.0
Butane C4H10 2.7
Hydrogen Sulfide H^S 0.1
1- Butene C,H0 1.44 8
trans-2-Butene C„H0 3.74 8
cis-2-Butene C4H8 6.0
1,3-Butadiene C^H^ 1.7
Carbon Dioxide CO^ 0.9
Ethylene C2H4 1°•7
Ethane C^H^ 15.7

100.0
Average MW = 33.1
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Table 7 
Typical Product 

Off—Gas 
750 F to 910 F

Compound Mole %
Carbon Monoxide CO 21.2
Methane CH^ 19.5
Propane C3H8 0•1
Propylene C3H6 12.4
Butane C4H10 7•2
Hydrogen Sulfide H^S 0.1
1-Butene C^Hg 1.0
trans-2-Butene C^Hg 4.5
cis-2-Butene C^Hg 7,6
1,3-Butadiene C^H^ 1.4
Carbon Dioxide CO^ 0.9
Ethylene C2H4 9.1
Ethane ^2H6 14.9

99.9
Average MW = 33.5



T-2697 41

and soaking times. This resulted in decreasing the pour 
point, viscosity and density.

In Figure 6 the product viscosities are plotted as a 
function of the soaking time for various temperatures. In
creasing the soaking time decreases the product viscosity.
At 700°F the product viscosity for 3.3 minutes soaking time 
was 58.15 cSt while for 8.15 minutes the viscosity decreased 
to 49.40 cSt.

Soaking below 700°F increases the product viscosity 
from 51.65 cSt above 60 cSt. Increasing the temperature 
decreases the product viscosity. For 3.3 minutes soaking 
time, the product viscosity for 610oF soaker temperature was 
65.3 cSt while for 710°F the product viscosity was 58.15 cSt.

Below 700°F the pour point increased from 80°F to 90°F. 
From 700°F to 720°F the product pour point decreased to 75°F. 
Below 700°F there was no detectable off-gas production.
From 700°F to 720°F, 0.2 to 0.3 percent, by weight, gas was 
obtained. The product API gravity remained constant at ap
proximately 20.8° API for soaking temperatures 700°F or less.

In Figure 7 the product viscosities are plotted as a 
function of the storage time under nitrogen blanket. Pro
duct viscosity increased with storage time.

75 0OF to 820°F
The results of visbreaking with soaker temperatures be-
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Figure 6. Effect of soaking time on 
product viscosity
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Figure 7, Effect of storage time on viscosity.
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tween 750°F and 820°F are tabulated in Table 9 and shown 
graphically in Figures 8 and 9. The results indicate crack
ing results in lowered pour point, viscosity and density.

In Figure 8 the product viscosities are plotted as a 
function of the soaker temperature. Increased soaker tem
perature resulted in decreased product viscosity. Increas
ing the soaker temperature from 790°F at 2.0 minutes to 
820°F at 2.0 minutes resulted in the product viscosity de
creasing from 35.22 cSt to 27.4 cSt.

The product pour point decreased to approximately 50°F 
for soaking temperature between 750°F and 820°F. Gas pro
duction was on the order of 1 percent by weight of the 
charge. Product API gravity increased slightly with in
creased soaking temperatures. At 820°F and 2.0 minutes, API 
gravity increased to 22.0° API.

In Figure 9 the product viscosities are plotted as a 
function of the product storage time. Product viscosity in
creased with storage time. The products more completely 
visbroken retained viscosity better. Oyer 16 days of stor
age the product viscosity increased from 27.45 to 28.35 cSt 
to 37.7 cSt for a sample visbroken at 790°F for 2.0 minutes.

800°F to 910°F
Visbreaking temperatures between 820°F to 910°F result

ed in product characteristics substantially different than
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Figure 8. Effect of temperature on product viscosity.
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Figure 9. Effect of storage time on product viscosity.
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lower temperature products. The results of visbreaking with 
soaker temperatures between 820°F to 910°F are tabulated in 
Table 10 and represented graphically in Figures 10 through 
13. Cracking in this temperature range resulted in greatly 
reduced pour point and viscosity.

