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ESTIMATION OF RECOVERY FACTOR OF LIBYAN CARBONATE OIL

RESERVOIRS

AY. Zekri*, M.S. Nasar*
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ABSTRACT

Estimation of recovery factor of any newly dis-
covered reservoir is an important piece of information
needed to assess the economical viability of that reser-
voir. Therefore, it is essential to be able to predict as
accurately as possible the reservoir reserves based on
limited data available on hand for newly discovered
Feservoirs.

In this study, data collected from forty Libyan oil
reservoirs were utilized to generate a correlation be-
tween reservoir future recovery factor and basic reser-
voir data of porosity, permeability, saturation, oil vis-
cosity and net formation thickness. This correlation
will provide a useful tool for any engineer dealing with
carbonate oil reservoirs to predict with more confidence
its recovery factor after drilling a wildcat well and
collect limited data.

*Petroleum Engineering Dept., Al Fateh University, Tripoli, G.S.P.L.A.JL.
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INTRODUCTION

Our current life has been influenced by oil and
gas more than any other natural resource, and
indications are that oil and gas reserves will in-
crease in importance in the remainder of this
century. Oil and gas provide an inexpensive source
of energy.

Reserve estimates have dictated actions of different
Governments, entire industries, individual companies
and lending institutions. Many people working in the
petroleum industry, especially petroleum engineers
spend a major part of their professional lives devel-
oping estimates of reserves together with new
methods and techniques for improving these esti-
mates. The confidence levels and the technique utiliz-
ed by the petroleum engineer depend on the quantity,
reliability and the maturity of the data available. The
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data quality, therefore, indicate the confidence one
should have in the reserve estimates.

There are various methods used by the oil industry
to estimate recovery factor such as analogy, volumet-
ric calculations and performance techniques (numeri-
cal simulation models, material balance and decline
curve analysis).

Before a reservoir is drilled, prospective reserves
are usually estimated on the basis of analogy. On the
other hand, if little or no production from the target
formation exists, then statistical data from wells com-
pleted in the formation is used to predict the recovery
factor of that reservoir. When performing a statistical
analysis for prediction purposes, a simple average of
various rock and fluid data needed to be employed in
the technique is normally required.

By searching the literature regarding recovery fac-
tor estimate based on limited rock and fluid data
obtained from a newly discovered oil field, one no-
tices that limited work has been done. In a reservoir
study made by Craze & Buckley [1], 70 of 103 fields
analysed produced wholly or partially by water-drive
conditions.

Arps [2] indicated that data obviously is related
to the reservoir oil viscosity and permeability. He
obtained average correlation between oil viscosity
and oil residual saturation, and took into consider-
ation another variable, reservoir permeability.

Guthrie & Greenberger [3] conducted a statistical
study using multiple correlation analysis methods.
They found a correlation between water-drive
recovery and five variables, permeability, saturation,
viscosity, porosity and net formation thickness for
water-drive sandstone reservoirs. They indicated
that 50 percent of the fields had recoveries with-
in +6.2 percent of the predicted recovery by the
correlation. This correlation is used extensively for
sandstone or carbonate reservoirs to obtain a
rough estimate of recovery efficiency despite its
limitations.

Since most of the Libyan oil reservoirs and Middle
East oil reservoirs are of carbonate type (limestone
and dolomite type of lithology), it is essential to
utilize data from fields representing Libyan reser-
voirs. In this study, data from 89 carbonate and
sandstone Libyan reservoirs were employed to try to
develop different correlations between recovery factor
and various fluid and rock data. Most useful correla-
tion developed using multiple regression analysis for
water-drive carbonate reservoir was 40 Libyan reser-
voirs data representing different carbonate horizons
with water influx mechanism.

Results indicate that 0.113 standard deviation
exists in this type of reservoir. Meanwhile, if only
reservoirs with recovery factors of 20 percent or
higher are used, we observe improvement in cor-
relation results. A substantial reduction in standard

deviation from 0.113 to 0.079 percent is observed, i.e.
a more reliable correlation.

DISCUSSION

Reserve estimates are just those estimates which
can be no better than the data on which they are
based and are subjected to the experience of the
estimator. Unfortunately, reliable reserve figures are
most needed during the early stages of a project,
when only a minimum amount of information is
available. As the field is put on production, more data
and information become available. As the project
matures, this increase in data with which to work,
changes the method or methods used to predict the
recovery factor and improves the confidence in the
reserves estimates. Recovery factor is estimated dur-
ing various stages of oil reservoir life. These stages are
before drilling, or any subsurface development, after
drilling few wells, before producing the reservoir, after
some performance information is available and after
performance trends are well established. In this study,
the main period of the life of the reservoir in recovery
efficiency could be estimated after drilling few wells
and before producing the reservoir.

Various types of reservoirs were analysed to devel-
op a correlation between recovery factor and various
fluid and rock properties, porosity, permeability,
saturation and viscosity. The main correlation devel-
oped for water-drive carbonate oil reservoirs were
data from 40 Libyan oil reservoirs, see Table 1, which
were utilized to develop the correlation. The empiri-
cal correlation obtained was:

RF =0.0554 +0.6065 porosity
K
+0.0955 log (H) —0.0571S,—0.0426 log H

As shown in Fig. 1 data is scattered mostly below the
chosen line for recovery factor of 20% or higher and
above the line for points with recovery factor below
20% with a standard deviation of 0.114. Therelore,
elimination of data points of RF below 20% were
tested and results were plotted in Fig. 2. As shown in
Fig. 2, more fair distribution of data was obtained
with a standard deviation of 0.079.

The correlation between oil recovery and various
data for water-drive carbonate reservoirs with RF
greater than 20% is:

K
RF=0.3251 —0.1287 porosity +0.0745 log (E)

—0.046 5, —0.0433log H
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Table 1. Water Drive-Carbonate Reservoirs Data

Reported Empirical

Without H

POR K 8] Sw H RF RF RF
Field frac. md cp frac. ft. frac. frac. frac.
Ali NC29B 0.230 90.0 0.650  0.460 37.0 0.480 0.306 0.307
Almas NC29C 0.236 16.0 0.580 0455 58.0 0.490 0.235 0.244
Intisar 103E 0.190 190.0 1.100 0440 17.0 0.200 0.307 0.290
103D Elgiza 0.266 430 3200 0287 30.0 0.270 0.245 0.239
Intisar 103B 0.200 490.0 0.024 0230 33.0 0.49 0.510 0.502
Sabah Beda C(I) 0.241 353.0 0.800 0.185 36.2 0.491 0.377 0.371
Sabah Beda C(II) 0.272 353.0 0.800 0354 26.3 0.491 0.392 0.386
W. Sabah Beda C(I) 0.206 200.0 0.800  0.236 33.0 0.302 0.331 0.322
W. Sabah Beda C(1I) 0.203 100.0 0.800 0494 44.0 0.302 0.281 0.284
E. Sabah Bedac 0.182 200.0 0.800  0.197 29.5 0.131 0.321 0.308
Elgiza E &W 0.260 150.0 1.400 0430 320 0.350 0.318 0.317
Gialo 0.222 153.0 3.080 0310 98.0 0.377 0.249 0.264
Choboc (Kalash) 0.388 520.0 0.540 0450 27.3 0.300 0.489 0.492
Tagrifet (Farrud) 0.250 350 2030 0270 35.0 0.120 0.244 0.239
Farrud (Mabruk) 0.246 145.0 0.790 0450 38.0 0.375 0.328 0.330
Bouri 0.150 300.0 3490 0200 500.0 0.150 0.204 0.242
Ed Dib (Gir/Fach) 0.240 100.0 0700  0.350 85.0 0.150 0.304 0.318
Um-Farroud 0.240 40.0 0.700  0.270 38.0 0.330 0.286 0.283
Field 4Z DOL 0.240 40.0 2,600 0270 38.0 0.148 0.231 0.228
BuMras(Mabruk) LS 0.260 340.0 13.000 0450 74 0.391 0.286 0.258
Daba (Farr UD) 0.220 450 1.650  0.570 53.0 0.200 0.220 0.230
Facha (Mabruk) 0.250 230 0.940 0770 240 0.140 0.240 0.242
103E Elgiza B 0.050 250.0 6.500  0.500 49.0 0.040 0.136 0.134
103E Elgiza A 0.268 370.0 6.500 0410 18.6 0.060 0.308 0.297
103E Gir B 0.246 200.0 1.700 0311 30.8 0.304 0.321 0.315
103E Gir A 0.245 16.0 1.700  0.300 56.0 0.233 0.205 0.210
Bahi PL7 LS 0.280 150.0 0.700 0445 103.2 0.400 0.336 0.359
Bahra PL7 LS 0.301 34.5 1.230 0448 28.8 0.330 0.288 0.288
Nasser 0.186  5000.0 0.880 0220 122.0 0.461 0.425 0.440
Gialo 0.200 45.0 3.000  0.520 18.0 0.099 0.206 0.193
“Paleocene LS 0.252 14.5 0.670  0.301 49.6 0.340 0.246 0.249
“4B Paleocene 0.195 400.0 0.840 0.555 85.0 0.300 0.320 0.332
Barash P’cene LS 0.200 388.0 1.190 0471 16.6 0.450 0.338 0.322
Kasrab P Basel D 0.237 27.1 2400 0.440 29.0 0.300 0.212 0.208
Warid Field 0.220 20 3.700  0.500 40.0 0.034 0.066 0.069
Beda Field 0.200 60.0 2.800  0.500 60.0 0.300 0.199 0.208
Kotia Field 0.220 60.0 2.000 0.350 130.0 0.130 0.217 0.240
Umm-Faroud 0.240 40.0 0.700 0270 380 0.330 0.286 0.283
Facha (Gir) Dol 0.240 25.0 1.400 0330 420 0.140 0.232 0.232

Empirical Recovery Factor, including H, fraction=0.0554+0.6065 (porosity)+.0954 (log(k/p)—0.0571
(Sw)—0.0426(log(H)) Standard Deviation=0.114 Empirical Recovery Factor, without H, fraction = —0.0358 +
0.6603 (porosity)+0.0957(log(k/u))— 0.0304 (Sw) Standard Deviation=0.113

Another correlation was obtained for solution gas
drive carbonate-oil reservoirs. Data from only 7
Libyan reservoirs were utilized, with the [ollowing
result:

K
RF=0.3514—1.1967 porosity + 0.00955 log (E)

+0.0205 S,, —0.0434 log H

With standard deviation of 0.035, due to limited
data used in the correlation, not much confidence is
given to this result, (see Fig. 3, and Table 2).

From the analysis of data from 9 Libyan carbonate
oil reservoirs with water injection, see Table 3, the
following correlation was obtained, where standard
deviation is 0.073:

K
RF=—-022244-0.1262 log (E) —0.01638,,

+0.1722log H

Again, not much confidence is given to this correla-
tion due to the limited data used (Fig. 4).

The effect of using limited data, i.e. no pay thick-
ness was utilized in the analysis, was also examined
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RECOVERY FACTOR CORRELATION

Carbonate Formation
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FIG. 1. Relationship between empirical and reported recovery factors for carbonate formation — water drive reservoirs.
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FIG. 2. Relationship between empirical and reported recovery factors for carbonate formation — water drive reservoirs.

for the case of water-drive carbonate reservoirs and With standard deviation of 0.113, the data and the
the following empirical correlation was obtained: distribution of the results are presented in Table |
and Fig. 5 respectively.

K
RF = —0.0358 +0.6603 porosity--0.0957 log (E)

—0.0304S,,
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RECOVERY FACTOR CORRELATION

Carbonate Formation
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FIG. 3. Relationship between empirical and reported recovery factors for carbonate formation — solution gas drive reservoirs.

Table 2. Solution Gas Drive- Carbonate Reservoir Data

Reported Emperical

POR K 8] Sw h RF RF
FIELD frac. md cp frac. ft frac. frac.
Hofra (Thalita) 0.170 6.0 0.580 0.330 32.0 0.150 0.186
Dahra B 0.330 150.0 0.630 0.420 17.6  0.100 0.138
Mellugh (Facha) 0.250 25.0 0.354 0.390 250 0.250 0.176
Defa LS 0.160 32 1.600 0.320 940 0.112 0.110
AA Area LS 0.244 147 1.200 0.400 27.7  0.100 0.109
Hofra — Dahra B 0.320 250 0.620 0.360 142 0.100 0.079
Hofra Dahra B & Mabruk 0.330 150.0 0.600 0.420 17.6  0.125 0.140

Empirical Recovery Factor, frac.=.3514 — 1.1967 (porosity) +.00955(log(k/u})) +.0205 (Sw) —.0434(log(h)
Standard Deviation=0.035

Table 3. Water Injection-Carbonate Reservoir Data

Reported Emperical

POR K U Sw h RF RF
FIELD frac. md cp frac. ft frac. frac.
Intisar C103 Reef 0.220 85.0 0.560 0.494 141.0 0.550 0414
Intisar A103 Reef 0.198 18.0 0.160 0.113 648.0 0472 0.518
Zella NC74B Facha 0.195 1.7 0.176 0.199 117.0 0.350 0.338
Fidaa Facha 0209 1250 0.970 0.370 67.0 0.300 0.343
North Hakim Facha 0.204 14.0 0.150 0.222 29.0 0.300 0.276
South Hakim Facha 0.216 27.0 0.420 0.251 46.0 0.300 0.285
Gham Farrud 0.250 50.0 0.400 0.250 50.0 0.300 0.328
Gham Farrud 0.270 50.0 0.400 0.250 55.0 0.300 0.335
Zeuad 0.270 50.0 0.400 0.250 35.0 0.300 0.335

Empirical Recovery Factor, frac.=0.2224— .1262(log(k/p)—0.0163(Sw)+0.1722(log(h)) Standard
Deviation=0.073
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RECOVERY FACTOR CORRELATION

Carbonate Formation
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FIG. 4. Relationship between empirical and reported recovery factors for carbonate formation — water injection reservoirs.
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CONCLUSIONS

1. A new correlation for Libyan carbonate oil reser-

voirs to estimate RF using limited data was devel-

oped.

This correlation could be used in estimating the oil

recovery factor for all newly discovered Middle

East water-drive carbonate oil reservoirs.

A correlation for solution-gas drive carbonate oil

reservoirs was obtained to be used as a rough

estimate of RF.

3. Libyan sandstone water-drive reservoirs correla-
tion was also developed.

b
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THE APPLICATION OF GRIDREFINEMENT, GRIDGATHERING AND
MOVING GRID IN EOR SIMULATION

Z.E. Heinemann® and C. Brand*
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ABSTRACT they are gathered again when the front has passed
them. By gathering the blocks outside the EOR area,
the overall block number can be reduced considerably

Diblack il :simulation, the areal block size can have without neglecting the influences of the environment.
a magnitude of 100 m by water drive and can extend to An example for missible hydrocarbon gas drive illus-
1000 by depletion drive. EOR‘disp lacement processes trates the combination of dynamic grid refinement and
such as miscible and steam drive, surfactant ﬂood.r'ng gathering, showing that a field scale EOR displacement
o GEsIR IR oL regire.L0 fo 0.5 m grid spacing. can be simulated with small block size without exceed-
This is technically impossible in field scale simulation ing the technical and economic limits.

which uses a conventional Cartesian grid.
This paper, based on the control volume discretiz-

ation technique, shows that local grid refinement INTRODUCTION
is a straightforward extension of industry standard
methods. Applying some simple rules, the locally re- Numerical simulation has become one of the most
fined grid is strictly orthogonal, even at the fine-coarse important tools to solve complex reservoir engin-
grid transition. This orthogonality is a fundamental gering problems. Based on a mathematical descrip-
requirement to make sure that the numerical solution tion of the physical system, a set of non linear
converges to the true one if the grid size is reduced. differential equations are solved numerically and the
Since small block size is only required at the displac- result is compared with the observations. By tuning
ing front, local grid refinement is applied only in this reservoir parameters, called history matching, a nu-
area and moves forward in time. With dynamic grid merical reservoir model is created which is able
refinement, the down-streams block ahead of the front to reproduce the real reservoir performances and
are subdivided before the displacing front arrives and gives the possibility of predicting future behaviour.
A good fitting neither confirms the mathematical
*HOT Engineering Ges.m.b.H., Austria description nor proves the accuracy of the numerical
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solution or genuine reservoir data. Inaccuracies on
one side are counterbalanced by deviations on other
side. This circumstance does not restrict the applica-
bility of the model provided that no greater change
in the reservoir mechanism takes place. _

In black oil simulation, the mathematical descrip-
tion is simple and well defined. The result is not
seriously influenced by the numerical solution tech-
niques in use. The number of system variables is
limited and identical in time and space. However, it
is important that enough observations are available
to«confirm the reliability of the numerical reservoir
model.

When dealing with enhanced recovery processes,
the situation is rather different. A large variety of
methods exists and the possibilities in mathematical
description are wide spread. The physical and chemi-
cal natures of the ongoing processes change dramati-
cally in time and space, differing fundamentally from
the primary ones. The history matching based on
black oil type simulation gives no or very limited
guarantee for realibility of the EOR prediction. In
most of the cases is it inaccurate to speak about
simulation, because no possibility is given to compare
the model with observations of the real reservoir.
What normally is done is simply mathematical-nu-
merical modelling the reliability of which can only be
based on the complete and correct mathematical
formulation, on the accurate numerical solution and
the complete and proper accounting of the influence
of reservoir properties.

This paper focuses on gridding to show the nec-
cessity and practical applicability of grid refinement
and gathering, Local grid refinement is necessary to
get enough small blocks at the area of interest and
gathering makes it possible to consider the environ-
ment without spending computer time and money to
calculate unneccessary details. The possibility to
change the grid over time, by the user or automati-
cally, increases the flexibility of these techniques con-
siderably. The methods are applicable for modelling
of miscible drive, polymer and surfactant flooding,
steam drive and in situ combustion and also for
conventional black oil and compositional simulation.

FINITE CONTROL YVOLUME FORMULATION
OF THE FLOW EQUATION

The reservoir system is formed by the formation
rock given the frame for the pore space and K
chemical components. The pore space is filled out by
P phases, may be vapor, liquid or solid. Each fluid
phase contains up to K chemical components.

The first and most fundamental step in the devel-
opment of any reservoir simulator is the description
of the physical phenomena by a set of equations. This

equation system contains mole (or mass) balances for
each component and one energy balance equation.
Additional information, in the form of constitutive
equations is needed to define the intrinsic response of
the material in question. They [ormulate the relations
between driving forces and transport velocities and
the mathematical properties (as densities and viscosi-
ties) to the state variables. In reservoir simulation,
conditions of thermodynamic equilibrium are com-
monly assumed. The assumption of equilibrium,
while questionable in many situations, plays an im-
portant role in the derivation of the final form of the
mathematical model.

The equation system in question is very complex
and non linear. Analytical solution is possible only
after strong simplifications, thereby losing the ap-
plicability to real reservoir problems. Though a
number of numerical techniques have been tried,
almost all such problems are solved through the finite
difference method. For this reason, the discussion in
this paper is limited to this method.

The finite difference method, especially in the form
of the finite volume technique, has some theoretical
and numerical advantages. The difference equations
can be easily identified with the corresponding differ-
ential equations and the solution of the finite differ-
ence equations is more straightforward. Most import-
antly it is possible to identify the numerical terms
with the reservoir ones. The control volume repre-
sents a defined part of the reservoir and all properties
and variables assigned to the grid point are averages
for this volume.

