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The extraction of petroleum from its geological reservoirs involves the piping of
crude oil, water and natural gas from the wells as a multiphase mixture. Knowledge of
the mass flow rate of each component is required to control production.

In this work, this multiphase flow has been pictured as a coarse-grained
component system, water as drops and natural gas as bubbles, both are carried out
through the crude oil along the pipeline. According to this picture, a Monte Carlo
model for grain size dependent gamma-ray attenuation has been constructed and
applied to determine the volume fractions of oil, water and natural gas in pipelines by
using gamma-ray transmission technique.
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INTRODUCTION

Considerable importance attaches to the presence of water in crude oil. Since,
water leads to difficulties in refinery. i.e ; corrosion of equipment, uneven running on
distillation unit, blockages in heat exchangers and adverse effects on product quality,
besides, flooding of distillation units and excessive accumulation of sludge in tank, It is
necessary to know its volume fractions in order to choose the suitable time and method
for its separation.

Due to the natural appearance of water and natural gas in the crude oil as
droplets and bubbles the beer’s law of y-ray attenuation in a homogenous mixture
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cannot be used and the influence of the grain-size has to be considered in the
attenuation law [1,2].

Several authors [3,4,5] studied the effect of the grain-size experimentally. They
used mass flow rate measurement in the determination procedure of multiple coarse-
grained components. Techniques for sensing one or more of the components include
electrical, nuclear, x-ray transmission, radio frequency resonator and microwave
methods [6.7.8].

Others [1.2.9.10] have investigated this problem theoretically suggesting online
testing methods, which are characterized by their economical and low time consuming
feature.

This work describes a Monte Carlo treatment of y-ray attenuation in mixtures
containing multiple-coarse-grained components such as the mixture contains water and
natural gas as grained components and oil as a homogeneous residual. The mean values
of the modified attenuation coefficients of the different coarse-grained component
materials, for the used y-ray energies, have been computed over the expected ranges of
variation of volume fractions. By introducing these values in the attenuation equations
of the used y-ray energies, the volume fraction of various components can be
determined. A comparison of Monte Carlo predictions with the true volume fractions
indicates that this method is accurate enough and should be recommended in testing
the crude oil composition.

MONTE CARLO MODELING

The Determination of the Mean Modified Gamma-Ray Attenuation
Coefficient

In this model, it will be assumed that crude oil represents a triple component
material that consists of unified homogeneous residual constituent (oil) and two coarse-
grained components (water and natural gas) of uniform spheres of radii r,, and r,
respectively.

Neglecting the particle-size effects in the y-ray attenuation, the ratio t (r,= 0, r,=
0) of the y-ray intensities have any discrete energy Ey after penetrating the water-
natural gas-oil mixture or oil respectively. The following equations are achieved:

t(ry=0,1,=0) =1/ =exp (-vwAu, L) exp (-v;Au, L), (1)
with

I oil = I o €Xp ('M o L)’
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Aui=pi-Ro  i=w,g 2
where v; denotes volume fractions of component materials i = w, g; U, and W; stand for
the linear y-ray attenuation coefficient of the oil and i" component respectively. L is
the transmission length, and I, is the intensity of the original y-ray beam.

In order to account for particle-size effect, it is assumed that the particles of each
component material are distributed uniformly over the flow volume in a way that, for
each of them, the mean distance to its neighbors within the flow volume is constant.
On the basis of the picture of idealized imaginary disks arrayed along the transmission
path of a photon between source and detector [2] , the radii r,, and r, of the particle
materials are correlated as follows:

e =Ty (Vg/ vy )" 3)

Consequently, the probability of photon collisions with the different component
materials in an imaginary disk can be obtained as follows:
For r, 2 r, the probabilities of p, and p,, that a photon will strike the particle of natural
gas and water respectively when penetrating a disk are:

P,=3/2 v, (1 +3§/2), “)
P, =32 (vy/1y) (rg+38/2), ®))

with,  as seen in Figure 1. is given by
0 =(L—-2ryn)/n
n =L/2r, (0)

As seen in Figure 1. where n: is the number of imaginary disks along the
transmission length. On the other hand, for r, < r,, the probabilities of p, and p, are:

P,=3/2 (Vy/ 1,) (ry + 8 /2), )
P, =32 v, (1+35/2), (8)

with,  as seen in Figure 1. is given by

0 =(L-2ryn)/n
n =L/2r,

The component material involved in a collision with a photon can be
determined by selecting a random number & from a sequence of positive real numbers
distributed uniformly on the interval (0, 1) [11]. If this random number & lies in the
range 0 < £ < P, , natural gas particle is selected; if P, < § <P, + P, ,water particle is
selected; and if P, + P,, < & <I, the residual component (oil) is selected.
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Figure 1. Coordinate system for particle p in an imaginary disk, p=wor g

