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FOREWORD

On behalf of the Petroleum Research Centre, I have great pleasure to
introduce the first issue of the Petroleum Research Journal to the scientific
community at large. The publication of this Journal is intended to enhance
existing knowledge and to promote available means of exchanging scientific
information of interest on both national and international levels.

The Petroleum Research Centre is affiliated directly to the National Oil
Corporation. Some of the main areas of activities of the centre include
research in exploration, exploitation, drilling, processing, petrochemical,
corrosion & pollution studies, also, economic evaluation studies related to oil
industries, in addition to analysing and testing oil products and petro-
chemicals according to international specifications and standards.

Finally, I would like to thank the members of the Editorial Board for their
successful efforts in getting this issue in the present form. I, also, take this
opportunity to invite local and outside researchers to contribute in the
development and progress of this Journal, I hope they will find their
contributions in future issues of this Journal encouraging and professionally
rewarding.

Dr. Mustafa Sola
General Manager
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The Petroleum Research Journal (PRJ) is a multi-
displinary scientific technical journal published
periodically by the Petroleum Research Centre. The
aim of the journal is to publish articles classified as ori-
ginal papers and short notes, of both practical and
theoretical interests, which deal with scientific and
technical advances in the fields of geology, geophy-
sics, geochemistry, chemistry, petroleum and chemic-
al engincering. Subject matter should be relevant to
hydrocarbon exploration, evaluation and industry.

— Ideas of the preliminary results of investigation
that have not advanced yet, to the point at which they
warrant publication as a full paper, may be submit-
ted for puplication as short notes.

— All contributions submitted in Arabic or in En-
glish, and which conform to the guidelines given in the
instruction to authors are considered.

— Technical contributions are accepted with the
understanding that they have not been published else-
where, and are not currently under consideration by
another journal nor will be submitted to another jour-
nal while under consideration for PRJ.

— All technical manuscripts and short notes are pro-
cessed by the Editor —in — Chief. Three copies of each
submitted manuscript are sent to the appropriate
Associate Editor for technical review. The Associate
Editor will seek evaluation from three reviewers qual-
ified to judge the technical value of the paper. He
then, collects the reviews received,synthesize their
contents, and make a recommendation to the Editor —
in — Chief concerning the acceptability of the manu-
script. The final decisioin on a paper’s disposition is
then made by the Editor — in — Chief and communi-
cated to the author (s) within one week.

— Twenty five reprints of each article published will
be supplied to each contributor free of charge.

Instruction to Authors

Conformity to the following instructions is a prere-
quisite for publication ;

1. An original and three copies of each technical paper
and short note, complete with original and three
copies of illustrations, list of references, and list of fi-
gure captions are to be submitted to the Editorial
Board of the journal.

I1. A title page should accompany the text, which in-
cludes the title of the paper (the title should be as in-
formative and brief as possible), followed by the au-
thor (s) name and place of employment.

HI. Regular manuscripts require an abstract (in Ara-
bic and in English) approximately 100-200 words,
short notes do not. the abstract should emphasize the
conclusion reached in the paper.

1V. Manuscripts arc to be typed double-spaced one
side only. Ample margin should be left at the top and
bottom. Equations except simple ones that a typewri-
ter or word processor can handle, should be printed in
hand by black ink.

V. lllustrations including photographs, charts and dia-
grams are to be submitted in 21x28 cm format. They
should accompany the manuscript but should not be
inserted in the text.

Ilfustrations are to be referred as ‘Figures’, and should
be numbered consecutively in the order in which they
are referred to in the text. Brief captions should be
provided to make the figures as informative as
possible.

1. All line drawings should be made with black draw-
ing on white paper ( preferably tracing paper ). Com-
puter-drawn illustrations are acceptable. The author’s
last name should be written on the margins ( or on
back ) foridentification.

2. Photographs ( which must be kept to minimum )
should be glossy prints. The author’s last name and
identification as to which is the top of the picture is to
be written in pencil on the back.

A list of figure and table captions are to be typed on a
separate page and attached at the end of the manu-
script. List the figure number in the form "Fig.1*.

V1. In the manuscript, principal headings should be
typed at the centre of the page in capital letters. Head-
ings of the text lower rank should be typed in small let-
ters ( first word of headings and proper nouns are
capitalised ). The following text should begin on the
next line. For headings of lower rank underline and
place a dash after the headings, and follow with text on
the same line.

VII. All references should be grouped at the end of the
paper, under the heading References, either
alphabetically or by the numerals noted in the text.
For a given author referred more than once, use chro-
nological listing with suffix, a, b,etc., to distinguish re-
ferences of the same year. In the list of references, the
following order and punctuation should be observed :
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page numbers).

Example :

Wilson, H.H., 1975, Time of Hydrocarbon Expul-
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Editorial
— itoria

The idea to introduce a multidisplinary technical Journal devoted to
the advancemet of all aspects of research related to hydrocarbon ex-
ploration and industry, was set in motion couple of years ago , during
several meetings which included the General Manager of the Pet-
roleum Research Centre and the chairmen of the various scientific
committees in the Centre . There was basically no benefits , but there
was the belief that there would be in time if such aims of high quality
publications are achieved .. This is our goal .

As excited as we are about introducing Volume 1, Number 1, issue,
we are keenly aware that effective evolution of this publication de-
pends on the responsiveness and active participation of the contribu-
tors and the readers alike . We look forward for their contributions,
and constructive ideas for improving our issues. The painstaking
efforts of our distinguished reviewers is the source of our aspirations .

Editor -in - Chief
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SUSCEPTIBILITY OF WELDING JOINTS TO STRESS CORROSION CRACKING IN
AERATED 3.5% NaCl WATER SOLUTION

A. Mazur * and A. Esayed *
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ABSTRACT

Susceptibility of welding joints of low-carbon steels
to stress-corrosion cracking (SCC) is not clearly
established. Such steels are generally not susceptible
for that type of corrosion, but many failures have been
observed in welding zones where subcritical crack
growth was suspected to be a cause of catastrophical
crack propagation. This work consists of the first set
of research results performed on samples cut from
welded 40 mm thick steel sheets exposed to a 3.5%
NaCl water solution. The specimens with the tip of a V
notch placed in a fusion zone were tested by the
cantilever beam method in an open circuit condition.
The mechanism of SCC susceptibility ratio Kscc/ Kc
was 0.72. This value belongs to the highest class of
susceptibility to SCC. The mechanism of crack prop-
agation is believed to be a mixed mode of “hydrogen
induced embrittlement” due to bainitic (or martensitic)
structures and “pre-existing active path” where the
pearlite and ferrite structures are present.

*Petroleum Research Centre, Tripoli, G.S.P.L.A.J.

INTRODUCTION

Stress-corrosion exhibits a very specific mechanism
involving a particular environment and tensile stres-
ses applied to the metallic construction. There will be
no fracture if only a stress or corrosive environment
is present. For a particular environment the stress-
corrosion cracking (SCC) will appear if the metallic
construction is loaded by sufficiently high tensile
stresses. Below some critical stress level, stress-
corrosion cracks will not start to grow. Actually, the
best measure of the material’s sensitivity to stress-
corrosion cracking is the ratio Kiscc / Kic . The value
of Kisce represents a maximum of stress of fracture
toughness, which can be safely applied to construc-
tion in a specific environment without producing a
SCC during long periods of time. Usually the
standard testing-time is 1000 hours. Although stress-
corrosion is not the only type of material degradation
but the form of such attacks are always dangerous. A
very localized crack is often propagating thoughout
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the cross-section of the construction without alarm-
ing marks visible on the metals surface. Such a crack
can be initiated on the metallic surface at the tip of a
corrosion pit or at any of the sharply ended mic-
rodefects.

If applied loads are lower than yield limit but still
higher than the critical stress (in terms of Kiscc ), the
stress-corrosion crack grows slowly until it reaches a
critical length and then propagates very fast (catas-
trophically) throughout the whole cross-section of
the construction. Sometimes the period of slow-crack
growth is very long. According to (1), a large number
of pipe-lines and pressurized installations failed
catastrophically only when five or more year of
service-time passed. The routine corrosion inspec-
tions can hardly discover a stress-corrosion attack,
especially if the surface of the steel member is
covered by general corrosion products or other types
of deposits.

High strength steels consisting of bainite and
tempered martensite are generally highly susceptible
to stress-corrosion cracking especially if the environ-
ment is cathodically promoting evolution of atomic
hydrogen at the surface of steel. Therefore, it is
believed that hydrogen induced stress-corrosion
cracking is the leading mechanism of catastrophical
trans-granular fractures of this steel grade. Weldable
low-carbon steels are also susceptible to stress-
corrosion but in very specific environoments such as
highly concentrated caustics (2) and nitrate solutions
(3), and anhydrous ammonia (4). The laboratory
experiment on welded structures have indicated that
the residual stress relief streatments can reduce the
susceptibility of such steels to SCC in the above
mentioned environments (5). According to the
general opinion, weldable low carbon steels are not
significantly susceptible to SCC in sea-water or in
3.5% NaCl water solutions. This implies that the rate
of the other types of corrosion is higher than the rate
of SCC. Such an opinion is based on the results
obtained for steel sheets or bars that did not consider
the experimental work conducted on welded joints.
Internal stresses, segregations and other in
homogenities and nonequilibrium structures like
martensite and bainite are usually associated with
welding joints, strongly promoting SCC in NaCl
water solutions with a pH value lower than 7. In
modern steel structures welding technology is com-
monly used. Such welding joints should have similar
or better properties than the parent steel to be
joined. Of the many failures that have been initiated
in the welding areas, some of them had been of a
purely mechanical (or metallurgical) origin, but a
great many exhibited a typical appearance suggesting
that the environment in combination with stresses
produced catastrophical crack growth.

Assuming that the engineering calculations and
material selection was correct and the safety margin
properly applied, the welded construction should be
safely used for decades. However, case histories

provide many examples of serious failures of welded
structures after quite a long period of service-time
without characteristic traces of fatigue fracture or
general corrosion action. Such long delayed fracture
phenomenon should be connected with subcritical
crack growth. That crack is nucleating in the areas of
weldments characterized by detrimental factors such
as mentioned above; chemical and structrual in-
homogenities, discontinuities, etc. This is the reason
why the results of SCC tests conducted on parent
metals are not valid with respect to welding joints.
Lack of well elaborated and published data concern-
ing SCC of weldments has been the main reason of
the experimental project performed by the Pet-
roleum Research Centre in Tripoli. A part of this
project was done with the cooperation of the al Fateh
University (6).

MATERIAL

The material tested was a semi-killed steel of a
chemical composition typical for SAE 1008 steel
grade : 0.10% C max, 0.25 - 0.50% Mn, 0.10% Si
max, (.04% P max, and 0.05% S max. The hot
rolled-steel sheet of 40mm thickness had mechanical
characteristics as follows : tensile strength Rm =
303.4 MPa, yield strength Re = 168.9 MPa, elonga-
tion A5 = 30%, reduction in area Z = 55%, Vickers
hardness HV = 170, critical stress-intensity factor
(fracture toughness) Kic = 95 — 110 MPamlA.
Grain-size accroding to ASTM scale was of No.5.
The central zone of steel sheet contained a great
number of elongated non-metallic inclusions (NMI)
and inhomogeneities.