Before going on to solve the equation system,
certain substitutions are made to reduce the number
of unknowns and equations per grid point. The phase
pressures, except one, are eliminated through the
capillary pressure equations, a part of the mole frac-
tions are eliminated using mole constraints and phase
equilibrium conditions, Darcy’s law is substituted to
eliminate phase velocities as variables. The variables
eliminated by substitution are called secondary. They
do not eliminate primary variables. Some of the
primary variables existing only in equations belong-
ing to one grid point can be eliminated by partial
elimination. The variables solved simultanecously for
all grid points are the implicit variables. The elimin-
ated the explicit ones.

With growing complexity of the mathematical de-
scription, increases the variety for selection of pri-
mary-secondary and implicit-explicite variables and
the resulting equations bring advantages and disad-
vantages by the numerical solution (more or less
stability, higher or lower convergence rate by the
Newton iteration, etc.). One of the advantages of the
finite difference method is that substitution and par-
tial elimination can be done before and after dis-
cretisation. It is possible to do it algebraically or
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numerically assuring great flexibility, especially im-
portant when dealing with EOR models. The wide
range of EOR technologies and possible description
of the physical phenomenon requires such a flexibil-
ity.

An integral approach similar to the one described
by Nghiem [1], and Pedrosa and Aziz [2] is applied
to derive the multiphase flow equations.

The conservation of mass for the component k:

_jj |: i ﬁpéivxpk]wk:| HdA -+ j.[.[ g M, dV
= i § M, |dV. 1

¥ is a finite control volume around the grid point [
(Fig. 1). The first term on the left-hand side is the
convection term. Its physical meaning is very easy to
understand. i, is the phase velocity with dimension
m/s = m3/(s m?) and gives the phase volume flowing
per second through a unit surface perpendicular to
the flow direction. £, is the mole density mole/m* of
the phase, and the product i &, is the mole velocity
in mole/(s m?). This is the number of moles flowing
through the unit surface. Multiplying by the mole
fracture x,, and the mole weight M, kg/mole one gets
the mass velocity kg/(s m?) of component k. On the
surface of the control volume, the mass velocity can
be split into two components: one parallel to the
surface, the other orthogonal on it. We obtain the
orthogonal component by multiplying the velocity
with the normal unit vector #. The expression

P
3 [k MiJiidA @)
1

p=

is the mass flow rate kg/s of component k through
the elementary surface d4. The summation over all
phases is necessary, because the given component can
be present in, and transported by, several phases.
The integral over the closed surface 4, is the total
mass flow rate of component k, flowing in or out from
the control volume. Because the normal vector is
oriented outwards, the integral is positive if more
mass is flowing out than flowing in.

Volume V

Num—tt

FIG. 1. Control volume around the grid point.

The second term is the source (or sink) rate. It
determines how much mass of component k directly
will be taken out of, or supplied into, the control
volume per time unit. In the case of a point source,
interpreted as a well within the volume, the volume
integral can be replaced by the value Q,;. The left-hand
side of Eq. 1 is also the mass exchange rate between the
control volume and the outside world. The right-hand
side of Eq 1 is the accumulation term. The volume of
phase p per unit rock volume is $S,m> It contains
$S, £, moles and $S & x,. My mass kg of the compo-
nent k. The summation over all phases and the integral
over the whole control volume gives the mass of
component k within the control volume. The derivative
with respect to time is the mass accumulation rate for
component k in the control volume.

Eq. 1 is a mole balance. As a matter of fact, mass
and mole balances are equivalent. This will be evident
by cancelling the constant mole mass M, from both
sides of Eq. 1. In petroleum engineering, standard
volumes are often used to express material quantities.
Let of be the standard density of the pure component
k (which is a constant). Dividing both sides of Eq. 1
by g, it becomes a volume balance. Such a formula-
tion is commonly used in the so called black oil
models with three components: oil, gas and water. It is
easy to show that the integral form of the flow
equation is equivalent to the commonly used differen-
tial form. The permeability of the porous medium is
defined via the Darcy law, which we write immediate-
ly for a multiphase case:

k. - =

i, = — S fye, = —1,fve,, 3
Hp

V(Dp.—_vpp— Qpa' (4)

In general, the permeability k is a symmetrical tensor:

kll kll le
k=| ka1 kaz kaa |, (5
kai ki kas
WheE‘B kl_,l=kjf
Substituting the flow term of Eq. 1 for velocity
according to Eq. 3, and splitting up the integral into a

sum over all the surfaces connecting block I with its
neighbours J=1,... NJ, one obtains

P -_—
f Y E,x kYD, 7idA

Arp=1

NJ P _
=5 J T EpXpih, VO (kT )dA

J=1 Argp=1

NS

= Z, QIJk! (6)
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where O, the flow of component & from I to J, is

P —_
Q= —f 2 AV, (kii)dA (7
Aryp=1

Apk=§pxpk?\'p° (8)

The sequence of multiplications in the term kV®,7
can be changed, because k is a symmetrical tensor.
Eq. 1 can be written in the following form:

NJ
> QIJk+jff qdV =
J=1 Vi
g ; S Epx o [dV. 9
V;b_t ¢p§1 péplpk . ()

Discretization

Looking for approximative values of the solu-
tion only on a set of grid points and only for dis-
crete time-levels, the differential equations are re-
duced to a finite-dimensional system of algebraic
equations. The process is called discretization. It
involves the construction of an appropriate grid
system and the set up of proper equations, one or
more per grid point.

Consider the grid block shown in Fig. 2. The
volume of the block is Vy, x; is the gridpoint in the
centre of the block, and x; is the grid point in the J-th
neighbour block. A4;; denotes the communication
surface between blocks [ and J. In the general case,
the block is confined by curved surfaces which can be
approximated by planes.

For the flow terms (Eq. 7)

P —_—
ch:J< Z Apkv(bp(kﬁ)dA (10)
Arrp=1

— the surface A;; connecting the block I with its J-th
neighbour _

— the scalar product Ve, (kii)

— the component mobility A,

have to be approximated.

FIG. 2. A grid block,

The surfaces A4;; and the orientation of the unit
normal vectors #i;; are determined by the rules of
grid construction. Once the grid is given, area and
orientation can be computed exactly by means of
geometry.

For the approximation of the scalar product
V@, (kii), an isotropic porous medium has to consider
at first. In this case, the tensor can be replaced by a
scalar value Fk.

In the general case, all grid points forming tetra-
hedrons with intersection with the individual block
surface have to be taken into consideration (Fig.
3). However, the scalar product V®-ii can be
approximated by a more simple formula if the vector
fi is parallel to the vector hyy, ie. the surface con-
necting blocks [/ and J is orthogonal to the
straight line connecting the grid points I and J.
Therefore,

o5 = =P (1)
hy;

For the orthogonal case, flow terms are therefore
given by

P
Q=1 Z (Apk)?; Yo, — (DI);+ L (12)
p=1
where
A
T =’_” kyy (13)
1y

is the interblock transmissibility. Eq. 13 is often used
il the block surface is non orthogonal to the con-
nection line hy;. This is erroneous, because the
calculated flow rate does not converge to the true
value if 7;;—0. That means the approximation is
not consistent. In the following, grid refinement
will be proposed as a possibility to improve the
accuracy, but this only makes sense if the grid is
orthogonal.

FIG. 3. Grid element and communication surface be-
tween blocks [ and J.
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In cases where a scalar permeability cannot model
the flow behaviour in a porous medium, a tensor k is
introduced. The Darcy law, Eq. 3, establishes a linear
relationship between the potential gradient V@ and
the flow velocity i. In general, this linear dependence
alters the absolute value of Vi and its direction. Flow
velocity is no longer parallel to the potential gradient.

By using finite volume technigues the flow term
V@, (ki) can be calculated in the same manner as for
the isotropic case. The only difference is that V@, is
multiplied with the vector kii instead of ki. Or-for
general grids, the grid-block must be constructed so
that the communication surfaces are If-clrthogonal
(orthogonal in a general sense, defined by ki parallel
to /) on the straight lines connecting adjacent blocks.
In analogy to the derivation of Eq. 12,

O, — @,

V- (ki) =| k7| 7
i

(14)

Fig. 4 shows how an orthogonal Cartesian block
system is altered by the concept of k-orthogonality. In
this example,

- (3 1 e
T\l 3) (13)

the principal axes are oriented diagonally. Note that
for this reason, the surfaces connecting the block to
its diagonal neighbours are orthogonal (in the usual
sense) to the connecting line.

T
A A

//

ta|

-

J

FIG. 4. E—orthogonal block system.

The Component Mobility

Since Q. given by Eq. 7 is a surface integral, the
component mobility A, is required on 4, which lies
somewhere between grid points [ and J. However, the
state variables are assigned to the grid points. To get
approximate values for A, some sort of averaging
between the values at points I and J is necessary. It
can be demonstrated that midpoint weighting has
lower truncation error, but both Peaceman [3] and
Russel and Wheeler [4] point out that midpoint

weighting may lead to oscillations and overshoot in
the solution upstream of the front. The easiest is to
take the value for the upstream grid point, leading to
the industry standard up-stream weighting. The up-
stream weighting is stable when variables are taken at
the current time level (implicit mobility) and condi-
tionally stable when calculated at the old time level
(explicit mobility). However, upstream weighting does
have a serious price related to its higher truncation
error, smearing out the sharpness of the front. Ewing
[5] discusses some of the disasterous effects of up-
stream weighting. Many proposals have been made
to reduce this numerical dispersion, including the use
of dynamic weighting, but only one possibility is
practical namely reducing the distance between the
grid points and increasing the number of blocks
between injection and production wells.

Perry and Herron [6] and Snyder [7] showed that
by immiscible gas displacement under practical con-
ditions, the saturation distribution is wrong for 3
blocks on the head of the displacement front (Fig. 5).
This smearing out effect leads to early breakthrough
and overestimate of the overall GOR, but has no
significant effect on the cummulative oil production.
With most EOR displacement, the composition
through determination of the existing phases and
their properties as viscosity, interfacial tension etc.,
plays a decisive role, The numerical dispersion smears
out not only the saturation profile, but also the
composition one. As a consequence, in a given point
{or block) between the injection and production wells,
the concentration required for miscibility will be
achieved later in a numerical simulation as in reality.

A pood example for this error was published by
Coats [8]. The length of the linear model reservoir was
60 m. The reservoir oil composed of methane, butane
and decane (20/20/60 mole %) was displaced by a
methane and butane mixture (68.4/31.6 mole %), The
numerical simulation was performed using 80, 40 and
20 grid blocks. The block lengths were 1, 2 and 4 m.

B80.0

64.0

48.0 N\
32.0 e wend

16.0
B \'\

E e

GAS SATURATION [ %]

0.0
0.0 280.0 560.0 B40.0 1120.0 1400.0

DISTANCE, [ ft1
analyfical solutlon

==« B0 blocks
= = = 15 blacks

} num. solutlons

FIG. 5. Numerical solution of a linear gas displacement
with different block sizes [7].
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FIG. 6. Calculated gas saturation vs. distance for multi-
contact miscible gas drive [8].

Fig. 6 shows the calculated gas saturation profiles vs.
distance at 210 days. The discontinuities show the
position of the miscible front. It is clear, that a correct
calculation of the displacement process requires a
block width in magnitude of 1m.

Similar results were published by Nghiem and Li
[9]. In a low temperature CO, flooding, 0.3 m block
size gives satisfactory matching for slim-tube dis-
placement. The reduction of size to 0.15 m showed no
significant changes.

Accurmnulation Term

In the accumulation term of Eq. 1,

a P
JJJV a|:¢ gi Spépxpk:IdV: (]6)

we replace the time derivative by a difference ap-
proximation. The volume integral is evaluated ap-
proximately as the value of the integrand at point I,
times the block volume. This results in

(L2 sl

z%([‘b Z Spépxpk]: _|:¢ Z Spépxpkj|:> (17)

where V; denotes the volume of gridblock I, n is the
index for the time level, t"*! =" 4+ At. In the discretiz-
ation for this term and also for the source term, an
irregular shape of the gridblock has no influence as
long as the block volume is evaluated correctly.

The accumulation term for the energy balance
equation has a similar form. By simulation of in situ
combustion this term plays a critical role. The high
temperature burning zone has an extension of 0.3 to
I m. If the block size is larger than this, the average

temperature of the block will be lower than the reac-
tion temperature. Consequently, the burning front
extinguishes. Chu [10] showed that the grid block
size would have to be in the order of half-a-meter.

BLOCK SIZE IN NUMERICAL SIMULATION
OF EOR PROCESSES

In black oil simulation, the areal block size can be in
the magnitude of 100 m by water drive and can be
extended to 1000 m by depletion drive. That means
2000-10,000 blocks per layer in the case of an average
oil reservoir. Taking 3-10 layers vertically means
6000-100,000 blocks in a conventional Cartesian grid.
The upper limit is nowadays the maximum which can
be handled with the largest and fastest computers.

Reducing the block size to 10m, the number of
blocks explodes to 0.5 to 10 million and 10 m is still to
large for some important EOR displacement processes.
This is the reason that most of simulation studies were
limited to symmetry elements of pilot areas.

Theoretically there are two possibilities to over-
come this difficulty:

— local grid refinement, and

— front trucking.

Local grid refinement is an extension of the generally
used finite difference technique. In front trucking, the
steady-state pressure distribution is caiculated for fixed
saturation and composition distribution. This deter-
mines the velocity of the displacing fronts and it is
possible, taken into consideration the overall material
balances, to determine their new position a time step
later. Recent publications [11] presented results for
two phase immiscible displacement. Future investiga-
tions have to show the applicability for more realistic
cases. In this paper, only local grid refinement will be
discussed, already applied in commercial simulators.

Local Grid Refinement

A simple Cartesian grid, also when using variable
grid spacing, is frequently not sufficient for supplying
a good description of particularly interesting areas,
e.g. in the vicinity of the displacing front.

In order to achieve a high resolution by means of as
few blocks as possible, selected area or individual
blocks can be subdivided by means grid refinement.
This method was used for reservoir simulation by Von
Rosenberg [ 12] and Heinemann et al. [13—15] at first.

The initial block system is called fundamental and its
blocks are referred to as fundamental blocks (Abbrevi-
ate: F-blocks). They are defined by three indices I'1, 12,
I3 for the 3D-space. Three divisor numbers (K71, K12,
K1I3)are assigned to every F-block. They indicate the
number of partial blocks into which the F-block is to
be subdivided in the corresponding direction. In this
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way, sub-coordinates (11T, I2T, I3T) are defined in

every F-block, having the same direction as the main

coordinates (Fig. 7).

In this way each partial block can be addressed by
specifying the coordinates (f1, 12, I3). Partial blocks
are referred to as R-blocks (refinement) in the follow-
ing.

For a correct calculation of the transmissibility it is
necessary to modify the block boundaries on the
transition surface of the coarse and refined grid. Fig.
8 shows a correct refinement.

The communication surface between F- and R-
blocks is orthogonal on the grid line IJ and so, as
shown previously the difference approximation will
be consistent.

It is easy to understand that this solution has some
limitations. It is applicable only if the refinement is
1:2 (Fig. 9) for each direction. The second problem is
if there is a refinement on both sides of a grid block,
one gets complications in the calculation of the trans-
missibilities. For blocks with stretched shape it is not
possible to construct such a geometry. The last prob-
lem rises when regarding the vertical directions. In
consequence the following rules have to be consider-
ed for subdivision of fundamental blocks:

1. If the neighbouring F-blocks of an F-block in one
coordinate direction are looked at, the divisors for
the two other coordinate directions are not allowed
to increase for both of the neighbouring F-blocks.

FIG. 8 Distortion of block interfaces in a three-dimen-
sional grid. The fundamental block (left) has a neighbouring
block divided into four subblocks.
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FIG. 9. No orthogonal refinement possible by stretched
blocks.

2. At any section through the block system, one
block may only have one or two neighbouring
blocks on each side.

3. The division in the vertical direction must be
continuous within communicating layers, i.e. the
divisor for the directions I2 and I3 are the same
for neighbouring F-blocks lying one below the
other.

4. If two F-blocks in one coordinate direction are
looked at, it is not allowed that one of the divisors
of the two other coordinate directions increases
and the other decreases.

In a conventional Cartesian block system using a
five-point differential scheme, a block has a maximum
of four neighbours in the two-dimensional case, and a
maximum of six neighbours in the three-dimensional
case.

For a local grid refinement, a block can have a
maximum of twelve neighbours, taking into consider-
ation rules 1-4.

True and Patch Refinement

Two different type of local grid refinements have
been applied in reservoir simulation:
— True refinement
— Patch refinement

The first technique is a true local grid refinement
where an arbitrary level of refinement can be applied
at any region or point of space. With true refinement,
all grid points are integrated into the same equation
system. A conventional Cartesian grid with natural
ordering (follow the coordinate axis) leads to a linear
algebraic equation system with regular band matrix
with uniform bandwidth. The solution algorithm
for these types of equations is well known and a
good vectorisable. Local grid refinement disturbs
this regularity and needs special matrix solvers.
They cannot be so fast because the position of the
non zero coefficients are not known a priori. This
type of refinement cannot be adapted to conventional



The Application of Gridrefinement, Gridgathering and Moving Grid 17

simulators because a different algorithm and code
structure are required. It was mentioned [16], that
the overhead associated with the data structures and
the grid generation can dominate the overall compu-
tation time. This statement does not fit with the
experiences of the author. Developping new matrix
solvers, special for irregular linear equation systems,
can reduce the overhead considerably [17].

The performances are the same as for the conven-
tional block model with the same grid size. Experien-
ces have shown that the true refinement is general
applicable and has no limitation in respect to flow
direction, saturation, distribution etc. In this paper all
discussion are related to truly refinement.

By patch refinement the equations are solved on
the coarse grid at first. This coarse grid overlap the
refined area. Afterwards, some of the grid points serve
as boundary points to solve a second system of
equations for the refining grid points. The advantage
of this type of refinement is that the matrix remains
regular and can be solved faster. The decoupling of
the refined part of the grid leads to serious instabili-
ties and cannot be used if the flow is directed from the
refined grid towards the coarse one. In this case the
upstream block is refined and has different satura-
tions and overall composition as the corresponding
coarse block. If any, then the patch refinement can be
used but only if the transition surface between the
coarse and fine grid is far enough from the place of
interest.

Gathering

Applying grid refinement one can get a higher
resolution in the vicinity of the wells, boundaries and
discontinuities. Practical applications have shown
that the reverse procedure, i.e. constructing a block
system by block gathering, may be very useful. This
technique was introduced by Heinemann and Munka
[18].

Fig. 10 shows one part of a fundamental Cartesian
grid. Once 8 blocks and twice 2 blocks where
gathered. The same block system can be constructed
through refinement. In Fig. 10 one block was sub-

Reflnement

Gothaing

FIG. 10. Construction of a block system by block gather-
ing and refinement.

divided 4 times and two blocks twice. A gathered
block system is consistent under the same conditions
as the refined block system. The rules of that are
given in the previous section.

Primary and Secondary Grid

The reservoir is known through the structure map,
gross and net thickness, porosity distributions etc.
We apply a block system which approximates more
or less the geometry. We assign parameters to the
blocks which are average values for that part of
reservoir represented through the block volume. The
average pressure and saturations will be calculated
for each block under consideration of the phase
contact, the PV T and rock properties. In this way the
block system is initialized. The average reservoir
pressure and the petroleum in place can be compared
with the forgoing volumetric reserve estimation. If the
initialization is right, the model will be in hydro-
dynamic equilibrium. The grid model is called
primary grid.

We can change the block system through subdivi-
sion of the blocks or through gathering. The combina-
tion of these, that means construction of new blocks
from subdivided ones, can be used, even when it is a
little bit complicated. Such a rebuilding of the block
system has to conserve the mass. That means no
change in the amount of fluid in place is allowed. The
parameters of the blocks have to be calculated from the
previous block system and not from the maps. The new
system is called secondary block system.