In order to account for particle-size effects in attenuation of y-ray as it penetrates
the conveyor flow, the weight factors for the forced photon penetrating the selected
components along the transmission length, may be estimated [2] as follows:

Watral s = CXp ('Mg dg) eXp ('M O(dc' dg)) (9)
Wwaler = exp ('MW dw) exp ('Mo(dc' dw)) (10)
Woil = exp (_MO dc) (1 1)

where d. is the thickness of each disk, d, and d,, are the distance that a photon can
travel across natural gas and water particle respectively. These can be obtained from a
random number &; according to the coordinate system for a particle material in an
imaginary disk as shown in Figure 1.

The coordinates of the penetrating y-ray of a particle are given by

x = 1,/1-§
y= 11§ and z=0
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The distance (d,) that a photon can travel across a particle may be given by
d,=2ly|

The thickness of each disk (d.) may be given by
de=2r,+3

If the probability is considered for n-disks along the photon path, the residual
mixture oil, natural gas and water particles were penetrated o, g and w times,
respectively. Then the total weights for photon penetration in each of the constituents

are given by:
W, =[TW (oiD) (12)
i=1

n-(0+w)
=[] W, (natural gas) (13)

natural gas
j=1

n-(0+g)
ater H Wl (Water) (14)

I=1

W,

W

The total penetration weight in passage the k™ photon through n-disk without

interaction is given by:
Wi = Wi X Wiara gas X W yater (15 )

The Monte Carlo method estimates the value t*(rg,rw) [12] as:

t'(ror,) = 1/Niwk (16)
k=1

where N is the number of histories.

If the residual mixture consists of carrier medium such as oil and natural gas
fine-grained while water is still in droplet form. The linear y-ray attenuation coefficient

of the residual mixture may be computed as:
Wim=Mo+VgX(Ug-Uo))/(1-Vy) (17)

The probability p y; that a photon will strike the particle of water is:

Pywi=32vy,(1+3/2), (18)
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The component material involved in a collision with a photon can be determined
by selecting a new random number&,. If Py, < & <I, the residual component is
selected, but if the previous inequality is not satisfied, the water particle is selected.

Wi = exp (-Um do) (19)
Wwaler = CXP('MW dw) CXP('Mrm (dc' dw)) (20)

If a probability is considered for n disks along the photon path, the residual
mixture rm and the water particles, were penetrated for k and n-k times respectively.
Then the total weights for photon penetration of both of them respectively without
interaction will be given by:

—.

Wrm =

W, (rm) ey

i=1

=~

n-}

W = | |W, (water) (22)

water
1=

—_

The total penetration weight in passage the k™ photon through n-disk without
interaction is given by:

Wk = Wrm waaler (23)
Thus the value of the of t*(rw, 0) in this case is given by
N
£ (rw,0) = exp(-vy Apg L) X I/N > W, (24)
k=1

If the residual mixture consists of carrier medium such as oil and water fine-
grained while natural gas is still as bubbles. Then the linear y-ray attenuation
coefficient of the residual mixture may be computed from equations (17 — 24) by
substituting w for g to get

£ (rg,0) = exp(-vy, Apy L) x 1/Niwk (25)

k=1

From equations 16, 24 and 25 the modified linear y-ray attenuation coefficient of
water and natural gas particle is given by:

M (s T Ve Ve BY) = oy (By) = (1/ Lvy) In [ (rgra) / £ 0)] (26)
W el Ty Vo Vi BY) = g (BY) = (17 L vg) In [€(rg ) / £ ,0)] @7)

The mean values of the modified y-ray attenuation factors t*(rg,rw), t*(rW,O) and
t(r ,0) have been predicted using Monte Carlo procedure described by [2]. Due to the
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comphcated dependence of y-ray attenuation on v, and Vv, the mean values
uw (rw,re,Ey) and ug (rw,re,Ey) of the true linear attenuation coefficients

w W(rw,rg,vw,vg,Ey) and M*g(rw,rg,vw,vg,Ey) respectively for the y-ray energies used, are
computed over the expected ranges of variation of v,, and v,.