WELDING TECHNOLOGY

The two 40mm thick steel plates of 1000 mm x
1000 mm in size were horizontally welded together,
using a manual arc-welding method. The expected
heat-affected zone (HAZ) properties did not recom-
mend preheating and postheating treatments. A 60°
V- groove was cold machined. For the root-pass, the
electrode E - 6018 was selected. For the first and
following passes the E- 7018 electrodes have been
used. Before welding, the electrodes were dried at an
elevated temperature to avoid hydrogen (cold)
cracking,

SAMPLING

Figure 1 shows the geometry of specimens cut off the
welded steel sheet. They were mechanically grinded
applying cooling water and then the mechanical
notch of 40° and 5mm in depth was machined. The
notch was cut parallel to the welding direction and
perpendicularly to the rolling direction of steel sheet.
At the notch tip, the narrow 1.5mm in length fissure
was cut-in as a place where the stress-corrosion crack
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R D : rolling direction
W D :welding direclion

FINAL SPECIMEN SHAPE

FIG. 1. Sampling and geometry of the specimens.

will nucleate. The welding and sampling processes
were made at the Az-Zawiya Refinery.

METHODS

The Cantilever beam method was selected due to
its great advantage over the other types of SCC tests
that have been used . Such a method provides the
following information :

i) Critical stress-intensity factor for SCC ( Kiscc ),
ii ) Stress-corrosion sensitivity ratio ( Kiscc/
Kic ) . If this value is low, the sensitivity of

the material to SCC is high .

iii ) Time to failure of the steel structure of equal
( or smaller ) thickness to the tested specimen
under known load and environment,

iv ) Master-curve of stress-corrosion crack propaga-
tion can be derived .

Assuming that SCC are propagating by the brittle
or quasi-brittle mode, the Brown’s formula (7) for
plain-strain conditions will not necessarily be fulfil-
led . A sketch of the cantilever beam stand is shown
in Fig.2. Deflection of the beam was mechanically
measured with an accuracy of 0.01 mm. This deflec-
tion is proportional to the SCC extension. Initial
stress-intensity factor ku was calculated according to
the formula (8) :

Ki= (412 M (= — o)) /B (W)®

Where :

M=Pd+ (gd* )/ 2

d = lever length, (m)

M = momentum, (MN m)

g = (lever weight (MN) ) / ( lever length (m) )
B = specimen thickness, (m)
W = specimen width, m

P = Load applied, (MN)
a = crack length, {m)
a = Km + Kf, (m)
Kn = length of mechanical notch, (m)
Ki = length of precrack, (m)
«« = geometrical factor

«=1—-(al/W)

MECHANICAL

AR SAMPLE GAUGE (.00Imm]

SO NNN

\ 2.5% HNaCl+H; 0 LOAD

HEEAI T LED L Ad A AT A

FIG. 2. Scheme of the cantilever beam test.

ENVIRONMENT

An atmosphere containing chloride ions is one of
the most corrosive ones. The rate of pittting and
general corrosion rate in such an atmosphere (pH
below 7) for low-carbon steel is much higher than the
rate of SCC. For a fully controlled, standard environ-
ment; a 3.5% NaCl water solution is very commonly
used, however in some works (9), such a solution
should not be considered as a standard one, but none
the less a water solution of 3.5% NaCl can represent
the atmosphere of marine and coastal areas as well as
other environments of ahigh salinity level.

Some works performed on high strength steels
gave evidences that the severity of such an enviro-
ment is increased by its aeration (10). Therefore. in
this experiment an aerated water solution of 3.5%
NaCl has been used. The measured pH was about 6.5
The stress-corrosion cracking was tested in an open-
circuit condition. The solution was exchanged for a
fresh one every 24 hours.
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RESULTS

A photomacrograph of welding joint cross-section
is shown in Fig.3. Well done welding passes are
visible there. Shaddowed area enveloping the weld-
bead consists of a heat-affected zone. The quality of
welding workmanship was very good. Elongated
macrodiscontinuities due to chemical segregation and
a great amount of NMI are expected in the central
area of the base steel sheet which is marked by
arrows. The presence of such inclusions was con-
firmed by microobservation of a cross-section taken
from the central area of the tested sheet (Fig.4.)
These defects vanished close to the fusion zone (FZ).
Obviously, the elongated discontinuities should have
a great influence on the corrosion crack propagation
in the parent steel sheet. This suggestion leads to
special attention payed during analysis of the
mechanism of SCC propagation in tested specimens.
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FIG. 4. Non-metallic inclusions in the mid-section

of the steel sheet. Non-etched, magnifica-
tion 100x

Optical microscopic observation revealed different
structural constituents present in HAZ and in the
parent steel. Figure 5. shows a typical ferrite-pearlite
structure in the parent steel. It was possible to find
out that the steel sheet was hot-rolled at the
temperature well over Acs and then slowly cooled
through transition Acs — Aci temperatures that
produced the typical widemanstatten structure, HAZ
consists of some amount of upper bainite (Fig.6) and
ferrite of different shapes and sizes with some
pearlitic structure distributed at the ferritic grain-
boundaries.

FIG. 5. Ferrite and pearlite structure in the parent
steel nital etched, magnification 100x.

FIG.

6 Ferrite and upper bainite structure with
some amount of pearlite in HAZ, nital
etched, magnification 250x.
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Figure 7 shows a graph of hardness distribution
along the three different lines (a,b,c) passing the
weld, HAZ and parent steel. Hardness numbers
were higher in HAZ and weld areas than in the
parent steel. Some of the higher hardness numbers in
parent steel were due to plastic deformation in the
notch area produced by mechanical machining as
well as by plastic zone developed during the crack
propagation. Results of SCC tests are presented 1n

HARDNESS, Hyjo

Dislance (mm)

FIG. 7 Distribution of hardness numbers measured
along the three lines across the weldbead,
HAZ and fusion zone.

Fig. 8. The resultant Kscc value is 68.4 MPa m 'z
with an accuracy of £ 3.16 MPa m Y. The sensitivity
of the tested joints to SCC (Kscc/ Kic) was 0.723 (=
0.03) According to (10) such values belong to the
highest class of susceptibility (0.78 — 0.62). It is
important to note that Kscc is the resultant value of
SCC phenomenon performed in the three zones :
fusion zone, HAZ and parent steel sheet. Assuming
that low-carbon weldable steels (parent sheet) are
not very sensitive to SCC in a 3.5% water solution of
NaCl, the decrement of Kic should be due to the
stress-corrosion crack propagation in the fusion and
heat-affected zones. Existence of such zones with
bainitic and martensitic structures decreases the
Ksce/ Kic ratio proportionally to the fraction of the
crack length passing those zones in comparison with
the whole path of the SCC. The exact measure of the
SCC crack path-length in particular zones gave
results as follows : FZ — 4.8mm, HAZ — 2.4mm,
parent steel — 5.2mm. Thus, the fraction of stress-
corrosion crack propagated in the most sensitive
zones (FZ and HAZ) is 0.58. The upper limit of the
stress-corrosion sensitivity ratio is 0.95 (The lowest
sensitivity of parent steel to SCC). If the whole SCC
hypothetically propagated in FZ and HAZ, that
expected sensitivity ratio would be 0.56. That is a
very high sensitivity of such areas to SCC and any
welded structure should be calculated taking into
account this value. Microscopic observation revealed
that the typical hydrogen induced mixture of trans
and intergranular crack-path in FZ and HAZ,
changed to a completely intergranular mode in the
parent sheet steel where “preexisting active path”

1c0
| Ke=932 S TN T
- iy - T, . |
0.
E 50
i STRESS
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E‘;
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@
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FIG. 8. Results of SCC measurement in form of
graph : Ki against time to failure.
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mechanism prevailed. As it was mentioned before,
the NMI are playing a significant role in SCC
propagation. Main crack terminates when meeting a
sizable inclusion that sometimes deviates its direction
or produces microbranches. Fig. 9 shows a micro-
graph of an unetched cross-section. The crack started
at the point A according to the stress concentration
concept (or Kic concept) and stopped at point B
where the crack met a segregation area, and started
to develop a branch C by electrochemical model of
dissolution. That process decreases the rate of crack
propagation due to the blunting effects at the crack
tip. As the stress concentration at the tip of the
branch C decreased, the tensile stress component at
point B increased, therefore the mechanical factor
prevailed and the higher crack propagation rate in
the branch D is observed. In branch D there was a
lack of blunting processes. Fig. 10 shows the reaction

FIG. 9. Stress-corrosion crack passing the segrega-
tion area, non-etched, magnification 50x.

o~
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FIG. 10. Dissolution process advanced in segregation
area. The tunnels are joining a main crack
and non-metallic inclusions delivering elec-
trolite to the microcells : NMI are cathodic,
ferrite matrix is anodic. Nital etched, mag-
nification 250x.

between a main stress-corrosion crack and the NMIL.
The non-metallic inclusions usually are cathodic sites
and surrounding areas are anodic ones. Therefore
the dissolution process is advanced there. This
process is strongly time-dependent involving trans-
port phenomenon which needs contact with the
environment through very clear visible tunnels.

DISCUSSION

Many investigations were carried out on SCC of
ferrite-pearlite low-strength steels exposed mostly to
the environments of high pH values. A number of
SCC tests made in NaCl solutions with a pH below 7
or in a marine atmosphere were limited to unnotched
specimens. A general conclusion of these last results
is that low-strength steels are not sensitive to SCC. It
means that corrosion failures happened by the other
types of corrosion as for instance pitting, crevice or
general corrosion.

If the constructions (structures) made of low-
strength weldable steels are considered as consisting
of hundreds of welding joints, it is necessary to test
such special areas (joints) for their susceptibility to
SCC. The reason is that welding joints consist often
of different structural constituents in the bead and
HAZ (bainite, martensite) which have decidedly
higher sensitivity to SCC than parent sheet steel with
ferrite-pearlite structures. On top of that, welding
joints are characterized by different types of segrega-
tion, differences in the grain-sizes, NMI distribution
and a high level of internal stress. All these factors
tend to accelerate stress-corrosion crack growth. The
number of specimens tested by the cantilever beam
method in the case of very inhomogeneous samples
(weldment case) should be as much as possible. Such
a method is a long-term one and for the first part of
this project the number of experiments was very
restricted just to realize that welding joints are very
sensitive to SCC. Steel sheet chosen for welding has
been produced from semi-killed grade steel and
unfortunately the microstructure includes a large
number of NMI concentrated mostly in the mid-
section area. The majority of the NMI had an
elongated shape due to the directionality of the
hot-rolling process.