Our expectation is that if the primary grid was in a
hydrodynamical equilibrium the secondary has to be
near this stage.

Dynamic Grid Refinement
Refinement and gathering can be done in every
stage of the simulation run. The only problem is to

assign the right pressure, saturations and composi-
tions to the new blocks. Fig. 11 shows a linear

10 DISPLACEMENT FLUID SATURATION

0.5

SATURATION

- R-BLOCKS alock
GATHERED REFINED

FIG. 11. Linear displacement with dynamic grid refine-
ment.
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displacement with pressure and saturation distribu-
tion. Ahead of the displacement front the saturation
is homogeneous. If the coarse grid is refined here
before the displacement front arrives, the same satu-
ration to all refined block, equal to can be assigned
themselves of the coarse grid. The pressure is not
critical because it is calculated implicity in the next
time step and the assigned values have no influence
on that.

Behind the front saturation (and composition)
gradient is moderate. Blocks can be gathered and the
volume average values can be assigned to the new
ones. The automatic and continuous application of
this procedure leads to the moving grid. The grid is
refined only on the displacing front and moves with
it.

The refinement and gathering of the blocks is
regulated by two sets of parameters:

— Maximal pressure, saturation and concentration
gradients before a fundamental block

—~ Maximal pressure, saturation and concentration
between refined blocks within a fundamental block,

After every time step it will be shown if at least one
of the gradients is higher than the limit. If this is the
case, the downstream block will be refined for the
according coordinate direction. Afterwards, it will be
proved if the rules of refinement are satisfied or not
and supplementary refinement done if necessary in
the surrounding blocks. It is assured that the dis-
placement front is always placed in the refined area.
The second condition will be proved only in given
time points to avoid a continuous jump between
refinement and gathering.

Dynamic grid refinement brings a certain overhead
in the numerical calculation, but this is not very
much. This will be demonstrated by a simple example
which is well documented by Odeh [19]. Areal and
cross-section views of the reservoir are given in Fig.
12. The reservoir is initially undersaturated. A gas
injection well is located at the grid point (1,1,1) and a
producing well at (3,10,10). Pertinent data, PVT
properties and relative permeabilities can be taken
from the original Odeh paper.

QA3 IHIECTHIN WELL

A 3x5x5 grid was taken with 2 x 2 refined blocks
at the well location. The number of blocks are 93
compared with the 300 blocks in the original
3 x 10 x 10 grid. The same data and constraints were
used as in the original example (Case A).

For every block a 2 x 2 horizontal dynamic refine-
ment was allowed. A block would be refined if the
difference between two neighbouring blocks exeeds in
saturation 0.05 or in pressure 20 bars. For case B the
block gathering, that means the reconstruction of the
original blocks, was not allowed. In case C this
happens if the maximal saturation and pressure dif-
ferences between the refined blocks within a funda-
mental one become less then 0.05 and 10 bars.

Fig. 13 shows number of blocks vs. production
time. Fig. 14 gives the block systems of cases B and C
at gas breakthrough. The results were in every respect
practically identical and as good as for the basic case.
Fig. 15 compares the CPU-times and gives an impres-
sion of the advantages of dynamic grid refinement.

To evaluate the computational efficiency of local
refinement the 10 years producing period with time
step 90 days is simulated. The simulation was run on
the DEC Microvax-IT computer. For both cases the
finite difference equations are solved respectively by
IMPES, semiimplicit, and fully implicit (Newton-
Raphson Iteration) solution methods. The matrix is
solved by an iterative solver. The production results

Number of Blocks

Year
FIG. 13. SPE First Comparative Solution Project.
Number of blocks vs. production time.
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FIG. 12. SPE First Comparative Solution Project. Grid system and diagonal cross section [19].
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FIG. 14. SPE First Comparative Solution Project. The blocksystem at gas breakthrough for cases B and C.
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FIG. 15. SPE First Comparative Solution Project. Com-
parison the CPU time for dynamic refinement.

in both cases were in good agreement for all three
solution methods.

The CPU time per matrix-solution and per vari-
able of case B is larger than that of case A. This is
caused by the irregular matrix structure of case B, but
is compensated by the reduction of block number. In
the average, 23% reduction of block number could
save 10% of CPU time.

EXAMPLE

To transmit the idea of combined application of
dynamic grid refinement and gathering by EOR simu-
lation studies, an example will be presented.

The fundamental block system has an extension
of 5x30x40=6000 blocks. The block size in the
productive area is 100x 100m. Rich HC gas is
injected on the top of the relatively flat anticlinal
in one well with 300.000sm?*/d rate. The area of
interest was refined 2 x 2 to get 50 x 50 m block size
and outside the blocks are gathered to save CPU-
time. The block model is shown in Fig. 16. Note that
in the area which will not be touched by miscible
drive, the blocks are gathered vertically as well,
leading to a two dimensional model for this part
of the reservoir. The surrounding of the EOR area is
described just coarsly, but still the whole hydro-
dynamic unit is included in the calculations. This
refined/gathered model has 3660 blocks. The con-
ventional model with the same block size in the
central area, shown in Fig. 17, would have 8640
blocks.
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FIG. 16. Field scale miscible gas drive. Refined and
gathered grid.
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FIG. 17. Field scale miscible gas drive. The conventional
Cartesian grid.

A 4 x4 dynamic grid refinement was used on the
edge of the miscible front. A 50 x 50 m block was
refined if the gas saturation difference between the
two upstream partial blocks (in the already 4 x4
refined 50 x 50 m block), exceeded 0.2. The dynamic
refined blocks were gathered if in the initially
50 x 50 m block the maximum saturation difference
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between any partial blocks became less than 0.05. Fig.
18 shows the resulting block system after 3 years of
injection. The actual block number is at this time
6640. A static conventional grid with the same block
size in the EOR area requires 49,608 blocks already
beyond the technical limit of compositional simula-
tion. In Fig. 19 only the refined area is plotted
showing more detail of it.
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FIG. 18. Field scale miscible gas drive dynamic grid

refinement after 3 years production.
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FIG. 19. Field scale miscible gas drive. Dynamic grid

refinement after 3 years production focused on the EOR

area.

CONCLUSIONS

1. Numerical simulation of EOR processes based on
finite difference methods requires small block size.
Depending on the displacement process the range
is somewhere between 0.5 and 10 m. In full scale
simulation, this is not applicable with conven-
tional gridding for such a model would have some
millions of grid blocks.

2. The grid must be orthogonal to make sure that
the numerical solution converges to the true one if
the grid size diminishes. By applying some simple
rules, local grid refinement satisfies this require-
ment even at the fine-coarse grid transition zone
for a Cartesian grid.

3. True refinement is robust and generally appli-
cable, but requires new numerical algorithm and
computer codes. Batch refinement can be adapted
to conventional simulators, but its applicability is
limited.

4. Small block size is only required at the displacing
front. A dynamic grid refinement makes it possible
to divide the downstream blocks ahead of the
front and gather them in the upstream area.

5. The block gathering technique can be used out-
side the EOR area, reducing the block model to a
two dimensional one. In this way, the influence of
the environment (aquifer, other producing areas)
is taken into account without wasting computing
time for uninteresting detail.

6. Combining block gathering and dynamic grid
refinement techniques an EOR displacement can
be simulated with some meter block size on the
front without exceeding the technical and econ-
omic limits.

NOMENCLATURE

A surface of control volume in balance equa-

tion

A;; surface common to grid blocks I and J

g gravity acceleration

h grid spacing

K number of all components

k permeability tensor

ky; component of the permeability tensor

kerp relative permeability for phase p

M, mole mass of component k

NJ number of neighbours communicating with

gridblock J

i unity normal vector on surface 4

P number of all phases

P, capillary pressure for phase p and p’

Pr phase pressure

0y flow terms defined in Eq. 7

Sy phase saturation

t time

i, u, filtration velocity of phase p

V volume

Xpk mole fraction, component k, phase p

Greek letters

Apk [

Ap phase mobility

E, specific mole density of phase p
Pp phase density
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Ty interblock transmissibility
[0 porosity
Subscripts
p phase
k component
rp relative permeability for phase p
I,J gridblocks
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CONSTRAINTS ON ENHANCED OIL RECOVERY DEVELOPMENT
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ABSTRACT

The different techniques of enhanced oil recovery
(EOR) cover a wide range of applications from light to
heavy crudes. In 1988, EOR production reached 1.5
million bbl/d, representing about 3% of the total amount
of oil produced in the world. North America is the main
actor in this domain, ensuring half of the total EOR
production. Thermal processes and gas injection repre-
sent respectively 55% and 43% of EOR production by
the various processes that are widely used in the world.

From a technical point of view, research on EOR
processes is among the most complex projects carried
out by the oil industry. Process tailoring itself requires
long lead times to do the necessary research and
development. All the processes have evolved technically
in recent years and steady progress has been made, but
the sharp drop in the price of crude oil in 1986 again
emphasized the crucial influence of the cost of these
methods on their implementation.

*Institut Francais du Petrole, France
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This paper discusses the different ways of decreasing
the technical and economic risks of EOR methods by
mastering the main parameters of the processes thanks
to extensive research and development in laboratories,
by improving reservoir characterization or their per-
Jormance to be predicted with some degree of confi-
dence, and lastly by searching for synergy with new
technologies that have emerged in the meantime, such
as horizontal drainholes.

PRESENT STATUS

The different techniques of EOR cover a wide
range of applications from light to heavy crudes.
They are widely used around the world, but some
processes are better suited to the general characteris-
tics of specific fields, depending on where they are
located.

Out of pure necessity, North America was and still
is the proving ground of the various EOR concepts.
Its large oil demand and declining oil fields have
forced the United States and Canada to search for
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new ways to more efficiently recover the oil that was
being left behind. In 1974, tertiary oil recovery (nearly
all thermal) accounted for 3% of total oil production.
Today, it accounts for 8%. The trend is inexorably
toward secondary and tertiary oil production, because
oil fields in North America are aging, new discoveries
are much smaller in size and increased reliance is
being put on low productivity “stripper” wells. The
1980’s saw a very rapid growth of both oil production
and the number of active EOR projects in North
America (Fig. 1). In 1988, the USA and Canada
produced 637,000 bbl/d and 145,000 bbl/d respectively
by EOR. The popularity of EOR techniques in the
United States and Canada differs significantly (Fig. 2).

In the former USSR, about 95% of domestic oil pro-
duction was coming from oil fields developed with arti-

Production p—
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FIG. 1. EOR trends in North America.
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FIG. 2. Breakdown of EOR production in N. A,

Table 1. EOR Projects in the former USSR

EOR 1976 1987
Techniques | Total | Active| Total | Active
Thermal 19 16 52 40
Gas 6 5 20 12
Chemical 56 56 165 | 128

Total 81 77 237 | 180

ficial waterflooding. However, recent years have been
characterized by an increase in applications of en-
hanced oil recovery techniques (Table 1).

EOR techniques are used in various regions of the
former Soviet Union. Mostly these techniques are
widely used in Kazakhstan, representing 46% of the
total oil in place, Tataria (23%) and West Siberia
(11%). Thermal methods are applied mainly in
Kazakhstan, chemical ones in Tartaria, gas and
chemical methods in West Siberia. In 1988, the pro-
duction was 160,000 bbl/d of oil by EOR application.
The oil production in time for thermal, gas and
chemical methods is shown in Fig. 3.

Venezuela is the second largest EOR producer with
a production of 215,000 bbl/d in 1988, achieved essen-
tially with the aid of thermal processes. Among other
thermal producers, China, Indonezia, Romania, and
Trinidad can be mentioned. Thermal production in
China is achieved essentially through huff-and-puff
steam injection in 3 oil-bearing areas: Liaohe, Xin-
Jjang and Shengli. EOR in Indonezia is essentially
provided by steam flooding. It should also be noted
that the major producers include Algeria and

3
(10°bid) o
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200 4—- Chemical
1 Gas

100

70 75 80 85 90
FIG. 3. EOR production in the former USSR.
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Libya, due to the importance of the miscible gas
operations on their respective Hassi-Messaoud and
Intisar fields.

The overall EOR production worldwide can thus
be evaluated at about 1.5 Mbbl/d of which thermal
processes represent 55% and gas flooding 43%
(Table 2).

Simandoux and Valentin

Commercial applications of different EOR pro-
cesses evolve at various rates and depend strongly on
local conditions such as the suitability of reservoirs to
a particular technology (steam flooding in California),
the availability of injectants (natural gas in Alberta,
carbon dioxide in the Permian Basin, Texas) local
market conditions, and economic incentives.

Table 2. World Oil Production by EOR Methods

. (103 b/d)

Thermal Gas Chemical Total
UsAa 465 150 225 637.5
Canada 13 115 175 1455
Venezuela 207 9 - 216
USSR 20 a0 50 160
Other (estimated) 107 280 (") 1.5 388.5
Tolal 812 644 91.5 1547.5

* Mainly Hassi-Messaoud {Algena) and Inlisar {Libya)

Table 3. Criteria for Selecting EOR Processes

IFP/Economics Department/89

THERMAL MISCIBLE CHEMICAL
CRITERIA STEAM IN SITU GAS POLYMER |SURFACTANT
COMBUSTION
LITHOLOGY N.C. SANDSTONE N.C. SANDSTONE | SANDSTONE
FRACTURING N.C. NUL or WEAK |NUL or WEAK|NUL or WEAK [NUL or WEAK
TRANSMISSIBILITY (KH/) >100 >20 N.C. N.C. N.C.
MOBILITY Kn)|  NC. N.C. N.C. >25 25
VISCOSITY (cp) N.C. N.C. <10 <40 <20
DEPTH {(m) 300-1500 <1500 =700 N.C. N.C.
SALINITY (g N.C. N.C. N.C. N.C. <50
TEMPERATURE  (°C) N.C. N.C. N.C. <100 <80
N.C.: Non Critical
A ADDITIONAL
OIL COST

50 ($/bbl)

40

30 \

THERMAL \ \\\
N
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WATERFLCODING
. TOTAL RECOVERY (% OOIP)
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FIG. 4.

Technico-economic performances of EOR Methods.
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Each of these EOR processes has a specific range of
application depending on the main parameters of the
field (Table 3).

The technical and economic performances of the
main EOR techniques, that have been scaled up to
the industrial level, are shown in Fig. 4. These as-
sessments were made in the economic conditions of
early 1986 in Western Europe.

The lessons gleaned from past experience lead to
the following conclusions that illustrate the actual
constraints on EOR development:

(1) in most cases, the cost of the additional oil
recovered through the use of any EOR method is
above § 10/bbl;

(2) thermal processes are the only EOR pro-
cesses whose use is sometimes obligatory to recover
a high viscosity oil. In all other cases, the use of
EOR processes is restricted to fields where they can
be implemented under good economic conditions,
and where it is assumed that they will lead to a
significant increase in the final oil recovery compared
to conventional techniques such as waterflooding. In
addition this increase in recovery must be achieved
at the same time and the risk of failure must be
reduced.

As a consequence the development of EOR tech-
niques implies that risk and cost must be fully mastered
during their implementation. The experience gained in
the past now makes it possible to understand the
different ways of attaining this goal.

UNDERSTANDING THE MAIN PARAMETERS
OF EOR PROCESSES

From a technical point of view, research on EOR
processes is among the most complex projects carried
out by the oil industry. For each process both the
reservoir parameters and operating parameters must
be fully understood in order to reduce financial
risks.

For thermal methods, the most important and
often poorly understood variable is the displaceable-
oil content (Fig. 5). Another source of uncertainty,
especially for in-situ combustion, is linked to the
understanding of the heterogeneities of the reservoir.
Regarding the operating parameters and especially
for steam injection, well spacing has the greatest
impact on oil recovery and hence on production costs
(Fig. 6).

For surfactant processes, most of the reservoir
parameters and operating parameters have a strong
influence. This is certainly one of the major difficulties
in the designing of such a project. The imperfect
chemical stability and the uncertainty as to how
much product will be consumed by retention are
what introduce the greatest errors in estimating
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recovery and cost for surfactant flooding. However,
uncertainties as to the residual oil saturation and the
heterogeneity of the reservoir may also be of major
importance.

Taking into account Libyan field characteristics,
special attention must be paid to gas injection, for
instance CO,, and polymer flooding.

The following analysis was made specifically for
Western European economic conditions. But the ten-
dencies are general and can be extrapolated to other
areas.

CO, Flooding

At economic optimum, additional recovery (Fig. 7)
varies between 5 and 15% for specific CO, consump-
tions of 1 to 10t of CO,/t. The most sensitive
parameters are heterogeneity and oil saturation at the
start of the project.

Fig. 8 shows the marginal cost of the additional oil
for different costs of CO,, as a function of CO,
requirements expressed in relation to the tons of CO,
injected per ton of oil recovered. It can be seen that, in a
first approximation, the cost of the oil is an increasing
linear function of the CO, requirements. The scattering
of the results around this straight line is slight. This can
be explained by the fact that the cost of CO, suppiies
makes up the principal item in the production cost of
the oil (50 to 70% of the technical production cost).
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Values of § 1.3 and 2.7/10° scf, considering the recycl-
ing of produced gas (economically advantageous),
respectively represent the case of a source rich in CO,
(natural deposit or ammonia plant) or poor in CO,
(power-plant fumes in particular).

These Western European economic conditions
could be adapted to the specific case of Libya. As a
matter of fact, the figures can be very different if
large amounts of CO, from natural deposits can be
" injected at a very low cost, depending on the plant
capacity and on the initial pressure of CO, (Fig. 9).

When the mobility of the CO, is reduced by
dlternating water and gas flooding or by the addition
of foaming agents, production increases in quite ap-
preciable proportions, whereas the specific cost of this
operation is slight when compared to the additional
oil produced in relation to CO, flooding alone.
Therefore, the higher the cost of the additional oil
recovered by CO; flooding, the more advantageous it
will be from the economic standpoint to use foaming
agents. Indeed, for all the additional oil produced, the
effect of foaming agents will be all the greater as
drainage efficiency by CO, is low. Presently the use of
foaming agents is limited by the poor technical be-
havior of available chemicals.

In the case of hydrocarbon gases, the results are
also greatly influenced by the local value of the gas.
They could be very similar if this gas is close enough
to a gas market, with a price in the range of $2 to
4/103 scf similar to the high level mentioned for CO,
cost. If not, the cost of the gas is the production cost
which can be very low. In this specific case the cost of
the additional oil produced is much less sensitive to
the hydrocarbon gas requirement.

Polymer Flooding

Additional oil recovery due to polymer flooding
amounts to about 45 to +20% of the oil in place at
the start of chemical flooding, and the cost is fairly
stable, between $10 to 20/bbl. With regard to the
breakdown of the technical cost, it can be seen that
the product item still represents 40 to 50% of the end
cost of production. This process is particularly suit-
able for heterogeneous reservoirs or ones having an
unfavorable water/oil mobility ratio. Under opti-
mized conditions, the greatest improvement in the
recovery corresponds to a high mobility ratio and
medium heterogeneity.

An increase in polymer retention reduces the
increase in recovery. This decrease is always fairly
low as long as retention is no greater than about
100 to 200 ug/z, but increases rapidly above these
values. In addition, the stability of the polymer solu-
tion under the reservoir conditions obviously has a
strong influence on the oil recovery and the produc-
tion cost.

The operating parameters generally have a moder-
ate influence. It can be emphasized that the optimum
situation corresponds to large size slugs with a high
polymer concentration.

If compared to the main pilot operations carried
out, this situation of economic optimum corresponds
to the injection of a large amount of polymers.
Despite higher specific polymer consumption, this
results in considerably greater recovery, with ap-
proximately the same cost per barrel of oil.