In Figure 10, the product viscosities are plotted as 
function of soaking time for soaker temperatures of 840°F 
to 850°F. Increasing the soaking time from 1.7 to 4.3 min
utes resulted in the product viscosity decreasing from 17.6 
cSt to 13.6 cSt.

In Figure 11 the product viscosities are plotted as a 
function of soaker temperature. Increased soaker tempera
ture resulted in decreased product viscosity. Increasing 
the soaker temperature from 850°F to 870°F, at 1.7 minutes, 
resulted in the product viscosity decreasing from 17.55 cSt 
to 13.94 cSt.

Gas production was on the order of 3 to 6 percent by 
weight of the charge. In Figure 12 the product off-gas as 
a weight percent of the charge is plotted as a function of 
soaker temperature. The product pour point decreased to 
10°F or less for soaking temperatures above 820°F.

Product API gravity increased for soaking temperatures 
above 820°F. For 860°F at 3.1 minutes API gravity increased 
to 24.2° API.

In Figure 13 product viscosities are plotted as a func-
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Table 10

Product
Temperature Soaking Product Product Pour Product Gas

DBG F Time Viscosity Gravity Point Percent
Inlet-Outlet Minutes Centistokes API PEG F by weight
830 - 845 2.7 13.60 NA NA NA
850 - 840 3.3 14.29 22.6 10 3.25
820 - 860 2.7 14.90 23.8 <10 4.35
850 - 830 4.3 13.08 23.0 10 2.84
865 - 830 2.7 11.80 23.8 <10 4.14
860 - 830 2.7 11.80 23.8 <10 3.93
886 - 840 3.1 8.88 24.2 <10 6.18
880 - 840 3.1 8.88 24.0 <10 4.83
880 - 840 3.1 8.88 24.0 <10 3.90
850 1.7 17.55 NA <10 3.18

860 1.7 16.98 NA <10 2.34
870 1.7 14.08 NA <10 3.17
870 1.7 13.94 NA <10 2.84
910 1.3 9.15 NA <10 4.57
Shale Oil 51.65 20.8 80



PR
OD

UC
T 

VI
SC

O
SI

TY
, 

C
EN

TI
ST

O
K

ES

T-2697 51

18.0 840 F 
830°F

17.0

16.0

15.0

14.0

13.0

12.0

11.0
4.0 5.02.0 3.01.0

SOAKING TIME MINUTES

Figure 10:, Effect of soaking time on product 
viscosity.
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tion of the product storage time. Product viscosities in
crease most rapidly during the initial days of storage fol
lowed by a greatly diminished increase with time.

Preheat Design
Soaker visbreaking with a one-pass preheat resulted in 

coke formation which blocked flow. Table 11 lists the one- 
pass preheat runs made. Early experiments used a one-pass 
preheat section with 1/4 inch 316 stainless steel tubing in 
a tubular furnace. The preheat furnace was followed by a 
tubular soaking section in a Lindberg furnace. A one-pass 
preheat with the soaker in the same furnace, was also used, 
resulting in coke formation.

All experimental runs to examine one-pass preheat, ex
cept two, ceased due to coke formation. Reactor sections 
were air cooled immediately following ceasation of flow.
Coke from soaking sections appeared dull. Coke removed from 
the preheat sections was hard and appeared glassy.

The high heat flux required for a single pass preheat 
resulted in coking. The small surface available for heat 
transfer with low preheat soaking time required the high 
heat flux to raise the shale oil to soaking temperatures.

The product from coke forming runs was reduced in pour 
point and viscosity. The products had pour points less than 
10°F. The product viscosity increased slightly with storage
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time. The product viscosity, from 800°F at 0.9 minutes, 
increased on storage from an initial viscosity of 5.97 cSt 
to 7.5 cSt one month following then the run. The viscosity 
increased further to 15.74 cSt after three months storage.