The trajectory of crack propagating from the
mechanical notch was perpendicular to the above
mentioned NMI direction Therefore if a stress-
corrosion crack met a NMI, the local stress situation
abruptly changed due to a) blunting effect which
decreases stress concentration there (crack will be
arrested), b) simultaneously the electrochemical
reactions between NMI (cathode) and surrounded
iron matrix (anode) will change the crack fissure,
creating an elongated hole. That will additionally
decrease the stress concentration at the crack tip.
Both effects were observed. Sometimes at the
arrested crack, the slow process of "branching®
formation was noticed. The next step of crack
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propagation usually started from the tip of the one
branch formed in some area, where due to the
segregations, the electrochemical reactions produced
a sharp pit. Such a pitend (tip) becomes a stress-riser
enabling the crack to propagate again. The front of
the crack passing throughout the cross-section does
not have a straight line shape but depends upon local
properties in the micro-areas of the structure and it
changed due to the microstructural and chemical
segregations, NMI volume fraction, their shape and
distribution. Such structural and chemical segrega-
tions are very characteristic for welding joints, and
also affects the hardness distribution there. A higher
hardness is always associated with HAZ where
harder structures are formed (bainite and marten-
site). There are also higher internal stresses which
additionally accelarated the SCC processes. This
means that if the crack front has reached HAZ, the
SCC process has rapidly accelarated because of
mechanical factors. Microscopic observations proved
that the leading mechanism of SCC in tested steel is
based on “preexisting active path” but hydrogen
assisted craking in the HAZ can not be neglected
because of the hard structural constituents formed
there. In tested specimens, the HAZ was relatively
thin and such mechanism had a small share in the
total SCC processes in this steel. The specimens did
not fulfill the Brown’s, formula for plain-strain
conditions but according to (10) SCC always pro-
duces brittle fracture. The estimated Kscc value is
valid for this steel if the thickness of the construction-
al member is smaller than 15mm. Such a value
(Kscc ) marked in Fig. 8 should be considered as an
obligatory limit for engineering calculations of allow-
able stresses when the welded constructions will be
exposed to NaCl solutions or marine atmosphere.

CONCLUSIONS

Some important conclusions based on ex-
perimental and theoretical data are as follows :

1. In spite of the general opinion that low-carbon
steels are not significantly susceptible to SCC in
water environments containing NaCl with a pH
below 7, the presented results show that in welded
areas such steels are highly susceptible to this type
of corrosion.

2. Susceptibility of welded joints to SCC exposed to
aerated 3.5% NaCl water solution is of the range
(Ksce / Kic ) = 0.72 (£ 0.03) which belongs to the
class of the high susceptibility (10).

3. The leading mechanism of SCC in welding joints
belongs to “preexisting active path” type.

4. The main reason for the high susceptibility of
tested weldments to SCC is due to the high level

of different inhomogeneities and internal stresses
introduced by the welding process. Such high
levels of detrimental factors (from a SCC point of
view), do not exist in the parent steel per se, and
such steel can exhibit low sensitivity to SCC
exposed to NaCl solution, but in a welded
structure such an opinion is not correct.

5. It is necessary to underline that such important

experiments should be repeated for a greater
number of welded specimens with different shapes
of joints and welding technologies.

6. The projects of salt-water installations, offshore
platforms etc, should be checked for allowable
stresses which must not exceed Kisce value for
welding joints.
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ABSTRACT

Jamahiriya produces about 4% of the total world
capacity of methanol. It is expected that the world
consumption of methanol will sharply increase in near
future as a result of its direct and indirect use as a
blend to motor gasoline leading to an anticipated
higher prices. Mathematical models are used in this
study to assess different technologies of different
methanol - based products in order to optimize the
uses of methanol in libya and to assess the variations
of production capacities on the production cost.
Productions of formaldehyde and acetic acid from
methanol are evaluated to optimize several perturba-
tions such as the capacity of each plant, the energy cost
and the level of operations on the objective function ,.
Enhancement ratio, pay-out period and rate of return
on investment are calculated using the model to assess
their sensitivity to the model’s parameters. Acetic acid
plant produces a rate of return of 10% at relatively
small capacity of 40,000 tonsiyear. Formaldehyde
plant has a negative rate of return at a similar capacity.
Formaldehyde plant is feasible with minimum capac-
ity of 45,000 tons/year as partial local utilization is
projected. Evaluation of formaldehyde plant as a
source of generating foreign currency leads to en-

couraging results.

*Petroleun Research Centre, Tripoli, G.S.P.L.A.L.

INTRODUCTION

Oil and natural gas and their derivatives have
traditionally been used as main energy sources
worldwide . This situation is expected to continue for
many decades to come. The major reasons are the
availability and the financial considerations. Diffe-
rent technologies have been developed to optimize
the processes searching for better economics. During
practising these developments, many by-products are
obtained as either side streams or kind of impurities
to be separated. As a result many products are
produced and used in different objectives such as
inhibitors, additives, plasticizers etc.

Methanol is a basic petrochemical product
obtained from natural gas . It is the starting point for
many production chains and processes covering the
three broad categories in petrochemical industry
classifications, basic, intermediate and final pro-
ducts.

Methanol is the raw material for many petroche-
mical products such as formaldehyde (Adhesive
industry), acetic acid, methyl chloride, chloroform
etc. It is expected to be used directly in energy
utilization including driving cars in near future. The
increased processing ability and varying the products
from a certain source-including methanol raises
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automatically the enhancement ratio and the value
added compenent derived from that source. Payout
period is also expected to be reduced sharply for the
whole chain of industry based on that source leading
to the improvement of economics including the rate
of return on investment. Marketing strategies based
on supply-demand balance is one of the major
constraints to optimize the methanol production and
its derivatives in any country. Joint venture is one of
the forms to ease the marketing problem in case of
tightly controlled world market for a certain product.

The world demand of methanol stands at 15
million metric tons per year. Libya produces about
4% of this capacity. World demand of the two major
methanol derivatives formaldehyde and acetic acid-
exceeds 19 and 6 millons metric tons per year,
respectively.

TECHNOLOGY AND USES
Methanol

It is the basic feed-stock of the processess assessed
in this study. Methanol is produced in Libya from
methane. The favoured process to produce methanol
is the intermediate pressure process (103 atm) at a
temperature of 450-520°F, using copper oxide, alumi-
nium oxide and zinc oxide as catalyst. The main uses
of methanol is in the production for formaldehyde,
acetic acid solvent and lately as fuel. The world
supply-demand of methanol is encouraging. It is
expected that the demand of methanol will sharply
increase in near future.

The use of 3-5% of methanol as a blend to motor
gasoline is investigated in many countries and results
are comercially implemented. Shortages of methanol
as a result will be expected. In small countries such as
Libya, 60,000 tons of extra methanol is needed if the
blend is approved. Production of formaldehyde and
acetic acid will be affected due to the shortage of the
raw materials available for the processes. As a result
higher prices will be anticipated in future. Although
new technologies based on other raw materials may
be developed, it will take long time before the
developed processes will be commercialized.

Formaldehyde

The main use of formaldehyde is in the resin
industry. The chief use of urea-formaldehyde resins
is as an adhesive in fibrous and granulated wood
products. Melamine-formaldehyde resins are used as
decorative laminates in furniture manufacture.

Formaldehyde is marketed in the form of acqueous
solution containing 37% of dissolved formaldehyde
gas, Small percentage of methanol is present to avoid
polymerization during storage and transportation
period. There are two well known processes to
produce formaldehyde, metal oxide catalyst process
and silver catalyst process. The selection of one of

the two processes depends mainly on end uses rather
than economical considerations. The metal oxide
process is selected where molybdenum oxide-iron
oxide catalyst are used at 5-10 psi and at a tempera-
ture of 600-700 °F. Methanol is used as a raw material
with a rate of 1.18 ton per ton of pure formaldehyde
produced. The catalyst is selected to balance ther-
mally the endothermic dehydrogeneration with the
exothermic oxidation. Summary of the assessment of
formaldehyde plant is presented in table (1).

Table 1. Assessment of formaldehyde plant

Plant Capacity 30 45 57 72 90
Thousand tons/year
Methanol needed 12.6 189 24 305 38

Thousands tons/year

Cost of raw materials 1.6 2.4 305 3.88 4.83
and catalyst

Fixed Capital 15 18.8 21.4 243 276
Investment
Working Capital 1.5 19 21 25 27
Investment

Enhacement Ratio :

i) Excluding primary 2.83 2.83 2.83 2.82 282
Energy Cost

i) Including Energy 2,62 262 26 26 26
Cost

Pay-out period 57 45 39 34 3
Rate of Return 0.56 -1.47 1.84 5.43 13.17

Acetic Acid

Acetic acid is prepared from methanol through the
reaction with carbon monoxide. From material ba-
lance 0.58 ton of methanol is reacted with 0.61 ton of
carbon monoxide to produce one ton of acetic acid.
The energy required for the process is estimated at
0.3 fuel oil equivalent ton per ton of the product. The
reaction takes place at 500 psi and a temperature of
390 °F. Rhodium is used as a catalyst. The main uses
of acetic acid is in the production of acetic anhydride,
vinyl acetate and various acetate esters. Assessment
of acetic acid plant at different capacities is listed in
table (2).
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Table 2. Assessment of acetic acid plant

Plant Capacity 91
Thousand tons/year SE W
Methanol needed 24 30 48 57
Thousands tons/year

Cost of raw materials 2.9 3.6 58 109
Fixed Capital 20.7 24 334 37
Investment

Working Capital 4.3 5.9 8.1 9.4

Investment

Enhacement Ratio :

i} Excluding Primary 2.6 2.6 26 2.6
Energy Cost™

ii) Including energy 2.3 2.3 23 2.3
Cost
Rate of Return 10 16 33 41

THE MODEL AND CALCULATIONS

Methanol-based petrochemical industry is highly
developed with wide wvariations in technological
processes. It is well intergrated industry with many
variables that cause change by orderly perturbations
from the usual practice of producing methanol.
Different technologies of different methanol-based
products are assessed using the developed model in
an attempt to optimize the production cost. The
model is used to evaluate 9 cases. The concentration
is based on three different uses of methanol, acetic
acid, formaldehyde and gasoline additives. Capacity
of each industry is varied in the model with two
major constraints the total productions of methanol
and the percentage of methanol used in the gasoline-
methanol blend.

The different cases in this work are analysed to
show the effect of several perturbations such as the
capacity of each industry, the energy cost and surplus
on the enhancement ratio and the payout period. The
surplus is defined as the production capacity of a
certain product minus the demand.

It is difficult to treat the surplus as a factor in the
model due to the large fluctuations and unstability of
petrochemical products in the world markets. This
problem is solved through the treatment of surplus as
a heating value product. The objective function in
this work is selected to represent the total production
cost. The optimization of the objective function is

subject to the constraint of the limited capacity.

Enhacement ratio and pay-out period together
with the rate of return on investment are calculated
using the model to assess their sensitivity. The model

is represented by the following equation (1):

M

N
y= Z hyfy + ZHj(Dj_RJ)

Where

y is the total production cost of the desired product.
h, f, represents the cost of raw materials.
H; is a chemical price.

(D; — R;) represents the surplus production which is
evaluated in the model as a heating value instead of
chemical value. By products are considered as credits.

L, represents the investment, labour, additives,

catalysts and utilities cost.
R is the product demand.

X, is the level of operations which have to be varied to
optimize the total production cost.

D, represents the production capacity.

The enhancement ratio (ER) is calculated using the
following equation:

hkfk+E)

N
ER=(DJH].)/(Z
k=

1

where E is the primary energy cost which is evaluated
relatively to fuel oil equivalent ton per ton produced.

The pay-out period is calculated for each industry
(methanol, formaldehyde and acetic acid) using the cost
index and literature (2) value for the base case.

The fixed capital investment is calculated for each
industry (methanol, formaldehyde and acetic acid)
using the cost index and literature (2) value for the base
case.

Adjustment of the capacity is performed using the
following equation (2);

CI/C2=(Q1/Q2)'4

Where C, is the fixed capital of the base case plant
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with a capacity equal to Q 1. C 2 1s the tixea capital o1
the same plant at the same year but at a capacity
equal to Q2 And q is a constant.