SEARCHING FOR POTENTIAL
IMPROVEMENTS FROM RESEARCH
AND DEVELOPMENT

For thermal processes, improvement of sweep effi-
ciency using surfactant additives to generate foam
and reduce fingering of steam is required. Research
must be carried out to find agents consistant with
temperatures as high as 300°C.

For gas injection, improvement of sweep efficiency
through WAG (Water Alternating Gas) or foaming
agents is necessary since many reservoirs have only a
low dip that is insufficient for gas oil gravity stabiliz-
ation.

Looking towards ideal viscous flooding, additional
research on polymer flooding should aim at:

(1) Improving the control of polymer adsorption
and retention, particularly in reservoirs containing a
high proportion of clay and carbonates;

(2) ensuring polymer stability especially in high
temperature and salinity reservoirs.

For micellar polymer processes, the quantity of
surfactants per cubic meter of oil recovered must be
optimized by reducing losses due to retention to-
gether with preserving the efficiency of the micellar
slug. One method consists in preflushing the reservoir
with alkaline agents. An alternative solution consists
in injecting a desorbing agent together with chase
water behind the micellar slug.

The resulting improvement in the economics could
reach 25 to 30% of the technical cost of the processes
as shown in Table 4.

IMPROVING RESERYOIR
CHARACTERIZATION

The experience accumulated about the application
of EOR processes, especially when implementing
pilots, has shown the extreme importance of reservoir
heterogeneity on the technical and economic results.

In practice, if the external geometry of the reservoir
must be determined accurately, above all, its internal
architecture must be described quantitatively in terms
of porosities, permeabilities and saturations so that
this description can be integrated into reservoir simu-
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Table 4. Reduction of EOR Costs

Optimized
Methods | Mean costs oste Action
($/bbl)

- Optimizing drilling
Thermal 15 1 - Optimizing sweep efficiency

- Improving energy balance

- Optimizing cost and amount of CO,
€O, 20 13 - Improving sweep efficiency

- Optimizing products
RATYIISES L. ke - Controlling retention

- Reducing the share of product in the
Surfactants 30 15 technical cost (at present 65 to 80%)

- Reducing adsorption

lators. The dynamic behavior of the field during its
production life has to be followed up.

Traditional reservoir engineering techniques for
data acquisition (tests and well logging) are continu-
ing to evolve and to improve. Nevertheless, a satisfac-
tory answer to the above problem can come only
from a multidisciplinary approach that is progressive-
ly implemented by associating reservoir engineers
with geologists and geophysicists, whose knowledge

and know-how have made considerable progress in
their disciplines.

One of the difficulties is the scale factor between
the size of heterogeneities (tens of meters) and the
spacing between wells (hundreds of meters or more).

Today, developments aim is interpolating between
wells or extrapolating around one well. Among the
different possible tools, geostatistics appears very
promising. Even though the quantitative data on
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FIG. 10.

Geostatistical interpretation with HERESIM®.
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heterogeneities are of a statistical nature, their spatial
distribution is not completely random, and the
understanding of the depositional environments can
be very useful. In the method, rather than defining
sedimentary bodies having a given geometry, the goal
is to incorporate information about “sequences”.
These sequences are characterized by variograms
deduced from field observations of the same type of
depositional environment.

The method of geostatistical interpretation can
then be used .to generate a series of equiprob-
able models. These models are progressively con-
strained by well data as well as by additional
constraints such as seismic data, dynamic data or
any other pertinent data. The resulting reservoir
images are supplied to the geologist, who can select
the models that are most likely to represent reality
(Fig. 10). The models selected are then at the
disposal of the reservoir engineer, giving him a
quantitative description of the heterogeneities. His
task is then to transfer this quantitative geological
model to the typical grid-block model for reservoir
calculation.

SEARCHING FOR SYNERGISM
WITH NEW TECHNOLOGIES

Horizontal Drainholes

The technology of horizontal drilling, for which the
principle is not new, was taken up again in the late
1970s by EIf Aquitaine/IFP to substantially boost
production from the Rospo Mare field in the Adriatic
Sea (Fig. 11). This field consists of a fractured and

RSM6d

vuggy limestone reservoir containing a very heavy oil
located above an active aquifer.

The problem was first to demonstrate the feasibil-
ity of drilling drainholes several hundred meters long
horizontally in the reservoir. The results exceeded
anticipations, because productivity rose by a factor of
more than 10 with production over a long period of
more than four times that from vertical and slanted
wells close to it.

However, horizontal well costs are about 1.4 to 2
times those of a vertical well. Depending on the
method selected, completion costs could also increase
the differential. Do enhanced production, more effi-
cient drainage, and ultimate recovery compensate for
the added drilling, completion, and operating ex-
penses of going horizontal? The answer lies in a
cost-benefit analysis that must be performed on a
case-by-case basis.

Horizontal economics is most compelling in: (1)
thin formations, (2) relatively isotropic (homogene-
ous) reservoirs, (3) naturally fractured reservoirs, (4)
formations with gas or water coning problems (Fig.
12).

In a thick pay zone, the incremental benefit from
drilling horizontally through the formations is reduc-
ed.

Concerning drilling technology, two main tech-
nologies have emerged:

(1) a lung turning radius: This is the most spread
out technique using conventional drillstring rotation
and standard equipment;

(2) a short turning radius: This method requires
the rotating of the drillstring and the use of articu-
lated drill collars in the deviated section. So far the
drain length is limited to 1000 ft.
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The first technique is more advantageous for im-
proving recovery. Several dozen wells of this type
have been drilled in recent years in a wide variety of
fields (Fig. 13). They have generally demonstrated
gains in productivity over vertical wells by a factor of
2 to 5 (Fig. 14), to the point where this technique
must now be considered as a general technique for
improving production. Even more importantly,
horizontal wells appear to be a new technique for
production, as achieved for the first time at Rospo
Mare, where a complete zone has been developed at
Elf Aquitaine exclusively with horizontal wells
drilled from a rig. Offshore situations such as this
one are very attractive, because horizontal wells
reduce the number of wells needed, thus drastically
reducing the size of the platform, or allowing some
slots to be kept for future wells such as infill wells or
injection wells.

Drainholes measuring 1500 to 3000 ft long can be
drilled today at any depth, under most conditions.
Core samples can be taken and any type of well log
plotted. Completion can be achieved including
cementing, which is certainly a delicate technique
with this geometry.
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FIG. 13. Horizontal drilling activity (Drainholes longer

than 1000 ft).
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FIG. 14. Production ratio: Horizontal vs vertical.

Recent experiments have shown that the potential
of these wells can be further increased by multiple
hydraulic fracturing, and also by artificial pumping.
Production from these drainholes can be predicted
and interpreted. This technology is hence mature for
intensive development, and it could represent one of
the major breakthroughs in the years to come.

Synergy of EOR Processes with Horizontal
Drainholes

Horizontal wells and polymer flooding

The example considered is the case of a typical oil
reservoir 2000t deep, lying in a sandy channel sys-
tem with widely contrasting permeabilities (Fig. 15).
Two development schemes were considered, one
having vertical wells drilled in different zones of the
reservoir, and the other horizontal wells.

The simulations made for these two configurations
take different types of recovery into consideration, in
particular waterflooding and enhanced recovery by
polymer flooding, all of which are assumed to be
implemented at the start of production. Waterflood-
ing using horizontal drainholes instead of vertical
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DEVELOPMENT WITH VERTICAL WELLS

Typical sand resarvoir
unit and well pattan

Typical transverse cross-section

'DEVELOPMENT WITH HORIZONTAL WELLS

High permeability area

Harizantal wells

]Iﬂu
L ~ipmm—— -.go-nanlrwﬁ_
Horizontal well

FIG. 15. Development with vertical wells versus development with horizontal wells (Case Study).

wells leads to an additional oil recovery of 0.7 Mbbl
at the very low cost of $2.5/bbl. Moreover, combin-
ing horizontal wells with polymer flooding instead of
waterflooding makes it possible to double the add-
tional recovery compared to the results of the
vertical-well scheme, with a cost of $6.7/bbl for
the additional oil (Table 5). Therefore, the synergy
between the two approaches leads to an increase of
50% from total recovery and at the same time a
decrease of 20% for the average cost of the oil
recovered.

Table 5. Synergy hetween Horizontal Wells and Polymer
Flooding

Cost

Oil ;
Average | Addit. of

recov.

Development | after | Ofl Cost | O | -y

Horvizontal wells and steam injection

Two types of well confipurations have been con-
sidered for the development of a 1300 ft deep reservoir:
parallel horizontal-wells lines used alternately for
injection and production, or five-spot patterns with
vertical wells. With 300 ft spacing, the use of horizontal
wells leads to an oil recovery of 25 Mbbl in 5 years, i.e.
half of the time needed to reach the same amount of oil
by using vertical wells (Table 6). Moreover, the optimal
unit cost per barrel is 30% lower. With larger spacing
(450 ft), the project life is doubled by comparison to
300 ft spacing. The unit cost in this case is only 20%
lower, but the decrease remains significant.

Table 6. Synergy between Horizontal Wells and Steam
Injection

Spa- |Project| Oil | Uni
Development cing | life | recov.| cosl

scheme | pgy | ($/bbl) op | o scheme (ft) | (year)| (Mbbl) | ($ibby
(Mbbl) ($/bbl)*

Waterflooding Vertical wells 300 10 253 | 96

vertical wells 29 13.2 - - Horizontal wells | 300 6 250 | 70

horizontal wells| 3.6 11.1 0.7 25

Polymer flooding
horizontal wells| 4.4 11 1.5 6.7

* by reference to waterflooding in vertical wells

Vertical wells 450 21 20.3 8.8
Horizontal wells | 450 1 19.8 | 7.1
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From these two specific examples, it appears that
horizontal wells, as a means of boosting productivity
and a new method of production, should show close
synergy with enhanced recovery, by favoring the
propagation of the injected fluids and the drainage of
the oil mobilized.

CONCLUSION

The different technique of EOR rely on a wide
variety of physical principles and cover a wide field of
applications from light crudes to heavy crudes. Their
implementation differs from one continent to another
depending on the average characteristics of the fields
and on economic factors such as the availability of
low cost gases to inject.

All the processes have evolved technically in recent
years, and steady progress has been made, but the
sharp drop in the price of crude oil in 1986 again
empbhasized the crucial importance of the cost of these
methods. The experience gained in the past now
enables us to choose different ways for the necessary
reduction of the technical and economic risks of EOR
methods:

(1) by the mastery of the main parameters of the
processes thanks to extensive research in laboratories
and to pilot applications;

(2) by better reservoir characterization aiming es-
sentially at determining its internal architecture in
terms of porosities, permeabilities and saturations;

(3) by systematically searching for synergism with
promising technology such as horizontal drainholes.

In the economic environment prevailing now, these
ways of investigation appear to be the best ones that
could ensure the necessary development of EOR
applications in the world.
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ABSTRACT

Seventy three samples from the Bahi Formation from
Jour boreholes in the western part of the Sirt Basin have
been analysed for 26 elements to indicate the gecchemi-
cal signature of the Bahi Formation. Variation in the
major elements and the trace elements both laterally
and vertically within the formation have been corre-
lated, to give some indication of the provenance and to
throw light on the tectonic setting of the sediment.

Geochemical studies of the major and trace elements
distribution within the Bahi Formation showing a high
Si0, content, indicate a high degree of maturity in
most of the samples whereas K, 0 and Al, Q5 and most
of the trace elements are associated with feldspar
and/or clay minerals. The relationship between the

*Petroleum Research Centre, P.O. Box 6431, Tripoli, G.S.P.L.A.J.
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various trace elements suggests that the Bahi Forma-
tion was derived largely from pre-existing sedimentary
sources. The discriminant function analysis of the ma-
jor elements suggests that the Bahi Formation was
derived from a craton interior and/or a passive conti-
nental margin.

INTRODUCTION

The Bahi Formation is defined as a heterogeneous
clastic rock succession known only from boreholes.
The term Bahi has been used widely and rather
loosely in the central and western part of the Sirt
basin (Barr & Weegar, 1972). This formation occurs
at the base of marine Upper Cretaceous formations.
Cenomanian marine sediments have been recorded
from concession 32. Maastrichtian strata occur above
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the Bahi in concession 11, 16 and in the southern
part of concession 32 (Fig. 1). The formation lies
unconformably upon either igneous and meta-
morphic Precambrian rocks, the Cambro—Ordovician
Hofra Formation and the Devonian Tadrart Forma-
tion. The Bahi Formation consists essentially of
two units, the lower one composed of argillaceous
sandstone, and the upper being subdivisible into two
tongues of coarse to very coarse sandstone with cross
bedding and coarse-grained sandstone respectively,
separated by a thin bed of argillaceous red silt-
stone. Glauconite is common in the uppermost part,
but seems to be absent in the lower part (Sghair,
1990).

There have been no geochemical studies of the
Bahi Formation. In this study, a detailed inves-
tigation of major and trace elements has been carried
out. On the basis of vertical and lateral lithological
variation of the formation a total of seventy-three
samples were selected, 13, 27, 20 and 13 from cores
in the A2-32, A4-32, D1-32 and F6-32 boreholes
respectively. These have been analysed using an
X-ray fluorescence spectrometer (Leake et al.,
1969; Harvey et al, 1973). Ten major oxides were
determined using XRF (SiO,, TiO,., Al,O,,
Fe¥O, (total), MnO, MgO, CaO, Na,O, K,O,
P,0s;), and 16 trace elements (Ba, Ce, Co, Cr, Cu,
Ga, La, Ni, Pb, Sr, Th, Y, Zn, Zr, U).

- ) -
10748 17" o0

Sghair

The major oxides FeO, H,O, CO, were deter-
mined by wet chemical analysis. The FeO was
determined by titration of standard dichromate
solution with rock solution made by dissolving a
measured amount of whole rock powder (0.5 grams)
in sulphuric and hydrofluoric acids. The FeO per-
centage, determined by titration, was used to cal-
culate the amount of Fe,O5 present. The amounts
of H,O and CO, in the samples were determined
using the Penfield method of combustion, adsorp-
tion and gravimetry. The amount of total sulphate
(SO;) was determined by using the gravimetric
method.

MAJOR ELEMENTS

Several recent studies have investigated the sedi-
mentary geochemistry of elastic rocks in order to
indicate their provenance and geotectonic setting by
using variable discriminate functions based on major-
element data. Bhatia (1983) used the major oxides
Fe,0; +Mg0O, Al;0;/8i0,, K,0/Na,0, Al;O,/
(CaO+Na,0O) and TiO, as discriminating para-
meters to indicate the relationship between the
geochemical composition of sandstones and the
geotectonic settings of their sedimentary basins. He
showed that the nature of continental margins and
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Location map of the studied area in the western part of the Sirt basin, Libya.
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ocean basins can be deciphered on the basis of the
major element compositions of sandstones.

In this study, the lateral and vertical geochemical
variation within the Bahi Formation in the four
selected boreholes reflect different mineralogical com-
position resulting from changes in environmental
conditions at the time of deposition and/or different
sources for the sediments of this formation.

Major oxides of the Bahi samples from the four
boreholes, were plotted against each other on scatter

plot diagrams to show the inter-relationships between

these elements. The major oxides results show a high
content of Si0, at the expense of other oxides in
most of the studied samples. This suggests a more
mature sediment in these samples, whereas in the
upper part of the formation at A2-32, D1-32 and
F6-32 boreholes, the SiO, content is low due to an
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abundance of evaporites and carbonate as a cement
or matrix. In the lower part of the formation the SiO,
content varies inversely with the clay mineral and
feldspar content.

The sources of both Al,O3 and K,O in the sedi-
mentary rocks are feldspars and sheet silicates such as
micas and clays. As a result the abundance of Al,O;
can be directly related to the abundance of feldspar,
mica and clay minerals. A plot of Al,0; versus K,0
(Fig. 2A), shows a strong positive correlation. This
suggests the same source for minerals containing
these oxides. TiO, content in the sediments is due to
terrigenous material consisting of: 1- wheathering
residue in the form of chemically unaltered grains like
rutile, or in the form of partly decomposed minerals
like mica, 2- new products of weathering such as
anatase and clay minerals, 3- diagenetic minerals
(Wedepohl, 1978, 22-k-1). The plots of TiO, versus
Al;O; and K, O (Fig. 2C & D), show a poor positive
correlation in some studied samples. This suggests
that the TiO, content is associated with the clay
minerals and/or K-feldspar, whereas the majority of
the studied samples show very low content TiO,,
suggesting that the titanium content may be concen-
trated in oxides or non layer silicates, opaques and
rutile minerals which have been detected in the Bahi
sediment. In most of the samples from the Bahi
Formation in the four boreholes, the plots of Al,O4
and K,O versus FeQs(total) (Fig. 2B & E), show a
positive correlation suggesting that the Fe¥O, con-
tent is conentrated in clay minerals and/or feld-
spar. However, iron oxide is present in replacement
minerals in the weathered feldspar and in cement
materials.

Most of the calcium in the sedimentary rocks
occurs in the carbonate fraction (Wedepohl, 1978,
20-k-1). The detrital components in the form of Ca-
plagioclase and accessory minerals such as apatites
contain significant amounts of CaQ in their crystal
structure. The presence of a positive correlation be-
tween CaQ and CO,(Fig. 3A), is related to enrich-
ment of the Bahi sediment by carbonate cement
composed of varying proportions of calcite and dol-
omite, whereas some studied samples show high CaO
content with very low CO,. This is undoubtedly
related to the presence of evaporites (CaSQ,) in the
uppermost part of the formation. Magnesium is
present in the sediments mainly as dolomite and
phyllosilicates such as chlorite and glauconite. Phyi-
losilicates are mostly present in shales and to a
smaller extent in sandstones, graywackes and arkoses
(Wedepohl, 1978, 12-k-1), a plot of MgO versus CO,
(Fig. 3B), shows a positive correlation in most studied
samples, suggesting that the amount of MgO is
present mainly in a somewhat dolomitic carbonate
cement, whereas small amonts of magnesium may
indicate the presence of a phyllosilicate (glauconite).
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The uppermost part of the formation is rich in
glauconite, whilest a plot of CaO with MgO (Fig. 3C),
shows two trends which in some samples show a good
positive correlation. This suggests that a high content
of both oxides is related to an abundance of dolomite
whereas in other samples there is a lack of correlation
between MgO and CaO. High content of CaO is
related to the presence of calcite and anhydrite,

NIGGLI NUMBERS

The use of Niggli numbers can be very useful in
distinguishing between K which is derived from detri-
tal feldspar and K from detrital illite, mica or other
sheet silicate minerals. The Niggli numbers are based
on taking the percentage of the sum of the mole-
cular content of Al,Qj(al), CaO(c), FeO+Fe, 05 +
MgO(fm)} and Na,0O+K,O(alk).k=K,0/Na,O+
K., O (Niggli, 1954, p. 13-15).
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A plot of al-alk versus Niggli K has been used to
distinguish between K in feldspar and K in sheet
silicates such as micas and clay minerals. High al-
alk(>30), indicates clay-rich rocks (shale), whereas
low al-alk (<30) indicates a high feldspar content,
supported by negative correlation with Niggli K if the
K was largely in potassium feldspar or positive corre-
lation if the K was largely in sheet silicates. The
absence of negative or positive correlations suggests
that a mixture of the two minerals is present (Van de
Kamp & Leake, 1985).