For the given values of ry, r,, Ey and the given ranges N,, and N, of v,, and v,
respectively. The mean values of the modified y-ray attenuation coefficients of the
component materials water and natural gas over the given range of volume fractions
can be obtained as follows:

N, N,

o ;;u;jl(rw,rg,v V,.E )

w, (r,1,.E, )= NN, (28)
N, N,

_ Z l'L\*/Jl(r\*/’rg’v vV E)

T (rw x1,.E ) = (29)

N, xN,

b-The Computation of the Volume Fractions the Two Coarse-Grained
Materials Water and Natural Gas:

Introducing u; (r r,,E ) and p, (r r,,E ) given by equations 28 and 29

woig wolg

respectively into the following equation to get Au}‘

Au; = 1 (o B,) - ioED. j=w.g (30)

Substituting for Au}‘ from the above equation (30) into equation (31) one gets

the value of t*(rg,rw)
{(tgry) = exp (-vy Ap, L) exp (-v, Ap’ L) 31)
From equation (31) one can get

jk(rW,I’g):ang'i'kaW (32)

with the help of:
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ay= Au; (Tw, T'e, EY1) - Wo(EY1), (33)
b= AR, (fus Te EY) - to (EY0), (34)
(e, r o) =- VL In[t (rg,ry) ] 35)

Vo +Ve+Vo=1

If y-ray of two energies (k = 1,2) were used, then equation (32) may be written
as follows:

jl(rw,rg) =a; Vgt+ b1 Vw (36)
jQ(I’W, r g) =ap Vgt b2 Vw (37)

The values of ji(ry, o) and jx(ry, r,) may be obtained either from the Monte Carlo

procedure or from the experiment. The solution of equations (36) and (37) with respect
to the volume fraction given:

— j2(rw’ rg) bl _jl(rw’ rg) b2

38
; a,b, - b,a, o9
Vo= [jilty,19) /bi] —(a;/by) vy (39)
or
Ve=(rg/ 1) vy (40)
COMPUTATIONS

Equations (28) and (29) were calculated for different r,, , vy , v, and the
corresponding r, values according to equation(3). Using r, ranging between 0.5 to 3
cm, in steps of 0.5 cm. The v,, and v, values varied between 1 to 10% in steps of 1%.

The obtained values of the mean modified absorption coefficients of natural gas
and water were substituted in equation (30) to get Auj _which in turn were substituted

in equation (31) to get t*(rg,rw). Mathematical manipulation of equation (31) led to
equation (32), which was calculated for different energies leading to the volume
fractions of the crude oil components.
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RESULTS AND DISCUSSION

A triple-component system is used for the purpose of checking the present
Monte Carlo method. It consists of: (i) Water as a coarse-grained material with
Wy (ry=0) = 0.1932 cm’ and 0.1107 cm’™. (ii) Natural gas as a coarse-grained material
with w, (r, = 0) = 0.0001558 cm’' and 0.00009386 cm™ .(iii) Crude oil as a residual
material with p, = 0.1863 and 0.112 cm’ for 0.059 and 0.356 Mev photon energies,
respectively. The mass absorption coefficient of crude oil, water and natural gas were
calculated using Xcom program [13]. Knowing the densities and compositions of crude
oil and natural gas, the linear absorption coefficient were calculated.

Figures 2. and 3. give the Monte Carlo predictions of the mean values of the
modified linear y-ray attenuation coefficients M*W(rw, r,, Ey) and M*g (rw, 1o, Ey) for
different values of r,, and r, at the energies 0.059 and 0.356 Mev.
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Figure 2. Modified linear gamma-ray attenuation coefficient Vs particle radius, for 0.059 Mev
photon energy.

The Monte Carlo prediction of v,, and v, is in agreement with the true values
over the given range of v,, and v,.. The error between the given and the prediction
values of v, and v , is in order 1%.The results show that, the accuracy of the method
depends on two parameters: (i) the number of photon histories used in Monte Carlo
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calculation and (ii) the radius r, and r, of the particle materials. While the first
parameter influences the accuracy much smaller than the second parameter, the
accuracy increases by decreasing the radii of the particles, which leads to increasing
the homogenate of the mixture.
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Figure 3. Modified linear gamma-ray attenuation coefficient Vs particle radius, for 0.356 MeV
photon energy.

SUMMARY AND CONCLUSIONS

In the present work, a method for Monte Carlo prediction of volume fraction in
multiple coarse-grained component conveyor flows has been established and applied
on crude oil mixture. The linear y-ray attenuation coefficients of materials involved are
modified in order to account for grain-size effects in y-ray attenuation.

Due to the complicated dependence of y-ray attenuation on the volume fraction
of various components in attenuating medium, the mean values of the modified y-ray
attenuation coefficients are computed over the expected ranges of variation of the
volume fraction. To test the accuracy of this model in determining the volume fraction
of coarse-grain mixture, the mean values of the obtained results of the modified
attenuation coefficient are used to determine the volume fraction. Since the obtained
results were found to be in good agreement with the assumed values it is recommended
to be used in determining the coarse-components in crude oil, which under
circumstances can be harmful.
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