The same procedure is followed to evaluate the
battery limit (B.L.) cost. The cost is then evaluated
based to the Libyan market, a location factor of 2 is
used for this purpose.

The following constraints are considered in the
model :
1. The total capacities of methanol production is
600,000 tons/year.
This is treated as a supply limitation where
fi< Si (Where Si = 600,000 tons/year)

2. The process capacity is limited :
xi< Qi
(Where Qi is the maximum capacity which can
be absorbed for Libyan formaldehyde in world
market)

3. Evaluation of local and foreign market of a certain
production D creates a demand constraint :

Ri< Dj

4. Maintenance is considered as a percentage of 3%
of battery limit per year, while labour is based on
the rate of 2.5 Libyan dinars per man hour,
Laboratory service is charged at 25% of operating
labour,

5. Electricity is charged at 0.39 kwh/lb, process water
at 0.1482 gal/lb and cooling water at 32.55 gal/lb.
with a cost of 0037 cent/lb. The electricity is
evaluated at 8,1 cent/kwh while the process water
is charged at 0.45 cent/lb.

6. The plant overhead is charged at 75% of total
labour, insurance is treated as 2% of fixed capital
per year. The depreciation is evaluated at 10% /
year (linear method).

RESULTS AND CALCULATIONS

Methanol is considered as one of the most basic
petro-chemical compounds. Large industries depend
on methanol as a raw material. Although there is a
glut of methanol worldwide at present, the situation
will differ completely when oxygenated alcohols will
be used with certain percentages in motor gasoline.
This direction seems to be implemented in near
future. Shortage of methanol and its derivatives
mainly acetic and formaldehyde will be faced and this
situation will obviously lead to higher prices for these
products. This study is based on the production of
formaldehyde and acetic acid in Libya. Total capital
investments are calculated for different plant capaci-

ues. cnhancement ratio including and excluding
primary energy cost and pay-out period are evalu-
ated. Rate of return is obtained for each capacity of
each plant. The results are summerized in tables
1 & 2. It is obvious from these tables that better
economics will be achieved from larger capacity.
However, supply/demand issue worldwide put a limit
on the capacity. Negative rate of return is expected
when the capacity is lower than 50,000 tons/year of
formaldehyde. The maximum rate of return is
achieved with a capacity of 90,000 tons/year of 37%
formaldehyde. This plant will consume 38,000 tons/
year of methanol. Results listed in table (2) show that
acetic acid plant is more attractive if market is
available. The production cost of acetic acid will be §
338/ton at a capacity of 40,000 tons/year. Rate of
return is 10% at this relatively small capacity.

However, development of local market utilizing
formaldehyde in near future makes it more favour-
able than acetic acid, although the later has better
economics. Local market is expected to be developed
locally to produce urea-formaldehyde, melamine
formaldehyde and phenol-formaldehyde resins. Ten
thousands to 16,000 tons/year may be consumed
locally in near future. Assessment of formaldehyde
plant from the point of saving foreign currency is
considered in this study. Two levels of formaldehyde
local needs are evaluated. The amount of revenue
associated with import elimination of formaldehyde
is considered as positive foreign currency saving. It is
balanced against the payments abroad required to
cover the cost of maintenance, expatriate labour,
catalyst etc. The saving in foreign currency of the
formaldehyde plant is indicated in tables (3-4) for
two different capacities 30,000 and 45,000 tons/year.

The local demand of formaldehyde is estimated at
10,000 and 16,500 toms/year in 1990,

SUMMARY AND CONCLUSIONS

Capital investment, enhacement ratio, pay-out
period and rate of return are calculated for major
methanol-based industries with different capacities.
From the results of all cases studied, it is evident that
local markets should be developed for the integration
of these products. Although international market is
hardly to penetrate in present time, future is bright
for the products depending on methanol as a feed-
stock. This situation will be developed in near future
because of the strong possibility of using methanol as
a blend in motor gasoline. Production of formaldehy-
de and acetic acid in Libya, if any should not exceed
5% of the total production capacity of methanol in
Libya due to supply-demand limitations. This con-
straint represents severe limitations on the freedom
to select optimal production cost. Although one of
the solution to this constraint comes through joint
venture agreement, this is not always the best and
open alternative. The economics of the two major
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Table 3. Total foreign currency revenues

CASE 1. Formaldehyde plant 30,000 tons capacity
with local demand of 10,000 tons/year

FOREIGN FOREIGN FOREIGN FOREIGN FOREIGN FOREIGN
CURRENCY CURRENCY CURRENCY CURRENCY NET CURRENCY
YEAR EXPENDIT- EXPENDI- EXPENDI- IMPORT REVENUES CURRENCY GENERATED OVERALL
URE ON TURE ON TURE ON VALUE FROM SAVINGS/ BY RAW NET
PLANT WORKING PRODUC- EXPORT REVENUES MATERIAL
CAPITAL TION
-2 -4.500 - -4.500
-1 -5.251 - -5.251
0 -5.251 -0.450 . -5.251
1 -0.450 -1.164 +1.815 +1.337 +1.538
2 -0.450 -1.204 +2.0 +1.871 +2.779
3 -0.450 -1.204 +2.0 +3.6 +3.946 -1.512 +2.434
4 -0.450 -1.204 +2.0 +3.6 +3.946 -1.512 +2.434
5 -0.450 -1.204 +2.0 +3.6 +3.946 -1.512 +2.434
6 -0.450 -1.204 +2.0 +3.6 +3.946 -1.512 +2.434
F -0.450 -1.204 +2.0 +3.6 +3.946 -1.512 +2.434
8 -0.450 -1.204 +2.0 +3.6 +3.946 -1.512 +2.434
9 -0.450 1.204 +2.0 +3.6 +3.946 -1.512 +2.434
10 -0.450 -1.204 +2.0 +3.6 +3.946 -1.512 +2.434
11 -0.450 -1.204 +2.0 +3.6 +3.946 -1.512 +2.434
12 -0.450 -1.204 +2.0 +3.6 +3.946 -1.512 +2.434
13 -0.450 -1.204 +2.0 +3.6 +3.946 -1.512 +2.434
14 -0.450 -1.204 +2.0 +3.6 +3.946 -1.512 +2.434
15 -0.450 -1.204 +2.0 +3.6 +3.946 -1.512 +2.434
Table 4.Total foreign currency revenues
CASE 1. Formaldehyde plant 45,000 tons capacity
with local demand of 10,000 tons/year
FOREIGN FOREIGN FOREIGN FOREIGN FOREIGN FORIEGN
CURRENCY CURRENCY CURRENCY CURRENCY NET CURRENCY
YEAR EXPENDIT- EXPENDI- EXPENDH- IMPORT REVENUES CURRENCY GENERATED OVERALL
URE ON TURE ON TURE ON VALUE FROM SAVINGS/ BY RAW NET
PLANT WORKING PRODUC- EXPORT REVENUES MATERIAL
CAPITAL TION
-2 -5.625 = -5.625
-1 -6.5625 - -6.5625
0 -6.5625 - -6.5625
i -0.563 -1.164 +1.815 +1.337 +1.425
2 -0.563 -1.183 +2.541 +1.871 +2.666
3 -0.563 -1.204 +2.0 +6.30 +6.533 -2.268 +8.801
4 -0.563 -1.204 +2.0 +6.30 +6.533 -2.268 +8.801
5 -0.563 -1.204 +2.0 +6.30 +6.533 -2.268 +8.801
6 -0.563 -1.204 +2.0 +6.30 +6.533 -2.268 +8.801
7 -0.563 -1.204 +2.0 +6.30 +6.533 -2.268 +8.801
8 -0.563 -1.204 +2.0 +6.30 +6.533 -2.268 +8.801
9 -0.563 -1.204 +2.0 +6.30 +6.533 -2.268 +8.801
10 -0.563 -1.204 +2.0 +6.30 +6.533 -2.268 +8.801
11 -0.563 -1.204 +2.0 +6.30 +6.533 -2.268 +8.801
12 -0.563 -1.204 +2.0 +6.30 +6.533 -2.268 +8.801
13 -0.563 -1.204 +2.0 +6.30 +6.533 -2.268 +8.801
14 -0.563 -1.204 +2.0 +6.30 +6.533 -2.268 +8.801
15 -0.563 -1.204 +2.0 +6.30 +6.533 -2.268 +8.801
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processes to manufacture formaldehyde is not a
decisive factor. The ratio of production cost of
formaldehyde using silver catalyst process is 1.02
times the molybdenum catalyst. Using 5% of the
capacity of methanol in gasoline production is attrac-
tive economically if technical problems are solved.
Present local and world supply-demand does not
justify building new plants for the manufacture of
either formaldehyde or acetic acid. However, formal-
dehyde plant is feasible with minimun capacity of
45,000 tons/year as partial local utilization is pro-
jected. Formaldehyde plant is evaluated as a source
of generating foreign currency with positive results,
Total foreign currency revenues are calculated at
different capacities of formaldehyde plant including
30,000, 45,000 and 57,000 tons/year. The calculations
are performed at two different levels of local demand
at 10,000 and 16,500 tons/year. The overall net is

maximized at 8,8 million dollars at a capacity of
45,000 tons/year with a local demand of 10,000
tons/year. Sample calculations are presented in tables
(3) and (4). This work should continue to evaluate
the sensitivity of these projects for fluctuations in
world market prices.
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HYDROCARBON HABITAT IN THE SIRTE BASIN NORTHERN LIBYA
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ABSTRACT

The Qil-Prone organic facies I1 of the marine Upper
Cretaceous (mainly Campanian) Sirte Shale, includ-
ing its micritic facies, developed in the eastern Sirte
Basin, occupies the central part of the “Oil generative
depressions”, where the depth of burial is sufficient for
thermal maturation. This is based upon a large
amount of geochemical data collected over the last
years by the Petroleum Research Centre .

The combination of favourable organic facies and
maturation level of the Sirte Shale defines the areas of
major oil generation in the Zella Trough, the Marada
Trough (also called the Hagfa Trough) and the
Agedabia Trough. The giant oil fields tend to occur
within short distance migration range from these
oil-generative depressions.

The evolution of the various segments of the Sirte
Basin, in terms of their remaining potential hydrocar-
bon prospects, can be made by employing convention-
al methods of petroleum geology in conjunction with
precise knowledge of where and when oil was gener-
ated in the various segments of the basin.

*Petroleum Research Centre, Tripoli, G.S.P.L.A.J.

INTRODUCTION

The Sirte Basin with its series of northwest-
southeast trending horst and graben blocks forms an
important structural province of Northern Libya
(Figure 1). It is a prolific oil producing basin and is
considered to contain more than one adequately
mature source rock. Reports of petroleum geoche-
mical studies so far remain unpublished (e.g. Robert-
son Res. Int. 1979) and have been largely restricted
to each operator’s area of interest. However, the
available petroleum geochemical studies do not
throw sufficient light on the mode of formation and
stratigraphical position of these effective hydrocar-
bon sources in the basin as a whole. An attempt has
therefore been made to consolidate the available
source rock data of 88 wells covering the Sirte Basin
(Figure 2) and to integrate the data with the results of
geochemical investigations of 57 oil samples in order
to identify the regional source-bed occurences. The
outcome is also used to assess the potential hydrocar-
bon prospects of the various parts of the Basin.
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The attempt here involves studies of richness,
maturation, oil to source-rock correlation, time of oil
generation and migration. Stratigraphic principle and
organic facies concepts due to Demaison et al (1983)
are additionally employed. The marine Upper Cre-
taceous (mainly Campanian) Sirte shale is concluded
to possibly constitute the prime source-rock for
hydrocarbon generation and accumulation because
of the favourable depositional environment, organic
carbon contents, stratigraphic and structural setting
characterising the formation.