A plot of al-alk versus Niggli K (Fig. 4A), shows
absence of negative or positive correlation suggesting
that the K occurs in a mixture of both feldspar and
clay minerals. Some of the studied samples, show al-
alk>30. This suggests that most of K may be
related to the sheet silicates whereas the majority of
the samples have al-alk < 30 suggesting that K is
represented in a mixture of both feldspars and clay
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minerals, whereas a plot of Niggli ¢ versus al-alk
(Fig. 4B), shows three well defined trends. The
dominant trend shows that ¢ is largely related to
dolomite (c=50). Another trend shows that c is
largely related to calcium carbonate (c=100),
whereas some samples show very low content of ¢
(c nearly 0), and this may be related to clay
minerals, while the plot of al-alk against Fe3O,
(total) (Fig. 4C), shows two main separate fields.
One trend shows a positive correlation suggesting
that the FeX¥O, content is largely associated with
clay minerals, whereas the other field shows low
Fe¥O, content suggesting that Fe may be related to
detrital iron oxides and in a plot of al-alk versus
TiO,(Fig. 4D), most of the studied samples show
very low content of TiO, and an undefined relation-
ship with al-alk. This suggests that the titanium
may be present in detrital minerals such as rutile
and opaques and to a limited extent in a few samples
it is associated with clay minerals giving a poor
positive correlation.

TRACE ELEMENTS

Many attempts have been made by various
workers to differentiate similar lithological units and
to determine the depositional environments of the
sediments and their provenance on the basis of
trace element distributions. Van de Kamp & Leake
(1985) state that the trace elements are useful for
provenance determination. They noted that the high
values of cobalt, chromium and nickel indicate
detritus from mafic and ultramafic sources; barium
is a good indicator of a potassium feldspar-rich
provenance, and high barium content in arkoses
suggests granites and monozonite in the source
area. They also showed that most trace elements
are concentrated in sheet silicates such as mica and
clay minerals; Bhatia and Crook (1983) used the
La, Ce, Nd, Th, Zr, Nb, Y, Sc and Co trace elements
to distinguish provenance types and tectonic settings;
Hickman and Wright (1983) used rare earth elements
to determine the provenance of sediments by plot-
ing Y+La+Ce, Ni+Cr and Sr on a triangular
diagram; Loring (1981) noted that the concentra-
tion of Zn, Cu, Pb, Co, Ni, Cr, V, Se, Hg and Be is
low in sands, and increases with reduction in the
grain size of sediments; Fenner & Hagner (1967)
established a criterion to distinguish between stratig-
raphical units of similar lithology on the basis of
trace elemsnt variations. Trace elements have been
determined in the analysed samples from the four
selected boreholes, in an attempt to understand the
characteristics of these elements and their distri-
bution, and to give some indication of the pro-
venance and depositional environment of the Bahi

Formation. The following plots of trace elements
against each other and versus ai-alk may help in this
respect.

A plot of K,O against gallium, lanthanium, rubid-
ium and cerium in the Bahi samples (Figs. 5B, C,E &
F), show a positive correlation. This suggests that
these trace elements are concentrated in the K-feld-
spar and/or in the clay minerals, whereas plots of
barium, strontium, cobalt, nickel, lead, thorium, ura-
nium, chromium, copper, zinc and yttrium against
K,O do not show any clear correlation. This suggests
that they are not concentrated in sheet silicate or
K-feldspar. Plots of Al,O5 against Ga and Rb in the
Bahi samples (Figs. 5A and 5D), show a positive
correlation suggesting that gallium and rubidium are
mainly concentrated in the clay minerals or in the
K-feldspar or in both.

The parameter al-alk provides a measure of the
aluminium contained in the clay minerals and micas
rather than in the feldspar (Van de Kamp & Leake,
1985). Plots of al-alk against the trace elements lead,
chromium, cerium, zinc, yttrium, lanthanium, zirco-
nium and rubidium (Fig. 6), show no positive or
negative correlation. This suggests that these trace
elements are neither concentrated in the feldspar nor
in the clay minerals.

The presence of lanthanium in the sediments is
related to an increase in the alkalinity of weather-
ing solutions. It is precipitated and fixed like alu-
minium, galium and titanium (Wedepohl, 1978,
p. 39-57-71-g-1). Cerium content in the sediments
could also be due to the increase in alkalinity of
weathering solutions. The presence of a positive
correlation between lithanium and cerium in the
Bahi Formation, suggests that these elements are
contributed by the same sedimentary processes,
from a source characterized by highly alkaline
weathering. Plots of rubidium, yttrium and gallium
versus lanthanium (Fig. 7), show a positive correla-
tion. This suggests that these trace elements are
largely concentrated in the clay minerals and/or in
the feldspar.

Hickman and Wright (1983) used this relationship
for the Appin Group slates (late Precambrian Dal-
radian Supergroup of Scoltand) to suggest their
provenance. The Ni and Cr end of the diagram
represents provenances composed of basic rocks, the
Y +La+Ce end represents a provenance composed
of granitic rocks whereas the Sr end represents a
provenance containing the highest proportion of sedi-
mentary rocks.

A plot of Y+La+Ce versus Sr for the Bahi For-
mation samples in the four boreholes (Fig. 8), shows
a very distinct trend, Virtually all the samples fall
in the Sr sector indicating that the Bahi sediment is
largely derived from a preexisting sedimentary
source.
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VERTICAL VARIATION OF
BAHI GEOCHEMISTRY

The vertical variation in the major element com-
position, Al; O;Na,; O, K, 0 and Fe% O, (total) of the
Bahi Formation, in the four boreholes, is related to
changes in grain size and composition. This may
indicate changes in the depositional environment
and/or change in sediment provenance. Figs 9A-C,
show the vertical distribution of the major elements
and the trace elements of the Bahi Formation in
boreholes A2-32, A4-32 and F6-32 respectively. In
borehole AZ2-32, the uppermost part of the Bahi
Sandstone is characterized by large amounts of clay
minerals including chlorite, illite and kaolinite
together with glauconite, low silica content, and high
portion of the major elements (sample No. 2-1). The
upper part of the formation is also characterized by a
high CaO content in the form of carbonate and
evaporite (samples No. from 2-2 to 2-6) and poor

silica content, whereas the lower part of the forma-
tion (samples No. from 2-7 to 2-13) (below 1904m) is
characterized by smaller grain size, low silica content
and also a high proportion of major elements. This
reflects a less mature sediment. The high concentra-
tion of the trace elements varies inversely with the
grain size and thus the maturity of this sediment.
However, the concentration of trace elements is high
in the samples which show a high proportion of
feldspar and clay minerals (Fig. 9A). In borehole
A4-32, for a thickness of 7.6m down to 1845m
(samples 14-16) and for a thickness of 7m down to
1880m (samples 25-27) there is a reduction in grain
size and a compositional change of the Bahi Forma-
tion. There is also a decrease in silica content and an
increase in other major elements and hence increase
in the amount of feldspar and clay minerals. This
reflect variation in major elements distribution and
indicate relative mineralogical maturity of the Bahi
sediments for these intervals (Fig. 9B). There is also a
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FIG. 9A. Variation in chemical composition and the concentration of major and trace elements in the Bahi Formation
(A2-32 borehole). The uppermost (glauconite-bearing) part of the formation is represented by the uppermost sample.
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(A4-32 borehole). The uppermost (glauconite-bearing) part of the formation is not represented.

change in the trace elements distribution particularly
with respect to lanthanium, cerium, rubidium and
yttrium, which show increasing concentration with
reduction in grain size. In borehold F6-32, variation
in major and trace elements is related to the low silica
content and high CaO and MgO content particularly
in the upper part of the section whereas the lower
part is characterized by high silica content refiecting
increase in quartz. This indicates a more mature
sediment (Fig. 9C).

DISCRIMINANT FUNCTION ANALYSIS AND
TECTONIC SETTINGS

In the past, several attempts have been made to use
discriminant function analysis for sandstone geo-
chemistry to classify individual sandstone samples
into predefined groups on the basis of multiple

variables in order to identify the tectonic setting of
the provenance. Bhatia (1983) used discriminant
function analysis to classify sandstone suites using
eleven major element oxides as variables and chose
five sandstone suites in eastern Australia to re-
present his predefined groups. Discriminant scores
for the analysed Bahi samples from the four bore-
holes have been calculated using the unstandardised
function coefficient (Bhatia, 1983), the results are
plotted with respect to function I versus function II
(Fig. 10).

All the studied samples in the Bahi Formation,
from the four boreholes, fall into the passive margin
field except for two samples from the F6-32 bore-
hole which fall into oceanic island arc and one from
the A4-32 and two from the D1-32 boreholes which
fall into the active continental margin field. Passive
margins are characterized by mineralogically mature
sediments deposited in plate interiors, at stable
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FIG. 10. Plot of discriminant scores along Function I
versus Function II in the Bahi Formation in the four
boreholes, using Bhatia’s (1983) fields of various tectonic
setting.

continental margins or in intracratonic basins. De-
rived sediments are characterized by recycled quartz-
rich sediments originating in older adjacent continen-
tal terranes (Bhatia, 1983).

CONCLUSIONS

The significance of the major and trace element
distribution within the Bahi Formation leads to the
following conclusions:

The high amount of SiO, in most of the Bahi
samples is considered to indicate a high degree of
maturity. The low content of SiO,, encountered in
some samples, is probably due to enrichment of the
sediment with carbonate, anhydrite and clay min-
erals. The variation of K,O and Al; O, is probably
due to variation of feldspar and clay mineral content
both laterally and vertically. The high content of CaO
and MgO in some of the studied samples, particularly
in the upper part of the formation, is related to
enrichment with cement composed of varying pro-
portions of calcite, dolomite and anhydrite.

Most of the trace elements (La, Rb, Ce, Zn, Ga and
Y) show a positive correlation with Al;O5 and K,O
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but a lack of correlation with al-alk. This may be
related to the presence of these trace elements in both
K-feldspar and clay minerals. The relationships be-
tween Y + La + Ce, Ni+ Cr and Sr, show that the Bahi
sediment is derived primarily from a pre-existing
sedimentary source.

Lateral and vertical distribution of the Bahi Forma-
tion show considerable variation in major and trace
elements. This is related to specific lithofacies probably
resulting from variation in the environmental condi-
tions at the time of deposition of the unit. It is clear
from the various geochemical plots that there is
variation from boreholes involving clear correlation,
particularly in boreholes D1-32 and A2-32, but which
are not evident in boreoles A4-32 and F6-32. This
implies slightly different depositional controls and
local diagenetic variations.

The discriminant function analysis technique shows
that the Bahi Formation is derived from a passive
continental margin with a mature sandstone cover.
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EVALUATION OF BENTONIC CLAYS OF UMM AR RIZAM AREA, LIBYA

AS POTENTIAL DRILLING MUDS

D.M. Watson* and M. Rahuma*
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ABSTRACT

The Upper Oligocene-Middle Miocene Al Faidiyah
Formation occurs as the uppermost unit in the Darnah-
Tubrug area. At the base of this unit, immediately
above the underlying A! Abraq Formation, is a layer of
clay. This clay unit is composed of varying amounts of
montmorillonite and other clays, along with glauconite,
gypsum, carbonates, and other minor minerals. In sev-
eral samples, microfossils have been identified, while
another contains ostracods, sharks’ teeth and nodules
and pseudomorphs of phosphate minerals.

The physical properties of muds made up of varying
amounts of this clay with water vary from sample to
sample. The different mixtures behave as pseudo-
plastic fluids, and show many of the required pro-
perties of drilling fluids. Their properties do, however,
vary from place to place, and vertically within the

* Petroleum Research Centre, P.O. Box 6431, Tripoli, G.S.RL.A.J.
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section. Samples from the lower parts of the section
generally have better properties than those from the
upper half.

Muds have been prepared from the samples having
yields as high as 25 m®/tonne, and viscosities as high as
73 centipoises. Results of tests using caustic soda and
Carboxy-Methyl-Cellulose (CMC) to control filter loss
and viscosity are also reported.

INTRODUCTION

The Umm ar Rizam clay project was initiated by
the Exploration Department of the Petroleum Re-
search Centre, Tripoli, in 1981. The aim of the project
is to identify resources of bentonitic material that
could be used as drilling mud, thus replacing expen-
sive foreign imports. The use of domestic muds could
result in a saving of 2.5 million dinars (or foreign
currency equivalent) per year in the cost of bentonite
alone.
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Early work by Alami et al. (1981) (Fig. 1), Gent
(1985) and others of the Petroleum Reseach Centre,
consisted of searching existing maps and files from all
available sources for reference to montmorillonitic
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FIG. 2. Location of sampled sections (1986).

clays or bentonite, and later, sampling several of the
areas of interest. The result of this early work was
encouraging in that, in the Umm ar Rizam area, some
samples collected in the first phases proved to have
properties approaching those of commercial benton-
ite. Follow up work resulted in the collection of
additional samples from this area, some of which
again gave encouraging results.

In the most recent phase of this project, carried out
by present authors, more detailed sampling was done
in the immediate vicinity of Umm ar Rizam (Fig. 2),
along with extensive testing of the various clays
collected. It is the result of this sampling and testing
programme that are reported in this paper.

LOCATION AND ACCESS

The area of main interest in this study is centered
on the village of Umm ar Rizam, approximately
60 Km SE of Darnah, and 120 Km NW of Tubruq. It
is connected to both of these larger centres by a first
class paved highway. A secondary paved road con-
nects the main highway with the coast approximately
30 Km to the east. Access off the main road is either
by secondary paved highway or by desert tracks,
which although not maintained are good enough to
allow access to virtually any area. The land surface is
mainly bare stony desert devoid of vegetation aside
from scattered palms and thorn bushes. Some shrubs
are present in the bottoms of wadis and in areas
irrigated for agricultural purposes. The wadis are
generally narrow and very steep sided. They are
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usually not driveable along their length, and can be
very difficult to cross. Any cross-country driving must
take these obstacles into account. The desert surface
itself is hard and relatively smooth and conditions are
such that materials and equipment can be delivered
to virtually any area.

GENERAL GEOLOGY

The Darnah map sheet, on which the area of
intetest lies, is covered by rocks of Eocene to Middle
Miocene age. The formations exposed are, in order of
age, the Appolonia, Darnah, Al Bayda, Al Abraq and
Al Faidiyah. They all consist of sequences of lime-
stones, marls and siltstones, with minor amounts of
dolomite (Zert, 1974).

Al Faidiyah Formation, the youngest formation on
the map sheet, is the unit of interest in this study. It
is a transgressive unit, bound on the lower part by a
discontinuity with Al Abraq Formation. This discon-
tinuity is marked by a bed of clay ranging in thick-
ness from 2 to 20 metres. In the eastern and central
areas of the sheet, this clay layer is montmorillonitic,
and probably developed as an extensive shallow
marine deposit. The montmorillonitic clay is largely
devoid of macrofossils. The more marly layers im-
mediately above and below this layer contain abun-
dant pectens and oysters. The age of this unit has
been placed as beginning at the Upper Oligocene. Al
Faidivah Formation itself continues in age to the
Middie Miocene.

GEOLOGY OF THE UMM AR RIZAM CLAYS

In the area of Umm ar Rizam, the youngest unit
exposed is of course the Al Faidiyah Formation. It
overlies Al Abraq calcarenite. Over the area examined
in this study, Al Abraq limestone was the lowermost
unit seen. The limestone consists of a yellow to cream
calcarenite containing abundant pelecypod, echinoid
and oyster shells. In places the rock could more
correctly be called bioclastic. The facies developed is
typical of shallow-water shelf seas (Zert, 1974).

Immediately above Al Abraq Formation and sep-
arated from it by a discontinuity, is the bentonitic
clay, representing the basal portion of Al Faidiyah
Formation. In the immediate vicinity of Umm ar
Rizam, Al Faidiyah Formation consists of a few
metres of blocky to rubbly limestone covering the
clay unit. The limestone directly on top of this clay
layer is fossiliferous, and contains abundant shells of
Cardium and Ostrea. Remains of corals and echinoids
are also plentiful in some sections.

Beneath this fossiliferous layer, and visible only
in wadi banks and the sides of depressions, is usually
a layer 0.5m thick composed mainly of glauconite
pellets. These pellets range in size up to 0.5mm in

diameter, and make up 90% of the rock. The remain-
der is clay and occasional gypsum and carbonate.

The boundary between the glauconitic layer and
the underlying clay is sharp, with no glauconite
appearing mixed with the lower layer. The main clay
layer varies in apparent thickness from 5 to more
than 20 metres. Due to its position in the sides of
wadis, the exposure is limited due to slumping of
the overlying limestone, and the thicknesses are
in part estimates. This clay layer usually contains
more than 98% clay minerals. The remaining 2%
is made up of gypsum, phosphate pellets, carbonate
minerals (calcite and dolomite) and occasional opaque
grains. Upon dispersion in a water and metha-
phosphate solution (as for API residue test), less than
1% is usually left on a 200 mesh screen. In most cases
this residue is undispersed clay, but in a few samples,
there are some microfossils and phosphate pellets.

Some samples collected from the near surface con-
tain up to 10% gypsum in the form of single crystals
and aggregates to 10cm diameter. These accumula-
tions disappear completely at depths of 0.3-0.5m.
Their appearance in some samples is attributed to
evaporation and subsequent crystallization from re-
cent ground waters.

The clay has been examined by a number of
methods. Chemically it fits under the broad definition
of a mixed layer clay (Table 1).

Table 1. Chemical Analysis of Umm ar Rizam and Other

Clays
Illite* Montmorillonite* Umm ar Rizam
Clay**
Si0, 46-57 51-65 539
Al O, 19-31 15-34 24.9
Fe,O; 4-7 0-15 6.6
MgO 1-3 0.1-7 2.8
CaO 0.2-2 04 1.7
Na,O 0.2-0.6 04 1.0
K,O 4-6 0-2 0.32
H.O* 6-8 5-14 8.8

*From Weaver and Pollard (1975).
**Average of 7 analyses.

Table 2. Cation Exchange Capacities of Some Clays

Cation Exchange Capacity

Clay in ME 12/100 gr Dry Clay
Montmorillonite 70-130
Vermiculite 100-200

Illite 10-40
Kaolinite 3-15

Chlorite 10-40
Attapulgite 10-35

Umm ar Rizam (avg of 7) 84.0+8.1

After Gray and Darley, 1980.
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FIG. 3. DTA-TG curves-natural and treated clays.

Under the microscope it is devoid of any visible
structure, with no recognizable crystals or form even
to the limits of resolution of the SEM. Curves
obtained by DTA-TGA (Fig. 3) are typically
montmorillonite, although falling between calcium
and sodium varieties in character. As may be seen in
the following description of the mud-making charac-
teristics, these too fall between the properties of

calcium and sodium varieties, or between poor mud
and good.

The cation exchange capacity (CEC) of the clay
was determined using sodium as an index ion. The
values obtained for several samples all fall within the
range of values normally accepted for montmorillon-
ite. The determined values are given in Table 2, along
with values for various clay minerals.
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MUD TESTING

While the chemistry of clay, along with its many
other physical properties is important, it is the actual
mud-making properties that are of importance to the
well drilling industry. The muds made from the clay
and water must have the right combinations of gel
strength, viscosity and density in order to perform as
necessary. In addition, a certain amount of clay must
yield at least 2 minimum amount of mud in order to
be economical.

These properties vary with the amount of clay used
in the mud as well as with the type of clay. Larger
amounts of clay increase the viscosity, but may also
increase the mud cake thickness and have a less than
desirable effect on another properties. The properties
usually tested, and their recommended values are
given in Table 3.

Watson and Rahuma

In order to evaluate the performance of the Umm ar
Rizam clays as drilling mud additives, a series of
standard tests were performed. These tests, carried out
using API recommended methods, included measure-
ment of apparent viscosity with a standard Fann VG
meter, and filtrate loss using a standard filter press.
The results of some of the tests along with the
recommended values are given in Table 3.