Gas formation was less than 0.1 percent by weight of 
the feedstock. The liquid products appeared lighter in 
color with an odor less pungent than normal visbreaking pro
ducts.

Water Inj ection
Water was injected into a shale oil stream, on a one to 

one molar basis (shale oil MW = 300), prior to entering the 
preheat furnace. The results of experimental runs with water 
injection are given in Table 12.

Approximately 5 minutes after introduction of the shale 
oil - water stream, system flow ceased due to coke formation. 
Water injection required increased furnace temperatures to 
bring the shale oil - water mixture up to soaking tempera
ture. An increased heat duty was required to vaporize the 
water in the preheater. Water vapor greatly reduced the 
heat transfer and the soaking time in the system. The in
creased furnace temperature lead to increased tube wall tem
perature thus resulting in coke formation.

Products obtained were greatly reduced in pour point 
and viscosity. A product viscosity of 6.69 cSt and pour
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point of less than 10°F was obtained for 850°F at 1.2 min
utes. The viscosity remained at 8.57 cSt for over one month. 
The product appeared lighter in color and had a much less 
pungent odor than the original Paraho feedstock or other 
visbroken products.

Reproduc ib ility
Duplicate experimental runs were made to determine the 

reproducibility of experimental results. The results are 
tabulated in Table 13. Obtaining replicate soaker temper
atures was difficult. Soaker outlet temperatures stabilized 
at + 0.5%. The temperature difference between the soaker 
inlet and outlet varied +0.5%. In some instances the inlet- 
outlet temperature variation was 2%.

Duplicate runs made with a one-pass preheat configura
tion for 2.1 minutes soaking time, yielded product viscosi
ties of 30.32 cSt and 29.88 cSt.

Multiple runs at 790°F, 2.0 minutes show slight vari
ance. Product viscosities were 35.22 cSt, 33.67 cSt and 
32.77 cSt. Gas yields were 1.0 to 1.1 percent, product pour 
points were 50°F, and API gravities were 22.2 to 23.2° API.

Duplicate runs at 880 - 840°F, 3.1 minutes showed simi
lar product pour points, API gravitites and viscosities. 
Off-gas varied from 3.9 to 6.2 percent by weight.
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Conclusion

A bench scale horizontal visbreaking reactor was deve
loped to study the partial thermal pyrolysis of Paraho shale 
oil. The reactor performed well within the range of reaction 
variables studied.

Within the ranges of reaction variables studied, tem
perature had the greatest effect on the reduction of product 
pour point and viscosity. Three temperature regions were 
observed; 600°F to 700°F, 750°F to 820°F, 820°F to 910OF.

Results indicate polymerization and cracking occured 
when soaking temperatures from 600°F to 700°F were employed. 
Generally, for soaking temperatures below 700°F, product 
viscosity and pour point increased, product API gravity was 
unchanged and gas production was on the order of 0.3 percent 
by weight of the feed.

From 750°F to 820°F gas production was approximately 
one percent by weight of the feed, the product viscosity 
decreased from 51.6 centistokes to 35.2 - 27.4 centistokes, 
the product API gravity increased from 20.8° API to 22° API, 
and the pour point decreased from 90°F to 40°F - 50°F.

From 820°F to 910°F gas production was 2 - 6  percent 
by weight of the feed, the product viscosity decreased to 
17.6 - 8.9 centistokes, the product API gravity increased 
to 24° - 25° API, and the pour point decreased to 10°F or
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lower. The reduction of product viscosity with increased 
residence time became less pronounced, as soaking tempera
tures increased.

Product viscosity increased with storage time. The 
stored product viscosity increased less with storage time 
for the more extensively cracked products.

Variations in duplicate runs were attributed to the 
precision of temperature measurement and pressure control. 
Temperature fluctuated + 10 psi.

Injection of water resulted in coke formation. Coke 
formation was attributed to the increased heat flux required 
to raise the oil - water mixture to soaking temperatures.

Process configurations involving a one pass preheater 
resulted in coke formation. Coke formation was attributed 
to the increased heat flux required, for short preheat re
sidence times, to raise the shale oil to soaking temperature.