The Sirte shale is a widely distributed stratigraphic
unit of the Basin. It occurs dominantly as a lamin-
ated, carbonaceous, non-bioturbated sequence of
dark grey to mainly dark brown shales grading into
shaly limestone at the lower part. In the eastern Sirte
Basin, however, the lower part of the shale passes
into a calcareous facies, namely the Tagrifet limes-
tone (Barr and weegar, 1972). In relation to this
region. Sirte Shale is used as restricted to the upper
shale sequence. Williams (1968) referred to it as
Rakb Shale. In so far as the source-rock evaluation
attempted in the present work is concerned, the Sirte
Shale (Sensu stricto) includes the whole sequence of
the formation and its equivalent, the Tagrifet Limes-
tone.

In general, the bulk of the oil is derived from the
Sirte Shale. Locally, however, in the eastern Sirte
Basin, oil is also derived from source rocks deposited
under paralic to continental environments that
dominated in the Turonian and Lower Cretaceous
times. Paleogeographic distribution of the source
beds for these oils which have significantly high
content of wax is little known.

The traps within or adjacent to generative troughs
are important as exploration targets. This is because
of the occurence of the source rock, the migration
distances which are likely to be short or moderate
and the conductive geologic setting for the entrap-
ment of hydrocarbons, all resulting from the horst-
graben tectonic fabric present in the region. In the
present work, the model of hydrocarbon occurence
and entrapment is studied based on the examination
of the geological and petroleum geochemical charac-
teristics to finally demarcate the effective hydrocar-
bon source rocks in the Sirte Basin.

REGIONAL SETTING

The Sirte Basin persisted from the Silurian until
the Jurassic as an extensive uplifted tract with
NW-SE orientation consequent upon the trend of
Caledonian movements (Massa, 1984). The eroded
arch was rifted to form the Sirte Basin aided by
tensional movements in the Late jurassic. Sedimenta-
tion began in Early Cretaceous time when nonmarine
to parallic sediments of the Nubian formation started to
accumulate in small grabens.

Full scale rifting and block faulting took place in
Upper Cretaceous time. This lead to marine trans-

gression and associated subtle facies changes across the
lines of contemporaneous faults. Difficulties of nomen-
clature exist obviously due to the abrupt changes in
depositional conditions.

This main NW-SE synclinal trough remained
active during the tertiary as the Basin continued to
subside. In general, all the structural highs came to
be masked by the later, Tertiary sedimentation and
by mid Paleocene time, the region developed into a
unique Basin (Roberts, 1970). Intense tectonic activ-
ity returned again during the Oligocene and Early
Miocene bringing about the regional uplift. Towards
the end of Middle Miocene the present onshore part
of the Sirte Basin had emerged.

DEPOSITIONAL ENVIRONMENTS

The unique basin geometry of the Sirte Basin with
opening into the Mediterranean indicate marine
transgression to have taken place from the north
during the Campanian time (Figure 3). The northerly
open marine conditions permitting active intermixing
of water masses led to oxigenation environment.
Presence of planktonic foraminifera throughout the
formation in the northern Sirte Basin together with
benthonic foraminifera (Barr and Weeger, 1972)
corroborates the indication of open marine and outer
neritic environment. The paleoceanographic factor is
suggestive of minimum possibilities for petroleum
source bed deposition (Demison and Moore, 1980).
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Longitudinal trough areas, however, gave rise to
restricted marine environments further into the
interior of the Basin. These formed tracts of inactive
mixing of water masses with tendency to develop-
ment of stagnant waters. Barr and weeger (1972)
reported that the lower part of the Sirte Shale,
barring the northern part of the Basin, contain small
sized bulimines. At the same time, the upper parts of
the sequence abound in both planktonic and benth-
onic foraminifera. The most ubiquitons of the benth-
onic foraminiferal species appears to be the
Siphogeneranoides Cretacea. The most conspicuous
of the small size bulimines in the lower part of the
Sirte Shale is the Bulimina Prolixa (Cushman and
Parker, 1947) which points to the prevalence of a
restricted marine environment. Such environments
lead to reducing (depletion of oxygen) conditions. It
indicates the tendency towards development of stag-
nant waters as it becomes a zone of insufficient
mixing of water masses (Demaison et, 1983).
Moreover, the bulimines are known to tolerate such
stressed environments of stagnant conditions with
low level oxygen (Haynes, 1981). Consequently, they
buildup small, smooth and thin skeletons vis-a-vis the
normal marine milieu. Higher up in the formation, a
tendency towards amelioration of marine reducing
environment occurs as indicated by the presence of
both planktonic and benthonic foraminifera.

The Tagrifet Limestone (lateral) facies equivalent
of the lower part of the Sirte Shale) is located in the
eastern part of the basin. It has been described in
detail as the Rakb Carbonates by Williams (1968)
who concluded that the upper micritic unit of the
Rakb Carbonates was deposited in a low energy,
open sea environment in water depths of about 34-45
meters. It probably forms some of the source beds,
while its lower unit in the Augila-Nafoora Fields is
considered as a reservoir rock deposited in shallow
marine environment (epineritic) as the sea transgres-
sed across the basement highs. The Tagrifet Limes-
tone is generally a dark brown, oil-saturated and
argillaceous planktonic micrite containing a few very
fine grains of dolomite and pyrite. Traces of phos-
phatic grains are scattered throughout. While the
biofacies is recognized by Globotruncana and Heter-
ohelix faunas filled with calcite or pyrite, non
bioturbated and the benthic fauna is sparse and
consists solely of rare Incoeramus sp. fragments. The
lithology and fauna may be considered as evidence of
an oxygen-depleated, low energy and shallow marine
basin which had only access to the open ocean in the
north where the oceanic currents in surface waters
probably raised the number of planktonics.

It is likely that during sedimentation of the Sirte
Shale and its equivalent rocks there was continuity in
the growth of tectonic structure into horst-graben
fabric in a shallow marine basin. A great deal of
subsidence and transgression may have taken place
alongside the tectonic develoment. The flow of
surface currents was persistantly towards the Basin
(positive input) which may have caused continual

supply and concentration of nutrients (phosphates
and nitrates). In addition, the plant nutrients such as
phosphates and nitrates were carried into the seas in
the grabens by fluvial drainage systems. These
systems transported solutes leached from soil in the
horsts to the grabens. Presence of phosphate nodules
in Sirte Shale evidences the possibility.

The mineral nutrients in the presence of light lead
to prolific primary biologic productivity resulting in
the depleation of oxygen. The semi-enclosed seas
confined to the grabens possibily promoted water
stratification to increase the oxygen depleation.
Evidence of anoxic sedimentation associated with
continual supply of nutrients is found in the Sirte
Shale in the form of laminations, attainment of
brownish black colour presence of phosphate nodules
and pyritic-concentrations, non-bioturbated sequ-
ence and finally by general absence of macrofossils.
These features are apparent in the Sirte Shale of the
type section encountered in well 02-39.

In conclusion it is possible to extend the source bed
depositional model of silled basin reinforced by
transgression to the basin during the period of
deposition of the Sirte Shale.

SOURCE BED EVALUATION

The quantity of organic material in a rock, the oil
generative quality of the organic material determined
by the type of the organic matter such as the algal,
amorphous, woody and other contents each having a
different petroleum potential and the thermal matur-
ity of the kerogen (solid organic substance transform-
ing to hydrocarbons under given subsurface tempera-
ture and geologic time) form the factors which
govern the oil source capacity of a sedimentary rock
(Waples, 1980). It is also mentioned by Waples
(1980) that many workers (viz. Hunt, 1972; Welte,
1965 and others) have been concerned with the
concentration of organic carbon in source beds and
their implication to oil source capacity. Waples
(1980), also, stated that according to Hunt (1972) the
organic carbon content of an average shale to be
around 1% and the quantity factor to have unit (1.0)
value.

The maximum thickness of Sirte Shale, with
organic carbon content of oil potential exceeding
1%, occurs in the central parts of the troughs
(Figure 4). Amorphous variety of kerogen pre-
dominates in these parts. Sirte Shale together with
the micritic facies of the Tagrifet limestone contain-
ing more than 1% of organic carbon is found in the
Agedabia Trough with a thickness of about 2500 feet.
In the Zella Trough and Marada Trough, the
thickness is over 1250 feet. In the Kotla Trough, the
thickness is over 1000 feet. The organic carbon
content is seen to reach a value of more than 5%
within some intervals of the Sirte Shale. Such a
section is encountered, for example, in the well
3M1-59 penetrating the depocenter of the Hagfa
Trough.
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FIG. 4. Thickness of Sirte shale with over 1% organic carbon.

Carbon isotope data for the bulk of the Sirte Shale
kerogen samples fall in a broad group with peak
alkaline and aromatic hydrocabon fractions of — 29%.
and — 28%e, respectively. These percentages are
indicative of strong terrestrial influence in the orga-
nic matter accumnulations. Also the gas chromatoraph
and mass fragmentograph data show relative abund-
ance of steranes and re-arranged sterans to support
the above indication. In the basin depocenters
located away from the shoreline, however, the
triterpanes are relatively more abundant. The carbon
isotopes of the kerogene are seen to be slightly
heavier to suggest significant algal influence in the
constitution of the kerogen. Microscopic study shows
that the type of organic matter is almost amorphous
and herbaceous and that the algal fractions increase
towards the depocenters of the troughs which is
consistent with the other indications. The hydrogen
index (80 to 480) and the pyrolysis G.C. data, given
in table, emphasise the gas-prone to oil-prone
gradation the above results invariably show.

Based on the data of pyrolysis G.C. and the type of
kerogen as well as on the known geological history of
the basin and by extending the organic facies concept
of Demaison et al (1983), the distribution of various
organic facies of Sirte Shale mapped for the region is
presented in Figure 5. The map clearly brings out the
non-source facies (type IV) prevalent in the area
close to the horsts. The facies is inferred to have been
deposited in oxic waters which existed in the shelf
flanks as well as in the northern part of the basin. The
situation is also characteristic of the western part of

the Zella Trough (Tethys Sea). The oxic waters may
have resulted from the replenishment of the oxygen
under open marine conditions.

The facies is seen to grade from gas-prone (type
I11) to oil-prone (type II) towards the central part of
the graben system. Strongly oil-prone (type I) facies
is not found within the Sirte Shale sequence any-
where in the Basin. This feature signifies the possible
prevalance of sub-oxic followed by protracted anoxic
conditions obtained because of increasing water
depths away fom the shoreline. Higher sedimenta-
tion rates towards the grabens combined with possi-
ble lower influence of terrigineous sources of organic
matter may have additionally contributed to the
observed situation.