In addition to the tests performed on the muds as
collected, several additional tests were carried out to
determine the effects of additives on the muds and to
see if marginal materials could be upgraded at rea-
sonable cost to make acceptable muds. These tests
showed that additions of CMC soda ash and NaOH
could alter the filter loss and viscosity sufficiently to
make almost any of the clays tested acceptable for
drilling muds. The results of these tests are sum-
marized in Table 4.

Table 3. Physical (Mud) Properties of Clay/Water Mixtures

Apparent* Plastic* Filtrate*
Viscosity Viscosity Yield Loss
Sample cp cp m?/tonne cc/30 min
API/OCMA 15 (min) - 15 (min) 15 {max)
Recommended
la 9.5 3 13.6 27.2
1b 4 3 - n.d.
Ic 5.25 3.5 - n.d.
1d 14 4 16.53 25.5
3 10 3 134 21.0
4 4.5 3 = n.d.
6a 7.5 3 11.9 333
6b 9.5 6 12.0 29.0
6c 5 3 s n.d.
6d 35 3 - n.d.
6e 14 6 - 33.7
6f 18.75 6.5 18.6 322
8 12 4 158 203
9 9 3.5 11.3 n.d.
10 8 4 12.9 42.0
11 3.5 2 - n.d.
12 31 7 254 30.0
*For 6% clay/water muds.
n.d. Not done.
Table 4. Effect of Additives on Filtrate Loss and Viscosity
Sample 12 Sample 6a
Filtrate loss Viscosity
Test No. Additive (cc/30 min) Additive (cp)
A Nil 36 Nil 9.5
B 0.1% CMC 20.5 0.1% NaOH 12.3
C 0.15% CMC 19 0.2% NaOH 14
D 0.2% CMC 15.5 0.3% NaOH 20
E 0.53% CMC 12.3 0.5% NaOH 29
F 1.0% CMC 9.5 1.0% NaOH 38




Evaluation of Bentonic Clays of Umm Ar Rizam Area 51

As can be seen from Table 4, several of the muds
have sufficient viscosities and yields to be used as
drilling muds. The filter losses are high but additions
of CMC can reduce this loss to acceptable levels
(Table 4).

CONCLUSIONS AND SUMMARY

The bentonitic beds of Al Faidiyvah Formation in
the area of Umm ar Rizam can be used to prepare
drilling muds that pass the tests for viscosity and
yield. Their properties can be upgraded by addi-
tions of small amounts of CMC in order to pass the
requirements for filter loss.

The bentonite is found as a bed of varying thick-
ness (2-20 m) over a very wide area. It appears at
this time from the amount of field work done that
the mud-making properties vary from place to
place, but are reasonably consistent over the sort of
distances that would be of concern to a mining
operation. Likewise the thickness while variable is
reasonably consistent over short distances.

Using an average thickness of 5m of mineable
bentonite, it has been calculated that there would be
approximately a 750-year supply of bentonite per

square kilometre in the Umm ar Rizam area, enough
to supply Libya’s needs for the foreseeable future.
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ABSTRACT

The kinetics and mechanism of epoxidation of maleic
anhydride by hydrogen peroxide in the presence of
sodium orthovanadate as catalyst have been studied.
The reaction was found to be first order with respect
to maleic anhydride and caralyst and zero order with
respect to hydrogen peroxide. Based on substituent,
solvent and salt effects the mechanism of epoxidation
step is believed to be concerted with considerable polar
(electrophilic) character. The energy of activation has
been calculated to be 69.93 KJ mol ~1.

INTRODUCTION

Maleic anhydride is a compound which can be
produced by the oxidation of butane, butenes or
benzene [1]. The value of maleic anhydride can be
increased by converting it to its epoxide. The epoxy of
maleic anhydride should be of potential commercial
interest because of its easy conversion into tin ep-
oxysuccinates which are important plasticizer-
stabilizers of polyvinil chlorides [2] as well as for cross
linkable epoxy containing film forming polyamides
[3]. Although organic peracids [4] are generally used
for the epoxidation of alkenes, compounds having

*Petroleum Research Centre, P.O. Box 6431, Tripoli, G.S.PL.A.J.
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strong electron-withdrawing substituents adjacent to
the double bonds are not readily epoxidised by them
[5]. Recently hydroperoxides [6-10] are being used
for the epoxidation of such alkenes, but these are
limited to only nonaqueous medium. In these cases
hydroperoxide metal [V(V), Mo(VI) and W(VI)]
complexes [8-10] bring about epoxidation through
metal-hydroperoxide-olefin complexes, whereas aque-
ous hydrogen peroxide in the presence of tungstate or
molybdate epoxidises through peroxyacid [11-13].
More recently we have studied [14, 15] the catalytic
activities of tungstate and molybdate ions on the
epoxidation of maleic anhydride by hydrogen perox-
ide. This paper presents kinetic study of the epoxida-
tion of maleic anhydride by hydrogen peroxide in the
presence of sodium orthovanadate as catalyst.

EXPERIMENTAL

All the chemicals used were the analar (B.D.H.)
grade. Maleic anhydride was standardised using bro-
mate-bromide procedure [16] and hydrogen peroxide
was standardised by permanganate method [17]. The
ionic strength of the reaction mixture was maintained
by the addition of sodium perchlorate. The pH of
the reaction mixture was adjusted by perchloric acid
on the lower side and that on the upper side by
triethanolamine.
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The kinetics of the reaction was followed by
monitoring the concentration of hydrogen peroxyde
which is measured colorimetrically described else-
where [18]. Every run was followed until reaction
was at least 90% complete. After the reactants had

reached thermostat temperature, the reaction was

started by addition of hydrogen peroxide. The kin-
etics were followed by examining 5 ml aliquots of the
reaction mixture for hydrogen peroxide content. The
aliquots were added to 5ml titanium sulphate sol-
ution to stop the reaction. Optical density was meas-
ured at 420nm and the concentration of hydrogen
peroxide was read from a calibration graph. The
catalyst concentration was too small to affect the
colorimetric estimation of hydrogen peroxide.

The epoxysuccinic acid formed in this reaction was
measured quantitatively by the pyridinium chioride-
pyridine method [19]. Instead of methanolic sodium
hydroxide, an aqueous solution was used for titra-
tion. No tartaric acid was detected in the reaction
mixture above pH 6.0. However, below pH 6.0, the
test of tartaric acid [20] was positive.

RESULTS AND DISCUSSION

The progress of the reaction was [ollowed by
examining the concentration of hydrogen peroxide at
different time intervals. Trial and error plots of the
rate data for runs with excess maleic anhydride con-
centration indicate that the reaction is zero order in
hydrogen peroxide. The plots of concentration of
hydrogen peroxide versus time were good straight
lines and their slope yields K. The calculated k.4
were found to be independent of the concentration of
hydrogen peroxide. The results are reported in Table
1. The standard deviation of K, is 0.01.

The order of reaction with respect to sodium or-
thovanadate (Na;VQ,) was determined by varying
its concentration and keeping other variables con-
stant. The plot of kg, against the concentration of
sodium orthovanadate was a straight line (Fig. 1).
This confirms first order dependence of rate on

Table 1. Psendo-Zero-Order Rate for Vanadate Catalysed
Epoxidation of Maleic Anhydride by Hydrogen Peroxide

[HIOZ’.] X 103 Knl)sd X IOT
(M) (mol dm ™3 sec™!)
2.00 6.19
2.50 6.20
3.00 6.22
3.50 6.19
4.00 6.21
4.50 6.20
5.00 6.18

L3
=

[Maleic anhydride] = 0.20 M
[H,0,] = 3.00 x 1073M

— 200

b pH =6.0 i
] . Temp., 50°C A//
I

B1.80}

g A
=

[=]

“L00F

A

Kobed*
a

7

U'%].n/ 500

FIG. 1. First order dependence of rate on sodium ortho-
vanadate concentration.

[Nay anﬂimx o' L 4.0

sodium orthovanadate concentration. The plot of
kopsa Versus concentration of sodium orthovanadate
passes through the origin which shows that there is
no reaction in the absence of sodium orthovanadate.
Similarly, the dependence of rate on maleic anhydride
concentration was determined by varying its concen-
tration and keeping all other variables constant. K,y
thus found were directly proportional to the concen-
tration of maleic anhydride (Table 2). This shows first
order dependence of rate on maleic anhydride con-
centration.

Preliminary studies have shown that under our
experimental conditions, hydrogen peroxide does not
ring about epoxidation of maleic anhydride without
sodium orthovanadate alone (without hydrogen per-
oxide) fails to bring about the epoxidation. This
clearly suggests the involvment of some more oxygen-
ated form of vanadium in the process as oxygen
carrier. Jander and Jahr [21] have shown that
in the acidic medium, orthovanadate changes into
vanadium pentoxide, which according to Flood and
co-workers [22] dissolves in aqueous hydrogen per-
oxide giving peroxyvanadic acid. It is thus presumed
here that in the system under investigation, per-
oxyvanadic acid is the epoxidising species and in a

Table 2. First Order Dependence of Rate on Maleic An-
hydride Concentration

[MA]x 102 K gpea X 107 Kowa 10%
M) (moldm~3sec™!y  [MAI]
20.00 6.22 0311
30.00 9.33 0311
40.00 12.40 0310
50.00 15.61 0.312
60.00 18.62 0.310

[MA]=020 M; [Na;V0.]=500x10"*M; pH, 6.0
Temp., 50°C

[HzOz] =3.00x 10_3 M, [Na3VO4J =5.00x 1074 M, pH,
6.0; Temp., 50°C.
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rate controlling step it reacts with the unsaturated
acids giving epoxysuccinic acid and regenerating
vanadic acid. Vanadic acid is then reconverted into
peroxyvanadic acid by hydrogen peroxide. The fol-
lowing seems to be the most probable mechanism:

K
H3V0s —=H,V0; +H* (1)
H,VO;[H*
where, k; = w (2)
[H3VOs]
K, .
MA+H,VO; 47\,—;" (intermediate complex) 3)

(intermediate complex) ks, MAE +HyVO, 4)

MA and MAE are maleic anhydride and maleic
anhydride epoxide, respectively.

Assuming steady-state approximation for the com-
plex formation.

epoxidation rate=k[MAJ[HsV0O5] (3)
ri_ kg kg
where, k'= P

The catalyst (Na; V0,), at any stage in the process, is
distributed in three forms according to eqn. (6),

[Nay; VO,]=[H;VOs;]+[H.V0;]+[intermediate
complex] (6)

The concentration of intermediate complex in eqn. (6)
is negligible in comparison to other terms of eqn. (6).
Hence,

[NazV0,1=[H3VO5)+[H, V05 ] (7

Substituting for [H3V0s] from eqn. (2) and (7) in
eqn. (5), we get,

s pioxitafion mutess P +]I£f:’ia[;g3][MA] ®

or epoxidation rate =k pq ©)

Here,

o= K[H*[Nas V(};][ MA] -
ky+[H™]

Eqn. (8) explains the observed order of reaction
with respect to maleic anhydride, sodium orthovana-
date and hydrogen peroxide. The results of variation
of epoxidation rate with pH are shown in Table 3.
The straight line plot (Fig. 2) between inverse of Kyp.q
and inverse of [H™] is in agreement with eqn. (10).

Table 3. Dependence of Rate on pH of the Medium

1

; 7 -7
(7] R X0 a0

pH (dm*mol™') (moldm 3sec™!)

5.0 1.00 x 10° 8.37 0.12

53 3.16 % 107 7.14 0.14

6.0 1.00 % 106 6.22 0.16

6.5 3.16 x 108 4.26 0.23

7.0 1.00 x 107 240 0.42

[H:0,]=3.00x 107 M; [Na,VO,]=5.00x 10"+ M;
[MA]= 0.20 M; Temp., 50°C.

0.50

[Malele anhydridel = 0.20 M

[Nagv0,7 = 5.00 x 1074 ¥ G
0.4+ 110,17 = 3.00 x 1070 W

Temp., B0°C
T 0.3F

oN

W=y  on  mn an  uo
1/tuf1 « 1078

FIG. 2. Plot of inverse of k. against inverse of hydrogen
ion concentration.

Increase in ionic strength did not affect the epoxi-
dation rate (Table 4). The epoxidation rate of
citraconic anhydride was performed under the same
conditions as for maleic anhydride given in Table
I. In place of 0.20 M maleic anhydride citraconic
acid of the same concentration was used to observe
the substituent effect. The average value of k.
was found to be 7.35x 107" moldm ™2 sec™!. The
faster epoxidation rate of citraconic anhydride as
compared to that of maleic anhydride under identical

Table 4. Dependence of Vanadate-Catalysed Epoxidation
Rate of Maleic Anhydride on Ion Strength of the Medium

Tonic Strength ke gpea % 107

px10*M (moldm ™3 sec™ 1)
40.00 6.22
50.00 6.18
60.00 6.23
70.00 6.20
80.00 6.22
50.00 6.21
100.00 6.23

[H;0,]=3.00x 1073 M;
[Na;v0,]=500x10"*M;
[MA]=0.20 M; pH, 6.0; Temp., 50°C.
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conditions shows that the presence of methyl group
at the double bond is rate enhancing. This points
to an electrophilic addition which is generally
observed in the corresponding reaction of olefins
with organic peracids and in other three-centre-
type additions [23,24]. The epoxidation rate de-
creases (Table 5) as the percentage of water in
alcohol-water mixture decreased (dielectric constant
lowered) but no linear relation between epoxida-
tion rate and dielectric constant was obtained.
Solvent and salt effects described above give an
insight into the nature of the transition state of

Table 5. Dependence of Vanadate-Catalysed Epoxidation
Rate of Maleic Anhydride in Ethanol-Water Mixture on the
Composition of the Solvent

kopsa % 107
% of ethanol  Dielectric Constant (mol dm™?sec™!)
0 78.5 6.22
154 69.5 5.89
31.5 60.0 5.31
50.0 4.65

[MA]=0.20 M; [NasVO,]=5.00 x 10-* M:
[H;0,]=3.00x 10~? M; Temp., 50°C; pH=6.0.

Table 6. Effect of Temperature on Epoxidation Rate

Temperature | % 10° K opea X 107
(K) T (moldm™*sec™) 7+logkopsa
333 3.00 25.88 1.4130
328 3.05 17.78 1.2499
323 3.10 13.40 1.1271
318 314 7.08 0.8500
313 319 4.76 0.6776
308 3.25 333 0.5224

[MA]=0.20 M; [Na;VO,]=10.00 x 10~* M:
[H;0,]=3.00x 1073 M; pH =6.0.

[Malelc anhydrida] = 0.20 W
[NogV0,1 = 1,00 x 1070 K

[Ha0p1 = .00 x 1073 &
pH = 8.0

D. 2 1 '
?.m 3.05 310 316 .2 3.5
1T x 103

FIG. 3. Plot of log kg vs. reciprocal of absolute
temperature.

the oxygen transfer from the peracids to the double
bonds of the olefinic substrate as described elsewhere

[25].

The reaction was studied at six different tempera-
tures ranging from 35°C to 60°C, and the results are
given in Table 6. The plots of log ku.g against
reciprocal of temperature gave a straight line. The
energy of activation was calculated from the slope of
this plot to e 68.93kJ mol .
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CHARACTERIZATION OF METHANOL-UTILIZING BACTERIA AND YEAST
AS A SINGLE CELL PROTEIN PRODUCT
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ABSTRACT

A continuous culture technique was used to study the
growth rate and cell contents of methanol-utilizing
bacteria Methylomonas clara and yeast Candida boi-
dinii. The changes in propagation of the culture have
been investigated. The optimal growth and biomass
yield of Methylomonas clara occured at 2% methanol
concentration, beyond that an inhibition in growth was
observed. However, the specific growth rate and cell
yield for Candida boidinii increased with increasing
methanol concentration 1%, 2% and 3%. The maxi-
mum contents of protein and fat were observed at
2% methanol concentration for Methylomonas clara
(71.6%) and (4.1%) respectively. While, no differences
in cell contents were observed with Candida boidinii.

INTRODUCTION
Microorganisms are protein sources of growing
importance. The microorganisms cultivated on

carbohydrates and hydrocarbons will be produced on

*Petroleum Research Centre, P.O. Box 6431, Tripoli, GS.PLA.L
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a large scale in the near future. The importance of
yeast and bacteria as test organisms for the study
of biological phenomena are well known. Many
investigation have been devoted to reveal the effect
of nutritional, environmental, and genetical factor
on the growth of yeast and bacteria cells, behaviour
of the cells and their cell composition (Levin and
Cooney, 1973; Haber et al, 1983; Jara et al, 1983;
Hamdani et al., 1987; Tani et al., 1988; Lim and Tani,
1988).

Methanol, ethanol and n-paraffine are attractive
raw materials for the production of fermentation
products such as single cell protein, amino acids,
organic acids and antibiotics because of their low
cost, high purity, high water solubility (methanol)
and because they can be easily and cheaply produced.

The existence of methanol assimilating yeast and
bacteria is relatively a recent subject of investi-
gation. The microbial technology is still lagging,
especially the growth physiology of the involved
organism.

Some efforts have been made to illustrate some of
the parameters affecting the methanol utilization by
yeast (Fonda and El-Masry, 1981) and bacteria (Abu-
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Ruwaida et al, 1990). This work is undertaken with
the objective to determine the growth propagation
rate and cellular contents of Methylomonas clara and
Candida boidinii for a biomass production as a single
cell protein products.

MATERIAL AND METHODS
Microorganisms

Bacteria, Methylomonas clara strain ATCC No.
31226 and Yeast, Candida boidinii strain ATCC No.
56507 were used throughout this study.

Cultivation

The cultivation was carried out at 30°Cin a 10 liter
MBR fermentor (MCS 10, MBR Bio reactor Ltd.
Switzerland). The dissolved oxygen concentration in
the medium expressed in percentage was (20%). The
rotation speed of the impeller was between 200 to
400 rpm.

The minimal salts medium used for the growth
of bacteria contained, (per liter of distilled
water),: Na,HPO,-2H,0, 2.75g; KH,PQ,, 1.36g;
MgSO,-7TH,O, 0.04g; (NH,),S0,, 20g; Fe;C,,
10 mg; NaCl, 2g. The trace elements were added
to the medium at !ml per liter which contains
(in mg) ZnSO,-7H,0, 0.08; MnSO,-4H,0, 0.03;
CuCl,2H,0, 0.03; NiCl-6H,0, 0.02; CaCl,-6H,0,
0.1; CaCl,-2H,0, 0-2 and H,BO,, 0-2.

The pH of the medium was adjusted between 7 to
7.1

The yeast was grown on the following medium

(g/liter):

Bacto-yeast extract

Malt extract

Bacto pepton

Bacto dextrose 1

D LW

The pH of the medium was set up at 4.44. The
methanol concentrations in the feeds were 1%, 2%
and 3%.

Analytical Methods

Growth was measured turbidimetrically at 610 nm
while referring to a standard free media curve.
Dry weight was estimated after drying overnight at
80°C. The protein was estimated by the macro-
Kjedahl method (AOAC, 1980). The fat content was
determined by diethyl ether extraction method
(AOAC, 1980). The soluble carbohydrates was es-
timated as nitrogen free extract (NFE) method
(AOAC, 1980).

RESULTS AND DISCUSSION

The results showed that a methanol feed concen-
tration up to 2% produced the highest growth and
vield coefficient, but also high cellular protein content
when Methylomonas clara was used.