Thermal cracking can be used to reduce the pour point 
and viscosity of shale oil. The horizontal soaker reactor 
developed can be used to thermally crack Paraho shale oil.
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Recommendations

Pressure variation alters the effective soaking^time 
and directly effects the cracking reactions. A pressure 
dampener on the pump discharge would decrease pressure fluc
tuations. Pressure stabilization would permit study of 
pressure effects and improve experimental accuracy.

The injection of water lead to the production of coke. 
To examine the effects of steam injection, a controlled tube 
furnace could be used to generate steam at soaker tempera
tures .

A significant improvement in the reactor could be made 
by replacing the present soaker furnaces with multi-zone 
furnaces. Replacing the current tube furnaces with multi
zone furnaces would provide several advantages.

1) Multi-zone furnaces would provide better tempera
ture control. Thermocouples located in the furnace zones 
would allow for maintaining uniform or varied furnace tem
peratures .

2) The larger furnaces would provide more space for 
the soaker thus allowing for increased soaker diameter.
Space could be allowed for thermocouples to be mounted into 
the soaker at various positions to monitor the soaking tem
perature profile.

A significant factor is the stability of the product
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oil. To determine a relationship between reaction variables 
and product stability, more data should be obtained on the 
stability of the product oil (i.e. product viscosity with 
respect to storage time). Exposure to air when handling 
product oil for analytical tests may have resulted in de
creased product stability.
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Sample Calculations

Soaker volume calculation
Soaker was filled with distilled water and the volume 

of water was measured by empting.
Experimental run calculation
a. Pump rate

The pump rate was determined by a change in the vol
umetric buret reading per unit time.

b. Soaking time 
soaker volume ml = m mpump rateml/min 

Gas compositions (See Table 14)
a. chromatograph component area =

(peak area) (attenuation) (response factor)
b. 100% methane calibration =

(peak area) (1024)
c. product mole fraction =

chromatograph component area 
100% methane câlibration

d. normalized product gas mole fraction =
product mole fraction 
^  product mole fraction

e. molecular weight of product gas =
<T (molecular weight) (normalized mole fraction)

f. product gas mass at metered P and T =
(P/RT) (volume of product gas produced) 
molecular weight of product gas
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g. gas weight % of feed =
product gas mass * -, nn 
mass of oil flowed

h. component weight % of product gas =
(normalized mole percent) (molecular weight) 

product gas molecular weight
i. component weight % of feed =

(gas wt% of feed) (component wt% of product gas)
Water injection
a. experimental data

shale oil MW = 300
shale oil 80°F sp. gr. = 0.9218
water MW = 18
water 80°F sp. gr. = 0.996

b. Water flow rate Vw
shale oil flow rate V
1 to 1 molar flow rate
V =18 0.9218 V
W 300 X 0.996 X S 

Viscosities were measured in accordance to ASTM D-88-81 
(47) .
Viscosities were converted from SUS to cSt by ASTM D-2161-
79 (48).
Pour points were measured in accordance to ASTM D-97-66
(49) .
API gravities were measured in accordance to ASTM D-1298-
80 (50).
Volumetric gas measurements were made in accordance to 
ASTM D-1071-78A (51).
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Table 14 
Sample Calculation

Area ATT Adjusted Mole
CO 6.10 128 781.0 19.2
ch4 6.20 128 794 .0 19.6

C3HS 5.60 8 44.8 1.1
C3H6 5.40 128 691.0 17.0

n'C4H10 13.70 8 110 .0 2.7

H2S 0.50 8 4.0 0.1

f—' 1 n a 00

1.80 32 57.6 1.4

trans-2 C^Hg 18.70 8 150.0 3.7

cis-2 C4Hg 30.70 8 246.0 6.0
1.3 C4H6 2.20 32 70.4 1.7
CO, 4.70 8 37.6 0.9

C2H4 1.70 256 435 .0 10.7
C,Hfi 19.90 32 637 .0 15.7
Total 4057.0 100.0
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