The degree of maturation of kerogen within the
Sirte Basin has been estimated as part of the present
work from vitrinite refectances and spore coloration
data using samples from 88 wells. Figure 6 synthe-
sises the results and shows the presence of six major
mature areas in the Basin as far as the Sirte Shale is
concerned. These are located in the depocenters of
Zella, Marada (Hagfa), Kotla, Agedabia, EI-
Hameimat (Mar) and Al-Quineen Troughs. The
significant levels of oil generation in these areas
required burial depths of the order of 10,000 to
11,500 feet. Minor oil generation in the region
occured from good quality organic matter in the Sirte
Shale and its lateral facies equivalents at depths less
than 16000 feet and located between the wells EE 1-6
and AA1-6. Major gas-generation can therefore be
anticipated in the corresponding region. Thermal
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maturation has also been studied following Lopatin’s
method of Time Temperature Index (TTI) in asses-
sing the possibility.

The combination of favourable organic facies and
maturation levels enabled the demarcation of areas
of major oil generation in the Sirte Basin (See Figure
7). The troughs in the Sirte Basin are seen to possess
Sirte Shale deposits capable of generating major
amounts of oil. In the shelf flank areas and south of
approximately the latitude 28°N, however, the shale
is characterised by the presence of immature and
poor organic facies. The Sirte shale north of latitude
30°N again is likely to be in mature condition in the
trough, but impoverished in organic matter to be
oil-prone,

OIL TO SOURCE ROCK CORRELATION

A large number of possible source rocks have been
identified in the Sirte Basin. Correlation data of 57
crude oil samples to their parent source rock in 88
wells as part of the source rock study attempted
involved only the potentially effective source rock for
oil.

The carbon isotope data for the bulk of oil samples
is summarised in Figure 8. It shows two broad groups
with peak values around — 28.5%oand — 27.5%scfor
parraffin-naphthanes and aromatic hydrocabon frac-
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tions, respectively. The carbon isotope of the Sirte
Shale Kerogen is slightly less negative compared to
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these peak values wnicn points to terrestrial material
input in the organic matter deposited under marine
reducing environment. Variations in the carbon
isotope fraction is probably associated with changes
in the proportion of algal material input which
increases towards the depocenters away from the
shoreline.

In addition, there are source oils drawn from the
southeast of the Sirte Basin which are isotopically
heavier (by about - 23 to - 26%) and are distinct in
other characteristics as well. The corresponding wells
are EE2-59, JJ1-65, S11-59, Abu Attifel, 0-80 Sarir
and UUU 1-59. The crudes from these sites are waxy
and appear to have affinity to the lower Cretaceous
Shales and/or Etel Evaporites (Torounian Age).
These oils of marked heavier isotopic values may
have been derived from an algal source with signifi-
cant terrestrial component and probably deposited in
a lagoonal/lacustrine environment.

The oils in the Amal Field are isotopically distinct
compared to the other crudes with values around
- 31%e.They bear similarity to the source rock which
is identified within the Triassic sediments in the well
A1-96 near this field. The isotope values indicate
association with land plant material deposited in a
highly reducing environment.

The polycylic alkane analysis strengthens the
results of carbon isotope ratio estimations. The bulk
of the oil generated from the Sirte Shale exhibits
relative similarity with its source rock judged on the
basis of relative abundances of steranes and rear-
ranged storanes. Figure 9 illustrates this feature
indicative of land plant material input. The striped

Mass Fragmentograms
Sirte Basin

Triterpanes Sleranes

(M
- 191 (M)

Group 11

FIG. 9. Steranes-triterpanes correlation

of oil groups in Sirte Basin.

triterpanes in the figure points to signiticant algal
component deposited under marine reducing en-
vironment. The oils possibly generated from the
lower cretaceous shales and/or Etel evaporites are
characterised by relative abundance of triterpanes
compared to that of steranes and re-arranged ster-
anes. This feature suggests that special species of
algal material dominates the organic material that
may have been deposited in lagoonal/lacustrine
environment with significant terrestrial component
input. These oils are also waxy (to about 25%) and
have high proportion of C: 4+ normal Paraffins
bearing a similarity to the Nubian Shale sediments
and/or Etel evaporites.

Sterane and triterpane analysis of oil from F1-31
shows that it is related to the Amal Crude. The crude
is distinctly different compared to the first and
second groups bearing affinity to Triassic sediments.
Also the use of chromatograms to distinguish be-
tween crude oils and their parent source rocks point
out that there are three groups of oil as forthcomes
from Figure 10 derived from three different sources.
The corresponding formations are the Upper Cre-
taceous Sirte Shale, the Lower Cretaceous Nubian
Shale and the Triassic Shale.
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Geographic distribution of the oil groups is pre-
sented in Figure 11. It shows the relative extensive
distribution of the first group with source in the Sirte
Shale. The oils from Nubian Shale source rock are

27

limited in occurence to the southeastern Sirte Basin
and the oils derived from the Triassic source rock are
found only in Amal, F1-31 and A1-96 well sites.
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GENERATION AND MIGRATION

The Sirte Shale may be considered as the source
rock for the bulk of the oil of the Basin. The type
rock of reservoirs varies in lithology from carbonates
and sandstone to fractured quartzite and granite
dating from Early Cambrian to Oligocene times.

Based on the TTI values from Lopatin’s method of
analysis attempted on the oil samples of well DD2a-
59 (Figure 12), the time of oil generation could be
estimated. The well is located in the south central
part of the Agedabia Trough. The results indicate oil
generation in the Early Miocene. This points out to
oil-bearing potential of the Pre-Miocene traps. It is
also likely that the Sirte Shale oil source rock may

have entered major oil generation stage at a depth
below 10 000 feet.

The structural framework of the Sirte Basin
consisting of horst-graben system appears to have
had a dominant role in controlling the migration
routes before entrapment. The migration distances
are typically short due to the tectonic style. Vertical
faults across porous and permeable beds may have
influenced the oil migration paths in the Basin. The
migration pattern can be modeled using the present
day map of the pre-Upper Cretaceous unconformity.
Figure 13 depicts the relation between the Sirte Shale
source rock and the possible migration paths to the
trap rocks. It is evident that a majority of large oil
fields occur on horst blocks adjacent to the genera-
tive depressions. A few others appear within the
generative depression also.
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The available data enables to expect additional
effective source rock systems to be present in the
sedimentary formations below the Sirte Shale. These
may be contributing, at least , part of the oil in the
southeastern part of the Basin (as for example in the
Attifel Oil field) which are characterised by relatively
heavier carbon isotope and excessive wax content.
However, the exact positioning of the source rocks
for such oils stands difficult. Generally, the lagoonal/
lacustrine environment of algal-dominated source
rock may have generated oils rich in the wax content.
On the basis of environmental factors it may be
mentioned that deposition of the source rock facies
may have been fairly frequent during the Turonian
and Lower Cretaceous times.

CONCLUSIONS

On the basis of geochemical data and in the light of
known geologic history of the Sirte Basin, attempt
has been made to provide a stisfactory explanation of
source bed genesis, hydrocarbon accumulation and
entrapment. The study shows that :

(%]

Of the Mesozoic- Tertiary sequence, the Sirte
Shale (mainly of Campanian age) appears to be
the most favourable source rock in containing rich
and mature organic facies over a considerable part
of the Basin.

The Sirte Shale deposited in marine reducing
environment abounded in semi-silled grabens
during a period of transgression. Its organic facies
appear to improve gradually from type IV, 111,
11-11I and II towards the central part of the graben
system.

. The areas of major oil generation could be mapped

on a Basin-wide scale. The reservoir rocks close in
and on platforms bordering the source-rock accu-
mulations. They are deemed highly prospective
areas for hydrocarbon exploration. However, the
risk factor increases with distance away from the
source pods.

. The only area with late mature Sirte Shale source

rock occurs in the depocenters of the Agedabia
Trough (around well AA1-6). It could be a source
for the gas accumulations here.
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5. The oil generation from Sirte Shale source bed
commenced from the Early Miocene and con-
tinued till the present time. Against this back-
ground it is likely that all traps in the Basin could
be hydrocarbon bearing.

6. The tectonic style of the Basin, migration paths
and oil-to source rock correlation indicate that the
migration distance could be short or moderate.

7. The bulk oil has similarities with the Sirte Shale
kerogen. Additional waxy crude contributes a part
of the oil in the southeastern part of the Basin such
as for example in the Attifel giant oil field. This
crude is different from the bulk crudes in terms of
all parameters examined in the present work.
These waxy oils may have been derived from an
algal source perhaps deposited in a lagoonal/
lacustrine environment. They may belong to Mid-
dle or Lower Cretaceous Sedimentary sequences.
Further studies are required to resolve the issue.
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THE ACTION OF SILVER BENZOATE AND BROMINE ON AROMATIC COMPOUNDS

AND ALKANES
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ABSTRACT

Silver benzoate and bromine were used to react in
heterogenous phase with certain aromatic compounds
and alkanes. From the data on the ratios of bromina-
tion and bencoyloxylation products and the extent of
reaction on primary, secondary and tertiary hyd-
rogens, a mechanism has been suggested in which an
electrophilic radical attack is considered most prob-
able in the presence of (PhCO 3) » AgBr and PhCO :
as intermediates.

INTRODUCTION

Several accounts of substitution reactions of
aromatic compounds brought about by silvgr benzo-
ate and halogens have appeared in the literature.
Three different types of substitution in the ring have
been observed, namely phenylation, benzoyloxy
lution and  helogentian. Birchenbach‘ _and
Meisenheimer"” obtained aryl benzoates and iodides
from reactions of silver benzoate and iodine with
anisol and with chlorobenzene at 135°C. Chloroben-
zene gave a moderate yield (30%) of ortho and
para-chloro-phenyl benzoates together with a little
chlorobenzene.

Anisole yielded only iodoanisole in 60% yield. No
evidence as to the nature of this reaction was
provided,

Bryce-Smith and Clark® re-examined this reaction
and reported the production of a solid reactive
species, insoluble in most solvents with the empirical
formula (Cs Hs CO 2)2 Agl which appeared to
cause these substitution reactions with aromatic

*Petroleum Research Centre, Tripoli, G.S.P.L.A.J.
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compounds such as benzene, anisole, t-butylben-
zene, chlorobenzene and nitrobenzene. The evidence
for this complex was based on the analytical results
from the hydrolysis of the solid.

3AgI(OCOCeHs )2 + 3H 20 —6Cq Hs CO:H +
2gl + AglOs

The analytical results support this formula for the
iodide, but they are inconclusive in the case of the
bromide. Similar types of complexes were suggested
by Simonini® by Simond“ and by Prevost®.

Benzoly hypobromite have been postulated by
previous workers as a reactive intermediate in
reactions of silver benzoate and bromine but never
isolated or fully characterized. The evidence for its
existence was based on their addition reaction to
alkanes.®

In this study, an attempt has been made to
investigate this reaction futher and to study its
mechanism as well as its synthetic potential. Five
different aromatic compounds (Benzene, toluene,
nitrobenzene, benzonitrile and pyridine} were
chosen as substrates because of their distinct orienta-
tional behaviour towards both electrophilic and
radical attack.