Changes of celi concentration of Methylomonas
clara during the batches cultivation at 1% and 2%
methanol concentration in the biomass fermentor are
illustrated in Fig. 1. The lag phase has extended with
increase in the methanol concentration.
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FIG. 1. Effect of methanol on growth rate of Methyl-
omonas clara,

The specific growth rate and cell yield decreased
with increasing methanol concentration, while the
maximum content of crude protein was observed
at the concentration of 2% methanol. However,
3% methanol concentration inhibited the growth
rate of this organism. Changing the methanol con-
centration from 1% to 2% increased the crude
protein and fat 62 to 71.63% and 3.05 to 4.1%
respectively, while the carbohydrate and ash were
decreased. The cellular contents of the protein, fat,
carbohydrates and ash were determined (Table 1).

Growth behaviour of Candida boidinii is illus-
trated in Fig. 2.

The lag time became longer with increasing
methanol concentration. The growth rate increased
with increasing methanol concentration, while no
differences were observed on cellular contents such
as crude protein and fat (Table 2). Inhibition of

Table 1. The Effect of Methanol Concentrations on Crude
Protein, Fat, Carbohydrates, Ash and Moisture Contents in
Methylomonas Clara (in Percentage)

Methanol 1% 2%
Moisture 4.74 6.49
Protein 62.00 71.60
Fat 3.05 4,10
Carbohydrates 26.26 17.30
Ash 8.69 7.00
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FIG. 2. Effect of methanol on growth rate of Candida
Boidinii.

Table 2. The Effect of Methanol Concentrations on Crude
Protein, Fat, Carbohydrates, Ash and Moisture Contents in
Candida Boidinii (in Percentage)

Methanol 1% 2% 3%

Moisture 53 4.1 34
Protein 40.25 40,20 392
Fat 8.07 8.10 7.5
Ash 7.01 6.3 5.0
Carbohydrates 44.67 454 46.9

growth rate was observed at 3% methanol con-
centration. A similar observation has been reported
for other methanol utilizing bacteria (Kim and Ryu,
1976). However, unlike Methylomonas clara, the
3% methanol concentration in the feed did not
inhibit the growth rate of Candida boidinii.

CONCLUSION

The Methylomonas clara culture gave a maxi-
mum yield at 2% methanol concentration beyond
which the yield decreased. The decrease in yield at
high methanol concentration is associated with a
slight increase in the cellular contents of protein
and fat.

The optimal concentration for Candida boidinii
was not defined and at 3% methanol concentration
did not inhibit their growth.

The present investigation resulted in defining the
optimal concentration of methanol as the sole carbon
source in the medium used for growing Methyl-
omonas clara. The methanol inclusion in the medium
supported satisfactory levels of growth, yield and
product. The cellular contents of crude protein
(71.6%) for Methylomonas clara and (40%) for
Candida boidinii was within acceptable levels for
single cell protein producing cultures (Krug et al
1979).
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A COMPUTER PROGRAM TO SIMULATE TWO-PHASE PIPELINE FLOW
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INTRODUCTION

Two-phase flow is commonly encountered during
the transportation of hydrocarbon mixtures through
land based or subsea pipelines. An important task
during the design and simulation of pipelines is to
predict pressure and temperature variations along
the pipe length and to estimate build-up of liquid
slugs at different locations in particular in the
hollows of the pipelines. The information for the
liquid build-up is required to compute both pres-
sure variations as well as the volume of slugs
during pigging operation. The above information is
also vital in the mechanical design of pipeline and
pipe supports and in the stress analysis. A rigorous
approach to this problem involve dividing the
whole pipe length into several finite length elements
(FLE) and carrying out in each of them phase equi-
librium, heat transfer and pressure drop calculations
sequentially. Depending upon the available data
and the objectives of the task the calculations may
have to be carried starting from the upstream end,
downstream end or from some intermediate loca-
tions. In view of the coupled nature of the physical

*Petroleum Research Centre, P.O. Box 6431, Tripoli, GS.ELA.JL
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processes and consequently the calculation tech-
niques, digital computer application is essential to
perform the computations. This paper presents gen-
eral organization and calculation logic of a computer
program developed to simulate two-phase flow line
carrying hydrocarbon mixtures. The program has
been tested by using IBM PC AT on a 30 miles long
pipeline for which data was available in the literature

[4].

EQUILIBRIUM AND TRANSFER PROCESS
MODEL EQUATIONS

The equilibrium flash calculations have been per-
formed by using SRK equation of state (Table 1) [8]
for computing the k-values. The physical and ther-
modynamic properties are estimated using a number
of techniques given in the literature [1, 3-9].

The hydrodynamics of the two-phase calculations
is based on Beggs and Brill Models [2], as shown in
Table 2. The information for the friction factor and
pipeline roughness is obtained from White [10].

Frequently the hydrocarbon mixtures contain both
defined and undefined components. The program is
written with capability to process the undefined
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Table 1. Soave Equation of State

RT ao
T V—b V(V+b)
Parameters

ﬂj=:()1127‘17}Q2 jlj/})“
b;=0.08664RT_;/P;
a;=1.202 exp(—0.30288 T,) (for Hydrogen)

w;=[1+(0.48508 + 1.55171W;—0.15613W7)(1 — T2%3)]? (for other components)

A;=aoP*/R*T?
B,=bP/RT=0.08664P, /T,
aa=Y Y Y;Y{aw);

b=Y Yb;
A= E: E: }i‘}}/{u
B=ZY1'B|'

(ao)ij=(1—kij) / (az)i{a);

k;;=0 for hydrocarbons pairs and hydrogen
Ag=(1 —kij)(AiAj)n's
Z*~Z*+(A-B—B*Z—-4AB-0

Z =smallest positive value for liquids

Z =largest positive value for vapours

Table 2. Equations for Liquid Holdup

Horizontal Horizontal (o

Flow Pattern Hoidup (H(0)) (Uphill) (Downbhill)
0.98 A0-+4846 0.011N333° ) 4N G 24

Segregated —Ngﬁ,ﬂw (1=24)In [HTNH{GI"’:I (1—4)In [W}
0.845).0'535! 2'96i0.305NngDTH

Intermittent W (1—A)In [W} As above
1.06540-582+

Distributed As above

0.0609
NE:

mixture into one or more pseudo components, if
provided in any one of the following form:

(1) Complete TBP and density of mixture

(2) GLC analysis giving carbon number distribu-
tion

(3) ASTM D-86 data along with density

(4) Density and molecular weight.

The critical properties and physical properties of
the pseudo components are estimated using the
relationships available in the literature [1, 2-10].

Program Organization and Calculation Logic

The general organization of the program is schema-
tically explained in Fig. 1a, whereas Fig. 1b provides
the calculations flow chart. The program is organized
into a main program which controls the computations,

takes in input and gives out output. The input informa-
tion is distributed among various subroutines using
“COMMON?” statement. As it is obvious from Fig. 1,
the program could be used in different cases:

TWO PHASE
PRESSURE
CALCULATE DROP ISOTHERMAL
L1Q. & VAP, HORIZOHTAL FLASH
VISCOSITY AHD USIHG
SURFACE TENSTION INCLIHED SRK E.O0.5
BY GENERALIZED or
CORRELATION PR E.D.5
MAIN
CONTROL
INPUT DATA
ENERGY AHD
HYDRODYHAMIC
CALCULATION
CALCULATE ENTHALPY
LIO. & YAP. CALCULATIOH
DEHSITIES ESTIMATE USTHG
USING NEW TEHP. E.0.5
E.0.5 USIHG
SUBROUTINE
TEHPHEW

FIG. 1a.
lation.

General organization for two phase flow caleu-
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INPUTS FLOW,COMPOSITION S
GEOMETRY.Po.To.Ts. )
DESIRED LIMIT

I

CHARACTERIZE .
UNDIFIMED TRST
MIXTURE FLE
[ ]
3
INITIAL
TAND P |— [CHARGE
ESTIMATE FosFLOWs L
7 PIPE DIA

1

1 1
ESTIMATE REFORM FLAE
%Hé'ﬁiﬁ?‘““ l_EF!LELILHTIDNS

PHISICAL RND
THERMODOYNAMIC
PROPERT IES

HYDORODYMNAMIC
ICALCULATIONS

>~| COMPUTE P I

[EAT TRANSFER-
CALCULATIONS

FIG. 1b. Flow chart for calculations of a single pipe.

(A) To simulate a single pipeline having single physi-
cal input and single physical output:
In this case the program could simulate the pipe-
line on stand alone basis and to carry out any of the
following tasks.

(1) Upstream conditions are provided and it is re-
quired to estimate the intermediate and down-
stream conditions.

(2) The program must determine the upstream condi-
tion (or downstream) if mixed down stream/
upstream conditions are available. For example it
is required to compute total flow rate if delivery
and upstream pressures are specified. In this case
the program performs trial and error calculations
until the convergence is achieved.

(3) To simulate a pipeline having one or more tie-in
lines and/or branches. In the case of tie-in lines
the flow rate and composition will change.

(B) Simulate a system of pipelines or to optimize a
single pipeline conditions in conjunction with an-
other:

In this case the program could not be used on
stand-alone basis. It should be used as a back-up
package or subroutine.

RESULTS AND DISCUSSION

A reference case for two-phase flow has been pro-
vided by Maddox and Erbar [4] for testing purposes.

Complete geometrical, flow and compositional details
are provided for a 30 miles long and 15 inch size
pipeline. The flow rate is 100 MM SCF/day of gas
and 67.3 barrels/day of liquid.

The data is provided for two cases:

(1) Smooth pipe
(2) Rough pipe (roughness 0.005 ft)

Fig. 2 gives the pressure profile for the rough pipe.
The results obtained from the program are compared
by the data provided by Maddox and Erbar [4]. The
computed and given delivery pressures are 790 psia
and 775 psia respectively. The agreement is within
+2%. Fig. 3 provides the results for non-adiabatic
condition. The heat transfer coefficient has been
taken as 0.1 Btu/(hr) (sq. ft) (deg. F). This represents
an average value for an insulated pipeline. A com-
parison between Fig. 2 and Fig. 3 indicates that the
pressure differences between the adiabatic and non-
adiabatic case are a function of the absolute pressure.

The pressure drop for both cases remain identical
as long as the total pressure remains above 700 psia.

1000

o Smooth pipe 4 Roughress = .005 ft

900

. o0
= o} '\ T~ .
o
A,

E 700} \_\
3 A,
(6]
w
o gt
o 67.3 Bbl/MMSCF |ig ﬂ\\\\\

gl 00 MMSCF/day gas "

400 : s : - s ‘

0 5 10 15 20 % 0 R
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FIG. 2. Pressure profile for two phase flow (no heat
transfer, 15 inch inclined pipe).

1000
Heat Tranafer Coefflclent = .1 BTU/Chrd(sqg. fLI(F)
o0 o Smooth pipe 4 Roughness = .005 ft
P tiat
A-\_\Q\
2 | A\\\\\\O"”Fhoa“\\go
[1)] o]
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= Toa L \\'\n
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]
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400 i L L 1 1 1
D b 10 0 i)
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FIG. 3. Pressure profile for two phase flow (15 inch
inclined pipe), with heat transfer.
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Below 700 psia high temperatures and lower pressure
encountered in the adiabatic case have lead to higher
pressure drop. It may thus be inferred that operating
a gas phase rich and liquid defficient line at high
pressure offer advantages from the pressure drop
point of view (and consequently lower pumping
power).

Fig. 4 and Fig. 5 present the temperature profiles.

An increase in the heat transfer coefficient from 0.0
(adiabatic) to 0.2 Btu/(hr) (sq/ft) (Deg. F) has lead to a
3 fold increase in the cooling. Asymptotic behavior is

{50
1451

Heot Transfar Coefficlent = .1 BTU/(hrl(sq. fLI(F)

o Smooth pipe 4 Roughness = .005 ft

140 r\g

1B} \O
130 A\
frals \O

A\O
20} \A

B 57,3 Bol/MMSCF |ig \ @
0} 100 MMSCF.-day gas 5 \
A

Temparature (F)

0 ' ' - , : -
0 5 0 . i

ih 20 %
Distance (Miles)
FIG. 4. Temperature profile for two phase (15 inch
inclined pipe).

Heat Transfer Coefficient in BTU/(hr)(sg. ftI(F)
W -0  ohe.05 ohe.l  xhe2

L 1% ™ ——
- \\\ \_“_AL_‘—“A_____
2 120} ,‘\g-\\n 4
2 15t \ e Wi
C ® \ T
2 120 \ o
E
© 15.  57.3 Bbl/MMSCF |ig *‘\\*\o
) TT——x
10+ 100 MMSCF/doy gas
lig?
100 : " ‘ ' s s |
0 5 10 15 20 & ) 3

fi
Distance (Miles)

FIG. 5. Effect of heat transfer coefficient (on temperature
of two phase flow inclined 15 inch pipe).

apparent for the case of h=020 at temperatures
below 112°F. For the longer pipes the operation may
approach isothermal conditions.

CONCLUSIONS

(1) A simulation program has been presented which
has applications in simulating two-phase pipe-
lines on either stand-alone basis or as a subrou-
tine of another program.

(2) The program reproduced the results of a reference
case wih an accuracy of +2%.
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INTRODUCTION

This study is intended to provide a picture of the
probable products that can be produced when bu-
tadiene reacts with different reagents.

. Industrial processes are largely determined by
thermodynamic considerations. Only if a reaction is
exothermic can the search for an appropriate catalyst

begin. Therefore, as a guide to the evaluation of the -

different reaction pathways and products, the heats of
reaction are investigated.

Butadiene is considered as one of the most import-
ant starting materials under (C,—Cs) [1]. As a mono-
mer and a comonomer it was used for synthesis of
elastomer thermoplastics and dispersion. Also -be-
cause of the fact that it is an inexpensive byproduct,
makes it one of the most important starting materials
in industry.

Gasteiger [5, 6] and his group have been working
in writing and developing the EROS program
(Elaboration of Reaction for Organic Synthesis) for
the last 15 years. This program system can be used

*Chemistry Dept., Al Fateh University, Tripoli, G.S.P.L.A J.
**Institut fiir Org, Chemie, Boltz Monnstr,, D-8046 Garching,
Germany.
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for the production of organic reactions and for the
design of organic synthesis.

PREDICTION OF REACTION-DESIGN
FOR SYNTHESIS

EROS [4] (Elaboration of Reactions for Organic
Synthesis) is a system of computer programs which
generates sequences of organic chemical reactions. It
can be applied to two different types of problems
depending on how the reactions are interpreted.

In a forward strategy it is assumed that the chemi-
cal reactions proceed in the same direction as they are
obtained from the program. From the starting ma-
terials, that are inputs, their products in a chemical
reaction can be predicted. The following types of
problems can be studied.

— Prediction of the products of a chemical reac-
tion

— Prediction of metabolic pathways

— Prediction of the degradation of a chemical in the
environment

— Search for the synthetic uses of an industrial by-
product
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— Elucidation of the structure of a reaction product
— Generation of all isomers with a given empirical
formula

If the reactions, as output by the program, are
considered to be reverses of chemical reactions, i.e.
retrosynthetic steps, then the program can be used
for the planning of synthesis. In such a backward
(retrosynthetic) strategy the input structure is the
target of a synthesis, and one is searching for reactions
and precursors leading to this compound. By such an
approach, problems of synthesis design can be studied.
These include:

— Design of chemical synthesis, ranging from labora-
tory procedures to large scale industrial processes
— Study of biochemical pathways

It is an essential feature of EROS that reactions are
not taken from a database of known reactions. Rather,
chemical reactions are perceived as bond-breaking and
making, and electron-shifting processes. This allows
the generation of all conceivable reactions, irrespective
of whether a reaction is known or not. Thus, novel
reactions may be found.

EROS can be applied to seek answers to two
fundamental questions of major importance to an
organic chemist. First, how can a desired compound be
synthesized and second what is the product of such
reaction?

Obviously, answering these two questions requires a
deep insight into organic chemistry. Reaction predic-
tion asks for a knowledge of the course of organic
reactions,.a knowledge of chemical reactivity. Syn-
thesis design requires, on top of these capabilities, to
develop strategies and plan for approaching a synthesis
problem. Incomplete as our knowledge as chemists is
in these fields, it cannot be expected that a computer
program can solve these problems straight away.

Because of the difficulties of predicting the outcome
of complex organic reactions and planning of the
synthesis of organic compounds, all means to solve
these problems must be considered.

Therefore, the utilization of the computer by chem-
ists to tackle problems of reaction prediction and
synthesis design is essential.

In this sense, EROS should be considered as an
instrument for the chemist to analyse and seek sol-
utions to the problems at hand. Various options are
offered to the user to specify initial conditions. The
more a chemist makes use of these options to specify
clearly the initial conditions, the closer he gets to the
optimum results,

GENERATION OF REACTIONS

An essential feature of the logic behind EROS is
to use electron shifting schemes as generators for

chemical reactions. The electrons that are shifted in a
chemical reaction may be located in bonds (breaking
or making of bonds) or they may be free electrons on
atoms. Thus it becomes clear how important it is to
take into account all valence electrons. Since, in
chemical reactions, electrons may be converted from
free electrons to bonding electrons, or vice versa. Work-
ing with formal reaction schemes allows the generation
of all conceivable chemical reacticns, irrespective of
whether they are known or without precedence. Addi-
tionally, novel (and promising) reactions are obtained
and it is up to the chemist to try to verify them in the
laboratory. In this way, new inventions may be in-
itiated.

Reaction schemes are not unfamiliar to an organic
chemist. In fact, he uses them routinely in the discus-
sion of reaction mechanisms. There, the electron shifts
occurring in a reaction are indicated by curved arrows.

In EROS Version 5.0 several such reaction schemes
are contained. They correspond to overall bond change
patterns observed frequently and found in important
organic reactions. They can be selected by the user or
are invoked by default. For example, a very common
reaction scheme involves the breaking and making of
two bonds (reaction generator RG 22: Fig. 1).

-3 g
— |
K L K L

FIG. 1. Animportant reaction scheme; breaking and mak-
ing two bonds.

GENERATION OF REACTIONS -
THE OPTION “REAGEN”

Working with complete sets of formally possible
reaction generators, as was done in the EROS precur-
sor system CICLOPS, leads to reactions of various
complexity (mechanistic steps and complete reactions)
and varying chemical importance. Thereby, the system
becomes rather inaccessible to general evaluation
procedures. In EROS 5.0 therefore, only carefully
selected reaction schemes are used. Although this leads
to neglecting certain chemical reactions types, the
selection of the schemes is such that the majority of
chemically important organic reactions are en-
compassed. This applies to the presently known reac-
tions but it is believed that this will also be true for new
reactions. The selection of reaction schemes is sup-
ported by statistical analyses. .

The reaction schemes contained in EROS comprise
changes in the electron distribution which are normal-
ly considered as complete chemical reactions. Thus,
starting with neutral molecules. But they are also
applicable to reactions of charged and other reactive
intermediates. Note that these reaction schemes give
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only the overall result of the electron shifts in a reac-
tion. They are not concerned with the timing of the
bond breaking and making, Thus, both concerted and
stepwise processes are represented by these reacting
schemes,

Presently there are two reaction schemes in EROS
5.0. Two bonds are broken and two are made in this
reaction scheme (Fig. 2).

Note that both conceivable permutations for bond
making are considered. This reaction scheme com-
prises the majority of organic reactions: substitution,
addition, and elimination reactions, as well as other
types, such as certain electrocyclic reactions.

In the reaction scheme (Fig. 3) three bonds are
broken and three bonds are made.

1 - X + J-1L
(-J + K—L —

T Il —-L + J3-K

%C— Br + HO—H R — %C—OH + H-— Br
O—H
|
>C:..D + H—CN —_— >C'—CN
—(!'.' (]:— — \C—C + H—8
11 /770N '
H Br

/
— |l
=

FIG. 2. Reaction scheme RG 22, breaking and making
two bonds.