Alkanes are likely to be subject to hydrogen
abstraction by reactive radicals and so are not
unlikely to yield alkyl benzoates. Therefore, alkanes,
heptane, 2 methyl butane, cyclohexane were chosen
as substrates because these compounds provided
examples of primary, secondary and tertiary hyd-
rogens with an expected pattern of radical reactivity,
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The Action of Silver Benzoate on Aromatic Compounds

EXPERIMENTS AND RESULTS

Substitution reactions of some aromatic and aliphatic
hydrocarbons

Bromine was added dropwise to a well stirred
suspension of two equivalent moles of dry silver
benzoate in excess substrate (benzene, toluene,
introbenzene, benzonitrile, pyridine, 2-methyl
butane, hexane, methyl hexane and heptane) at OC°
in the dark.

The mixture was allowed to reach room tempera-
ture and maintained in that condition until the
reaction was completed. The silver benzoate and
silver bromide were removed by filtration. Free
benzoic acid was extracted from the reaction mixture
with saturated sodium hydrogen carbonate.

Unreacted substrate was removed from the organic
phase by rotary evaporation. The neutral residue
from the evaporation of solvent was examined by
g.l.c., t.l.c. mass spect., I.R. and N.M.R where
appropriate,

The products from this reaction were compared
with the authentic samples and the results obtained
are summarized in tables 1, 2, and 3.
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DISCUSSION

Owing to the insolubility of silver benzoate in both
aromatic and saturated hydrocarbons the reaction
occurs under heterogencous conditions and as can be
seen from tables 1 and 2 two types of substitution
may result, benzoates and bromides.

The benzoate products formed from nitrobenzene
and from benzonitrile were found to be exclusively
the meta isomers. These observations are compatible
with electrophilic but not with typical radical dis-
placement. Benzoyloxylation of toluene by contrast
occured mainly in the side chain (97%) forming
benzyl benzoate which might at first sight be consi-
dered typical of radical abstraction. The small prop-
ortion of ring benzoyloxylation that did ocur was of
low selectivity (1.5% orto 0.89% meta, and 0.65%
para) and of pattern similar to that of radical
substitution of toluene. The benzyl benzoate
obtained could arise from recombination of benzoate
and benzyl radicals.

PhCH : + PhCO : — PhCH 2:0:CPh

Table 2. Orientational preference for bromination and benzoyloxylation of aromatic

compounds
Bromination Benzoyloxylation
SUBSTRATE 0-% m% p-% O attack 0-% m% p% O attack
Toluene 30% 70-% - 1.5% 0.85% 0.65% 97%
Nitrobenzene - - - - - 10% - -
Benzonitrile - - - - - 100% .
Pyridine Only 3-bromopyridine Only 3-pyridyl benzoate

detected

Table 3. The relative amounts of primary, secondary and tertiary attack of alkanes with silver

benzoate

SUBSTITUTION SUBTRATE TERTIARY SECONDARY PRIMARY
ATTACK ATTACK ATTACK
Benzoates 2-methylbutane 13.6 1 traces
methlylcyclohexane 13.7 1 "
Bromides 2-methylbutane 10.4 1 "
methyleyclohexanc 28.2 1 "
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This may be considered improbable because, in the
present case, each reaction is at a very low concentra-
tion and phenylation products are absent.

A second possible route to benzoyl benzoate could
be by SN “ process. In a control experiment we found
that indeed, benzoyl benzoate was obtained in good
yield from the reaction of silver benzoate with benzyl
bromide.

o]
s
Fh-c/
H \0\ H
Fd
~
o] 11-C =~ B1 % C~1l
/7 Ag
Ph—C\ _
ma—
+ AgBr

However, the unusual feature of these reactions is
the orientional preference of attack. In each case the
isomer distribution remains clearly that which is
normally associated with electrophilic attack. It may
be inferred from these results that the radical has
electrophilic character or that the transition state
partakes of a degree of charge polorisation.

Th 0 o} Ph
~ C'¢ \\C 7/
[

. |
i 0 — Br H ‘O“ID"'“UX‘
k_/
e
NO
NOO 2

Nitrobenzene and benzonitrile, known to be
strongly deactivated towards electrophilic attack,
give no products of bromination when treated with
silver benzoate and bromine while toluene yielded
16% of mixed bromotoluenes of which the ortho/
para ratio was 0.43. No meta bromotaluenes were
observed. This product distribution is compatible
with electrophilic substitution. Furthermore the par-
tial rate factors for bromination of toluene in this
study are similar to electrophilic substitution
reaction.(7)

0
//
PheC
Me Me
o]
\El
r —_—
Dr 1§
Me
— Br
+ PhCOOH

(0+p)

4/0 X
Ph=C
‘\0
Ig ——— No bromination
r

X = -CN, NO,

The total rate factors for benzoyloxylation are
much smaller. K toluene/K benzen is 7.0. It appears
that the brominating agent is highly selective while
the benzoyloxylating species is of low selectivity
arguing in favour of electrophilic and radical attack
respectively,

In this work the benzoate and bromide products
formed from alkanes which contained tertiary, secon-
dary and primary hydrogens such as 2-methyl bou
tane and methyl cyclohexane amounted to 5.4-8.4%.
The ratio selectivity was heavily in favour of attack at
tertiary position (95%) with only little secondary
(5%) and traces of primary attack. Benzoyloxylation
of the secondary positions of heptane (4.5%) yield
was not random, but gave as the major product
2-heptyl benzoate (65%) together with the 3 and
4-isomers (35%).

There are no available data from the literature
concerning benzoyloxylation of alkanes but the
product distribution is very similar to that obtained
for other radical substitution reactions such as
phenylation or bromination. A further possibility,



The Action of Silver Benzoate on Aromatic Compounds 35

however, remains to be considered. 1 he alkyl benzo-
ates could in principle result from a nucleophilic
displacement between alkyl bromides formed by
radical bromination and silver benzoate probably by
a silver ion catalysed SN* process. In a control
experiment we have investigated this possibility but
found that under the reaction conditions not much
displacement occurs between cylohexyle bromide
and silver benzoate, in contrast to the results
obtained with bromotoluene.

These results suggest that benzoyloxylation and
bromination of both aromatic compounds and
alkanes by silver benzoate and bromine has the
general character of a radical reaction though, again,
a benzayloxy radical transfer from some covalent
species must be inferred. The following scheme is
consistent with the facts :

nH + Br. — UBr + I.
0
2 z
C//‘ R. 5 pPh-C
" ™ o-nr ~ -k

The attack of an alkyle or aryl radical on the silver
benzoate was considered unlikely since it would
result in the deposition of metallic silver which was
not formed.

The production of 2-bromobenzoyloxyalkane from
the addition of cyclohexene or ethylene to the clear
yellow solution from reaction of silver benzoate and
bromine in carbon tetrachloride, suggests the pre-
sence of benzoyl hypobromite in the mixture which is
either formed as such by an ionic reaction between
bromine and silver benzoate or is present in equilib-
rium with solid in suspension, the so called “Silver
bromide dibenzoate™.

Therefore, we conclude that the reaction mixture
consists of two components, one being the Solid
intermediate (PhCO :) : AgBr and the other appears
to be a solution of benzoyl hypobromide PhCQ 2 Br.
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FAILURE ANALYSIS OF A WIRE - LINE DUE TO CORROSION FATIGUE

A . Mazur * and F . El Shawish *

GloaSl S NS s e S kg b

B T ST RSV R U

W ey Bleaal 5o a8 3 s ) SLaSU! JSTI S Bdeny 3Y580 e e il Louall I5LYI s
,n.-l-1..\>1‘3)b,b4.1l,:..«|aﬂ,..mrl g bl dame J5 0 A8 BSOS bl de sezall LYl LE ddas
S R WESW R D ERR W | Ju;ul, by S gty Ul Josdl o 4] ) Al idaidl

INTRODUCTION

Often steel wire-lines are operating in severe
conditions due to alternating stresses, high bending
moment and hostile environment. Therefore, the
reliability of wire-lines plays an important role in
securing efficiency of their multi-purpose operations.

CASE HISTORY

Few samples of 2.34 mm diameter steel wires were
taken from a broken wire-line operated at a well of
Agip Co. during a relatively very short time. Wire
surface was smooth without the signs of general
corrosion damage. The fractured surface from point
A (Fig. 1) is inclined to the wire surface of about 30°.

FIG. 1. LOHgItUdlndl cross-section of the broken

wire-line Nital etched, magnification 300X.

*Petroleum Research Centre, Tripoli, G.S.P.L.AJ.
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‘The estimated maximum pull load applied during
operations was 1580N. This load should not break
the wire-line over a short time of operation.

RESULTS

To check the wire-line quality the two specimens
were cut from the non working part. The mechanical
tests were performed according to APJ Standard.
9/A Section. The results confirmed an excellent
workmanship of steel-wire. It was produced from
improved uncoated plow-steel of average tensile
strength 1450 MPa. The reduction in area was 59%.
This means that the steel-wire had enough high
plasticity before the final fracture. Fractured surface
of tensile tested specimens exhibited a typical ductile
character.

The longitudinal cross-sections were prepared
from the wire-line that failed during operation. Fig. 2
shows four short transverse cracks (marked A,B,C
and D). Generally, the cracks started at a tiny surface
defect similar to the corrosion pit shown by the arrow
in Fig.3. After some distance (marked by A-B) the
main crack changed direction along the path inclined
of about 60°. Along this inclined path the crack
produced a zig-zag pattern. A high optical magnifica-
tion revealed that the zig-zag crack consists of short
transversal (T) and parallel sections (A-A) visible in
Fig. 4. Usually the transversal parts (T) ended by
producing two arms (A-A).
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FIG:. 2, Surface cracks marked by A, B. C,and D

Longitudinal cross-section. Nital etched, magnification
60X.

FIG. 3. Main corrosion fatigue crack started at point
A. The zig-zag crack path started at point B. An arrow
shows small corrosion pit as a site of corrosion fatigue
crack initiation. Nital-etched, magnification 600X,

FI1G. 4. Zig-zag crack pattern. Transversal part (T),

parallel part (A-A). Nital etched, magnification
1200X.

DISCUSSION

A high cold drawn steel wire is characterized by
unidirectional fibrous-like structure. A very high
stage of cold deformation developed not only sharp
crystallographic texture but also the pearlitic colonies
oriented along the wire axis (1). Therefore, any of
the transversal (mechanical) crack initiated at the
surface had tendency to be arrested at the “interfib-
rous” surfaces situated parallel to the wire surface .
The craks in the failed wire initiated at the tips of the
small surface pits where stress concentration was high
enough. Relatively low operational load produced
stress which had been amplified at the wire surface by
bending momentums during the passage of the
wire-line over pulleys, blocks and reels. Such alter-
nating stresses combined with the action of environ-
ment containing detrimental species like H:zS pro-
duced conditions for transgranular low-cycle corro-
sion fatigue cracks. Low-cycle corrosion fatigue is
more destructive, for the steel, than high-frequency
(2). The transversal part of the crack (section A-B in
Fig. 3) was controlled mostly by bending fatigue
stresses. They were high enough for crack propaga-
tion through the fibrous structure.

The corrosion also played some role in widening
(dissolution effect) the upper part of a transversal
crack as is cleary visible in Fig. 3. Therefore the
parallel situated fibres could not effectively arrest a
main crack.

According to fracture mechanics principles (3), in
the situation shown schematically in Fig. 5, if the
crack is longer (a/b ratio smaller ) the stress-
intensity factor K increases due to change in
geometrical functions F| _, (a/b) as indicated by the
following equation :

K1=GNaF1—3(a/b)

Where :

Gn= (4M) /&'

Gn is the nominal stress

M is the bending momentum

physically, K1 represents the plastic zone at the
crack tip(A).

If the value of K 1 is higher the plastic zone is more
developed and materials resistance against brittle
fracture also increases . Therefore at some distance
the main crack becomes effectively arrested (See
Fig.3 point B) developing two perpendicular arms
until fatigue-corrosion process reaches a weak
structural point where the next transversal crack can
break a few metallic fibers. Then again, the crack is
arrested and the process is repeated (see sequences
T-A, T-A etc in Fig.4). Such zig-zag crack propaga-
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FIG. 5. Bending momentum acting in the wire

with two surface cracks.

tion 1s typical tor fracture ot composite materials
also. It is worth stressing that when the main crack
changes the direction (about 60° inclination, see
Fig.3) the process is similar to stress-corrosion
cracking. It has been interpreted (4) that the stress
distribution around the tip of a static crack is such
that the maximum normal stress along the crack
plane is significantly less than along planes inclined
60° to the crack tip. This was said to encourage
development of “advance” cracks away from the
plane of the main crack. Therefore, the final fracture
is inclined about 60° to the transversal main crack
initiated at the wire surface. Such final situation is
shown in Fig.1.

CONCLUSION

Relatively short service-life of a tested wire-line
was affected by low-frequency corrosion fatigue
process. The wire-line operated at relatively high

bending alternating stresses developed in the surface
layers of the wire. The fatigue cracks have been
initiated at the small corrosion pits and propagated
due to destructive action of low-frequency fatigue
and detrimental environment containing most prob-
ably H:S and also Cl* in formation water. The
simplest way to increase the wire-line service life is to
increase the diameters of the pulleys and reels. This
will decrease bending stresses at the steel wire
responsible for the propagation of corrosion-fatigue
crack.
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INTRODUCTION Lupricating oils are classified according to their
viscosity. A useful system of Lubricating oil classi-
fication was developed by the Society of Automotive
Engineers (1974) where maximum and minimum
viscosities are specified at 110°F and 210°F, respec-
tively.

The objective of the present study is to enable the
users to determine the volume and ranges of the cuts
to be used in order to obtain an optimum blend of
lubricating oils. The blend must satisfy the require-
ments of viscosity which is essential for a given
specific lubricating oil.

Cuts of Brega crude oil in lubricating oil ranges
have been blended and the results are compared with
the experimental work of this study. All possible
combinations of the blended cuts were measured
experimentally.

Any suitable lubricating oil performance can be
modified by controlling the amounts of different cuts
and using additives so as to give lubricating oils a
broad range of uses. Blending of different cuts of
lubricating oil ranges of Brega crude had been
investigated to obtain an optimum base oil before
adding any additives.

Lubricating oils are best made from wax free crude
oils. However, applications of solvent extraction and
solvent dewaxing make it possible to use a wide range
of crude oils in the manufacture of lubricating oils.
The type and concentration of additives to Iubricat-
ing oils vary depending on the applications, types of
operations and the ranges of the cuts used in the
blending program.

* Petroleum Research Centre, Tripoli, G.S.P.L.A.J.
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EXPERIMENTAL WORK

According to the U.S. Bureau of Mines method of
classification (IP Standards, 1972) the Brega crude
oil is a paraffin-intermediate base crude. The charac-
teristics of Brega crude oil are listed in Table 1.

Table 1. Brega crude oil characteristics

Property Test method Result
Sp.gr.15.7°C/15.7°C IP 160 0.824
API IP 146 40.1
Sulphur content wt% IP 63 0.197
Viscosity at 100°C cst IP 71 4.39
Pour point °C IP 15 3.
R.V.P. at 37.6°C Kg/cm® IP 69 0.457
Flash point, °C -5
Asphalthene content wt% IP 143 0.072
Con-carbon (wt%) IP 13 1.63
Ash content (wt%) P 4 0.014
Wax content (wt%) UOP 4.235
Salt content P 77 0.024
H 2 S(ppm) Shell 102.
Characterization factor 12.30

ASTM distillation was performed using the ASTM
86/1P24 procedure (IP Standards, 1972). The crude
was distilled using a batch fractionation unit made
according to the ASTM D-2842 method. The unit
consists of a 2.5 cm inside diameter column with a
packed hight of 1.5 m. The fractionation efficiency
corresponds ta 15-17 theoretical trays as determined
under a total reflux condition. The operating range is
up to 400°c and the absolute pressure ranges from 2
to 760 mm Hg. In order to extend the fractionation
beyond 400°C the residue was distilled according to
the UOP 109-59 method (IP Standards, 1972). The
TBP curve on the volume basis was extended beyond
400°C using probability charts. The TBP curve on the
weight basis was extended beyond 400°C, using the
specific gravity data collection from the fractions
obtained from the UOP 109-59 procedure. It was
possible to obtain 90-95 V.I. motor oils having low
pour points from this crude. The 450-500°C cut is 4.1
volume per cent of crude after dewaxing. The
500-550°C fraction is 3.1 volume per cent of the crude
after dewaxing. Characteristics of the lubricating oil
distillates are presented in tables 2 and 3.

COMPUTING THE BLEND

Viscosity charts for viscosity blending have been

aeveloped by ASIM. lhe method consists of two
steps; first viscosity-temperature lines of oil are
plotted, then blended at constant viscosity by linear
proportioning,

The above method is time consuming and is not
accurate enough since it does not blend at a constant
temperature, which is the usual approach. Viscosity
of different cuts in the lubricating oil range connot be
linearly blended. As a result, a function that is
linearly dependent on temperature is proposed. A
modified form of Wathler’s equation (Hobson and
Pohl, 1975) was used to express the viscosity as a
function of temperature :

Inln(v+07) =mLnT+ b

Where v is the kinematic viscosity in est and T is the
temperature in °F, m and b are constans.

The procedure to compute the blend of any
number of cuts is based on treating the two adjacent
cuts as two oils, one being light while the other is
heavy. Two equations are to be solved for m and b.
Blending will be conducted at constant viscosity.
Light oil parameters are used to calculate the light oil
temperature T v that will have the same viscosity as
the heavier oil for the next cut. A blend of the weight
of light oil m. with the weight of heavy oil mu of the
two cuts at the same viscosity va would be at a
temperature Tx which can be calculated from the
equation :

m. Ln TiL 4+ mu Ln Tu = (me + mu) Ln Tx

Where T u denotes the heavy oil temperature.

T x can be calculated for both the light and heavy
cuts. This will lead to two viscosities for the binary
blend at T x based on light and heavy cuts.

In these calculations the basic temperatures are
taken to be 100 °F and 210 °F for each cut. The blend
is extended by considering the first and second cut as
the light component and the third cut as the heavy
component. A computer program was used to
include several combinations of seven cuts of the
crude oil in lubricating oil ranges.

The cuts and some of the blended results are
shown in Table 4. Results show that Brega crude oil
is an excellent feed stock for different lubricating oil
productions (Table 5). The derived model will enable
the refinery to determine the maximum amount of
lubricating oil that can be produced from this or any
other given crude oil. Specifications on the viscosity
ranges will be the only constraint. Futher work
should be conducted to cover crude oils from other
terminals in Libya.
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Table 2. Characteristics of lube oil distillates before phenol extraction

11

Light crude oil Med. lube oil  Vis. lube oil

Heavy lube oil

360-400°C 400-450°C 450-500°C 500-550°C
Range on crude
Vol.% 65.5-71.3 71.3-78 78 -83.8 83.8 -88
Wit% 61-67.2 67.2-74.5 74.5-80.8 80.8 -86
Yield on crude
Vol.% 5.7 6.7 5.8 4.3
Wt.% 6.2 7.3 6.3 5.2
Mid vol.% 68.5 74.7 80.9 86
API 31.2 27.7 23.4 20.3
Total sulphur (Wt%) 0.4 0.441 0.46 0.48
Con. carbon (Wt%) 0.017 0.035 0.066 0.123
Wax content (Wt%) 23 23 19 17
Asphaltene content (Wt%) 0.05 0.061 0.12 0.132
Pour point °C 15 32 38 -
Characterization factor 11.5 11.5 11.8 11.7

Table 3. Characterization of lube distillates after phenol
extraction at 400-450°C

Before phenol After phenol After phenol

extraction extraction (1:1) P/O (1:2)

Viscosity index 78.7 91.6 80.7

Kinematic viscosity

cut at 37.8 °C 30.98 34.57 36.24

at 98.9 °C 4.84 5.3 1/4 5.33

Yield on crude 6.7 5.4 5.4

Pour point °C 32 -18 -

Characterization factor 11.5 11.4 11.45
Table 4. Viscosities of different cuts of lubricating oil at 100 and 210 °C Table 5. Samples of blends and deviation from experimental results
i o V at 100 °C V at 210 °C Blend Deviation from experimental results (%)
Cut 1.280-300 3.42 1.31 at 100 °F at 210 °
Cut 2.300-320 4.65 1.54 : a2l r
Cut 3.320-340 6.2 1.85 All cuts -0.25 -.19
Cut 4.340-360 8.0 2.2 Cuts : 142+43+4+7 0.18 -.02
Cut 5.360-380 11.2 2.63 Cuts : 1+2+3+4+6+7 0.21 -.18
Cut 6.380-400 11.73 2.7 Cuts : 3+446+7 0.03 -0.21
Cut 7.400-450 26.43 4.4 Cuts : 1+7 0.36 0.28
Blend, all cuts 7.8 2.14

REFERENCES
American Petroleum Institute, 1974, Technical Data Book, Petroleum United States Institute of Petroleum, 1972, IP Standards for Petroleum

Refining, 1 and 2. and its Application Products, 35th ed.

Hobson, G.D. and Pohl, W., 1975, Modern Petroleum Technology.
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FOREWORD

The vast amount of information reported by various sources, on the geology of Sirt basin and neighbouring areas has
continued to develop rapidly in recent years.

This work has been compiled primarily for the use of researchers who have always needed such information at hand
during their studies, and is intended to be of more immediate value for those preparing postgraduate studies on specified
topics of the geology of Sirt basin and Libya at large.

The main body of the bibliography is arranged alphabetically by author, and chronologically where more than one arti-
cle is included by the same author. Articles by more than one author are included alphabetically under the name of the
first author. This is followed by the year of publication, the title of the article and name of publication with volume and
page range.

The basic information of this work has been gathered from periodicals, specialized publication of different official
bodies and previous relevant work. Most of the entries cited in this bibliography are available in the Industrial Research
centre, and the department of Earth Sciences, University of Al-Fateh, Tripoli. The majority of Italian language docu-
ments are available in the Department of Antiquities, As-Saraya al Hamra, Tripoli. Results of numerous valuable tech-
nical studies carried out over the last two decades are housed in the National Oil Corporation, (Tripoli) and other affili-
ated oil companies.

This work would not have been accomplished without the help and support of many individuals. Therefore, 1 wish to
express my gratitude to Dr. A. Mouzughi, former General Manager of Petroleum Research centre, for his support dur-
ing the preparation of this material. Thanks are also extended to Mr. M.M Elazezi of Petroleum Research Centre, and his
staff and other individuals from the University of Al-Fateh and P.R.C Information Department, who have made this
work possible.

*Petroleum Research Centre, Tripoli, G.S.P.L.A.J
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