N—I + J-K + L—M
I—J + K—L + M—N =

M—1+ J-K + L—-N

: (8 permutations)

ci

+ H=— OH —* + H—CI

FIG. 3. Reaction scheme RG 33, breaking and making
three bonds.

Many important reactions follow this electron
shifting pattern e.g. the Diels—Alder reaction or the
Cope rearrangement. As an example for a stepwise
process the Favorski rearrangement is given.

Several reactions were studied as described in the
following paragraph starting from butadiene and
reacting with different reagents [2, 3]. This is shown
in Fig. 4.

These reactions gave a good range of products
from which we then chose the logical and the prob-
able ones. We considered reaction enthalpy as the
most important factor. Only exothermic reactions
were selected, since they are thermodynamically fa-
vored. From this point of view the products were
chosen as shown in Fig. 3.

i W + H\O/H
B X + ITJ
H
. N
T N Cl—cl
D
x4 H/C%N

11 = =
111 N + H—H
v = \/\O/H + H\O/H
v o~ + H—Cl
/ [
\ /C

FIG. 4. The studied reaction of butadiene with different
reagents and some other relevant reactions.
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1A
\/\ + H\.O/H _—

Reaction enthalpy

J: Y -3.32 Kcal/nol
0 4 1
H/ \!/\ 4.80 kcal/mo

-4.88 ¥cal/mol

H/O\\/\/
1H -6.81 Kcal/mol
[ O
1B
Ho
N 1
H
H\N/\/\ -8.01 Keal/nol
!
H
| -24,27 Kcal/mol
/YN\H
1c

S + cI—C! —

Cl/\/\ 4 H—ClI -26.98 kcal/mol
O~y
“ N H*Cl -31.04 Kkcal/nol
4AC| -40.01 ¥cal/mol
Cl
1D
\/\ + H/[:%N S

~20.73 kcal/nol

FIG. 5. The thermodynamically favoured reactions.

CONCLUSION

EROS can be used to study potential products

=28.94 rcal/nal

TS + H—H _

: -26.20 Kcal/rnl

-27.55 keal/mol

\/\
exp - 26.26
]
W\C + C¢N ___>
=N '
-Z2.64 Kcal/anl
c:/\/\/j:’ﬂ“I
N
-23.79 xcal/amgl
111
T + H—H —
-30.59 Kcal/mol
\/\
1]

H —

-7.68 Kcal/nol

H\U/\/\/O\H
-11.07 Kcal/wmel
H/O\I/\/O\H
At — ()
0]
-11,07 keal fnol
H
7
' g + H—CI —>
Ny
Cl\/\\ -3.12 Keal/nol
derived from butadiene
commercial

(a) +H,O 14 butane-diole}

tetrahydrofuran products
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(b) +NH;4 incomplete study
only a first level intermediate follows
reaction of these intermediates with

other reagents e.g. with O,.

(c) shows application of EROS to both addition and
substitution of butadiene with chlorine.
Chloroprene commercial products.

Cl

A

for synthetic rubber exothermic reac-
tion, can also be obtained in a two step
procedure through addition and elimin-
ation of HCI.

Alternative processes from vinylacety-
lene are also favorable and commercial-
ly proven.

(d) +HCN adiponitrile commercial products.
() +H, for comparison with experimental Hf°

The calculated heats of reaction [2, 3] show which
reactions are thermodynamically favoured (exother-
mic) and therefore it is of interest to look for suitable
catalyst to realise such a reaction.
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Short Note

STUDY OF CORROSION DAMAGE TO CU/NI CHLORINATOR LINE
BY SEA WATER
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A gy el b ST de Al
G Cw" ey biga U ¥

oF Sl Shll gy L ! el S by b o i Q) Sl i G IS w5 et e e S0
kel DLl W 3y LS S Sl L 6 el B o LSV

BACKGROUND AND CASE HISTORY LABORATORY INVESTIGATIONS

The chlorinator line which failed was delivering sea (A) Visual observations
water and hypochloride to the stilling tube of sea (B) Microscopic examination
water lift pump 29/X—OIC to treat sea water con- (C) Analysis of corrosion product layer found on the
tinuously with 2ppm of hypochloride to control alloy surface
microorganism. After every five to six hours, shock (D) Chemical composition of tube material
treatment of about 5 ppm of hypochloride for halfl an
hour was also being given. This chlorinator line was (A) Visual Observations
38 mm (1% inch) in diameter with a wall thickness of
1.5 mm. Its material is reported to be 30-10 copper- Failed section of the chlorinated tube in the as-
nickel alloy. A flow velocity of 0.45 m/sec (1.5 ft/sec) received condition is shown in Fig. 1. It had been cut

was used. At times this line was shut down and thus
flow was not always continuous.

Failure in the form of perforation/leak occurred
at some distances from the outlet of the chlor-
inator line after it had been in operation for 1%
years.

The objective of this study is:

(1) To investigate nature/type of corrosion damage
and cause of perforation.

(i) To determine chemical composition to check
whether the material of chlorinator line i as per
specification.

FIG. 1. As received failed section of chlorinator line
*Petroleum Research Centre, P.O. Box 6431, Tripoli, G.S.P.L.A.L showing extensive pitting, channels and perforation.
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longitudinally and then flattened. The internal surface
shows extensive pitting corrosion and formation of
channels/grooves. Pits are shallow and degree of
pitting is different in different regions. Colour of the
surface film formed on the alloy substrate is mostly
dark brown in colour and in some regions such as
original substrate film is dark brown, spotty and not
very adherent. The area surrounding the perforation is
partly covered with the film and has finer pits but no
channels (Fig. 1). Thickness was measured at different
locations and are marked in Fig. 1. In the region
surrounding the leak thickness had been reduced to
0.5 mm compared with original thickness of 1.5 mm
indicating considerable corrosion in this localized area.

(B) Metallographic Examination

The morphology of localized attack tend towards
horse-shoe morphology (Fig. 2 a,b). Initially pits are
formed as seen in Fig. 3a and then these pits grow to
emerge into one another leading to the observed
morphology. These horse-shoe attack propagate fur-
ther leading to channel formation as illustrated in
Fig. 3b. Within the horse-shoes cracked corrosion
product layer was detected as in Fig. 4. In perfor-
ated/leaked region shallow horse shoe morphology of
attack is observed (Fig. 5), but no channels/grooves
were formed.

FIG. 2(a). Corrosion attack tending towards horse-shoe
morphology. x 6.4,

FIG. 2(b). Corrosion attack tendlng towards horse-shoe
morphology. x 16.

FIG. 3(a). Showing early stages of pit formations in ori-

ginal substrate and growth of pits into horse-shoe morpho-
logy and channel formation.

S -

FIG. 3(b). Side-way growth of channels leading to wider
channel. x 16.

or eez1

25KU 278%

FIG. 4. Scanning electron micrograph showing cracked
corrosion product within a horse-shoe.

(C) Chemical Composition

The chemical composition of the material was
determined using atomic absorption spectrometer
and is given in Table la. Tt confirms the material to
be 90-10 Cu/Ni alloy. As per standard designation for
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¥
FIG. 5. Horse-shoe morphology of corrosion attack at
the perforation site. x 6.4.

copper and copper alloys the composition in Table
la corresponds to copper alloy number C 70600
whose composition is listed in Table 1b.

Table 1a. Chemical Composition of the Chlo-
rinator Tube Material (wt%)

Ni Fe Mn Cr Cu

11.0 1.91 0.66 0.029 balance

Table 1b. Chemical Composition of the Copper Alloy
Ne. C 70600

Copper alloy
No. Cu Pb Fe Zn Ni Mn

C70600 86.5% 0.05% 1.0-1.8% 1.0% 9-11% 1.0%

(D) Analysis of the Corrosion Product Layer

(a) X-ray diffiaction analysis

It was scrapped from the substrate of the failed
section shown in Fig. 1. Since the film was thin and
only a very small quantity of the material could be col-
lected, the diffraction pattern of this material was not
of very high quality. Analysis of the pattern revealed
that scrapped material constituting corrosion product
layer was identified to consist of coprous sulphide.

(b) Chemical test to supplement X-ray diffvaction
results

Sodium azide test for the identification of sulphide in
the corrosion product layer was carried out. Nitrogen
gas bubble were evolved upon immersing corroded
pieces of Cu/Ni alloy in the sodium azide-iodine rea-
gent indicating the presence of sulphide in the product.

Upon standing the test solution along with cor-
roded pieces the solution became nearly colourless as
the reaction, NaN, +1,S 55 2Nal; + 3N, approaches
to completion as iodine converts to Nal. This obser-
vation confirms that sulphide is present in the cor-

rosion product scrapped from the substrate. In the
above reaction sulphide acts as a catalyst.

DISCUSSION

The results of the present investigations reveal
formation of sulphide surface film on the alloy substra-
te and suggest the presence of sulphide in the
sea water flowing through the chiorinator line. When
cuprous sulphide forms as the principal corrosion
product layer on the copper alloy surface as in the
present case it lacks passivity [1]. It is reported [2]
that even the presence of sulphide as low as 0.007 ppm
in the sea-water causes localized sulphide induced
attack. Increasing level of sulphide accelrates the
attack. It is well established [3] that the conventional
Cu/Ni alloys are known to perform adhersely in
polluted sea water, pollutant being sulphide.

Flow velocity in the chlorinator line is 0.45 m/sec
(1.5 ft/sec) and is much lower than minimum flow
velocity required to result in erosion-corosion. Per-
foration in the chlorinator line has been caused by
localized impingement attack. It is difficult to estab-
lish the cause of the localized enhancement of flow
required.

One of the main causes of localized impingement
attack in a straight tube as in the present case is some
sort of partial internal logdement causing local tur-
bulence. Presence of sulphide in sea water has been
reported to enhance impingement attack. The ob-
served absence of film over most of the area sur-
rounding the perforation is indicative of higher
prevailing velocity in this area.

It is also reported [4] that chlorine dosing above a
certain level accelerates impingement attack in Cu/Ni
alloys. Safe level is 0.2 mg/l for 90-10 copper-nickel
alloy at a flow velocity of 9 m/sec. Data at lower flow
velocity is not available.

In the region other than the impingement area bulk
flow velocity has been smaller as indicated by the
morphelogy of attack. Ellison and Wen [5] have
proposed three fundamentaily different mechanisms
for the interaction between fluid flow and corrosion,
namely convective mass transfer controlled corrosion,
phase transport controlled corrosion, and erosion-
corrosion. The horse-shoe morphology is indicative of
mass transfer controlled corrosion [6]. The reaction
rate is controlled by connective mass transfer. Any
flow disturbances will cause shallow pits or grooves
in areas with locally high mass transfer.

CONCLUSIONS

(i) Formation of cuprous sulphide film on alloy
substrate is detected and indicates the presence of
sulphide in the sea water.
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(ii) Corrosion damage to chlorinator tube is at-
tributed to accelerated attack induced by the
presence of sulphide in the sea water.
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DETERMINATION OF TRACE METALS IN SOME GAS OIL FRACTIONS
OF LIBYAN CRUDE OILS BY ELECTROTHERMAL

ATOMIC ABSORPTION SPECTROMETRY

I. Busheina, I. Ahmad, H.M. Kut, N. Bawash and S. Zayed
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INTRODUCTION

Trace metals in crude oil and their products are
commonly determined by atomic absorption spec-
trophotometry. The presence of some metals (e.g. Ni,
Cu, Fe, As) in the crude oil causes poisoning of the
catalysts used in refining processes, and other metals
(e.g. V) cause corrosion problems, thus reducing the
efficiency of the refining plant [1-3]. On the other
hand, the nature and level of metals in the oil can be
used for identification of the source of the oil. The
presence of copper in refined products promotes
formation of gums and lacquers during heating or
storage and thus accelerates the deterioration of
these products and reduces the storage stability [4].
Vanadium concentration above 2 ppm in fuel oils can
lead to severe corrosion turbine blades and deteriora-
tion of refractory furnace linings and stacks.

Most of the metallic species in petroleum products
are present as volatile organometallic compounds,
salts, fine metallic particles and coloidal suspensions.

*Petroleum Research Centre, P.O. Box 6431, Tripoli, G.S.P.L.AL
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Atomic absorption trace methods [4] are known to
determine the concentrations of trace metals in petro-
leum f[ractions. In many cases, to use atomic absorp-
tion equipment effectively, it would be necessary to
destroy the organic matter and concentrate the metal
content. The solution to the problem involved design-
ing a simple method of decomposing the petroleum
products’ organic matter, while retaining the trace
elements in an easily soluble flux, with a low blank,
and solubilizing 2 maximum number of elements in
one simple preparation.

Middleton and Stuckey [5] published work about
dry ashing at 350°C with HNO,, holding Ag, As, Cd,
Co, Cr, Cu, Fe, Mo, Pb, Sr, and Zn., Gorsuch [6]
published a study of recovery of fourteen different
trace elements from organic material. He summarized
some 250 investigations reported in the literature, to
aid him in a choice of methods to study. The most
common method found was direct dry ashing; second
most common was wet digestion with nitric and
sulphuric acids. Methods reported giving efficient
trace element recovery, following destruction of or-
ganic matter, were dry ashing with sulphuric acid,
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nitric acid, or magnesium compounds. An alterna-
tive approach arises from the comprehensive report
by Gorsuch on the recovery of trace elements after
wet and dry ashing. It has been shown [7] that all
the wanted metallic elements are retained after
dry ashing at 500°C provided a suitable ashing
aid such as p-teluene sulphonic acid is employed.
The metals are extracted from the residual ash with
nitric acid, and cesium chloride is used as ionization
buffer.

This paper presents the analysis of six trace metals
in some gas oil range fractions obtained from Libyan
crude oils by atomic absorption spectrophotometer
using graphite furnace tube. p-toluene sulphonic acid
was employed as ashing aid.

EXPERIMENTAL
Reagents and Materials

All chemicals used were of high purity analytical
grade. Standard solutions of different elements of
interest were prepared by appropriate dilution from
stock standards supplied by VHG Labs, Inc, Man-
chester. High purity deionized water was used
throughout the sample preparations. All solutions
were stored in precleaned polypropylene containers.
Export blend crude oil samples were collected at
source and the appropriate fractions were collected
from laboratory scale fractionation column. The frac-
tions studied were 220-280°C and 280-340°C boiling
ranges.

Apparatus

Atomic Absorption Spectrophotometer (Varian
AA 1475) coupled with Varian GTA-95 graphite tube
atomizer was used throughout this study. The instru-
ment has also facilities of background correction and
automatic sampling. The unit contains Epson re-
corder (model RX-80) attached to the atomic absorp-
tion spectrophotometer. Varian high intensity, hollow
cathode lamps were used for all the elements ana-
lysed. The GTA furnace operation conditions used
for each element are shown in Table 1.

Table 1. Conditions of Furnace Setting

Temperature Setting (in °C)

Wave length
Element {nm) Start temp.  Plateau temp.
Cu 384.8 75-120 2300
Cr 3579 75-120 © 2500
Pb 217.0 75-120 2000
Fe 2483 75-120 2300
Vv 318.5 75-120 2700
Ni 2320 75-120 2400

Procedure

A known weight of about 20.000 g of sample was
placed in a platinum crucible together with 10g
p-toluene sulphonic acid and then dry ashed in a muffle
furnace at 500°C for 60-90 minutes. The residue was
brought to room temperature. Then 10ml of 25%
nitric acid was added, warmed gently and filtered into
50 ml volumetric flask, washed with further 10 ml of
25% nitric acid, added 5ml of 1% cesium chloride
solution and finally made up to the mark with distiiled
water. The blank solutions were prepared for each
sample in duplicate. Calibration solutions were pre-
pared from stock standards to contain the same
concentrations of nitric acid (5%) and cesium chloride
(0.1%) as the sample solutions. Table 2 represents the
experimental condition used for the determination of
different elements in various samples.

Table 2. Experimental Conditions for Determination of Dif-
ferent Elements

Conc. range Wave length
Element (rge™ Y (nm)
Cu 0.0060-0.1400 324.8
Cr 0.0004-0.0100 3579
Pb 0.0800-1.1000 217.0
Fe 0.0200-0.7000 248.3
v 0.0400-0.1000 3185
Ni 0.0500-1.1000 2320

The weight of the sample was taken accurately weighed
about 20.0000 g in each sample.

RESULTS AND DISCUSSION

The calibration plots of copper, chromium and iron
were straight lines while for lead, vanadium and nickel
were smooth curves. All plots pass through the origin.
The calibration curves, as an example, for copper and
lead are shown in Fig. la and Fig. 1b respectively.
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FIG. la. Calibration curve for copper.
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FIG. 1b. Calibration curve for lead.

The characteristic mass for each element at the
operation condition stated are shown in Table 3.
Results for the determination of Cu, Cr, Fe, Pb, Ni
and V in twelve gas oil range fractions of export
grade Libyan crudes are shown in Table 4.

These results indicate that the maximum con-
tent of copper (0.2230 pgg™!) is found in sample
2B. The chromium content is in the range of
0.0004-0.0427 ugg~'. Iron content is maximum
(0.6930pgg™') in sample 3B and minimum
(0.0200 ug g~ ') in sample 6A. Nickel content was
found maximum (1.0980pugg~') in sample 4B and

Table 3. Working Sensitivities of Different Elements

Standard Conc.  Sensitivity
range (pgg”")  (pgg™!)

Cr 357.9 0.0200-0.1000 0.0008

Wave length
Element (nm)

Fe 248.3 0.1000-0.6000 0.0005
Cu 324.8 0.0200-0.1000 0.0010
Ni 2320 0.5000-3.000 0.0074
Pb 217.0 0.1000-0.5000 0.0021
v 318.5 0.5000-4.0000 0.0216

Table 4. Trace Metal Concentrations in Different Samples

minimum (0.0590 pg g~ *) in sample 4A while sample
5A contains less than detection limit (0.0074 pgg™%).
The vanadium content ranges from 0.0400 to
0.1450 pg g~ . Comparing these results with trace
metal content in gas oils of other middle east crudes
[8] show that Libyan gas oils contain less trace
contents.

This study demonstrates that trace elements can be
determined with good performance by using dry
ashing procedure with the help of p-toluene sulphonic
acid as an ashing aid. Acceptable precision and less
interference was observed when using aqueous sol-
ution as standard for calibration graph. The results
obtained in this work would help in studying the
presence of some trace elements and their distribution
in gas oil fractions.
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Trace metal content (in ugg™!)

Temp. Range Copper Chromium Iron Lead Nickel Vanadium
Crude Fraction °C) (Cu) (Cn) (Fe) (Pb) (Ni) (V)
1A 220-280 0.0219 0.0055 0.1740 1.0520 0.2090 0.0950
1B 280-340 0.0052 0.0013 0.1000 0.1637 0.1600 0.0900
2A 220-280 0.0639 0.0427 0.5130 0.1570 0.3700 0.0530
2B 280-340 0.2230 0.0137 0.0700 0.1720 0.1990 0.0750
3A 220-280 0.0052 0.0078 0.4020 0.2700 0.1990 0.1070
3B 280-340 0.1390 0.0220 0.6930 0.0107 0.8470 0.0620
4A 220-280 0.0453 0.0151 0.2260 0.0870 0.0590 0.0520
4B 280-340 0.0059 0.0142 0.4520 0.1009 1.0980 0.0970
5A 220-280 0.0260 0.0165 0.1250 0.0848 0.0370 0.1450
5B 280-340 0.0052 0.0215 0.1320 0.1880 0.1500 0.0820
6A 220-280 0.0379 0.0004 0.0200 0.1210 0.0750 0.0720
6B 280-340 0.0052 0.0160 0.4240 0.1980 0.1250 0.0400

Trace metal content (inpgg™")
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