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Abstract

During leakage-oil study the dynamic & distributed K factor concept has been suggested and proven.
The oil passing out through the silica gel and water, the UOP K factor varies as functions of the
oil and water flow rate, the quantity of silica gel the passed through, and the history of the leaked
oil under isothermal and isobaric condition. And it was found from adsorption test of oil on
silica gel that a component in Cy; boiling range was the most selectively adsorbed and was taken
as a key component. The key component varies also with the q, W, G and t. The empirical equa-
tions obtained for these two key variables, K and the key component, could be used for evaluating

the original location of the leakage oil source and the original characteristics of the leakage oil.
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In this study other two empirical equations was developed; by using these equations the UQP K

factor and volume average boiling point can be predicted from volume average carbon number

which can easily be calculated from the gas chromatograms of oils.

1. Introduction

The leakage-oil

which one could evaluate whether a leaked oil

identification method by

is crude or waste, and the method by which
one can get the ASTM distillation curves of
very small quantities of oil from gas chromato-
graphic analyses via computer, were presented
by H.D. YOO.® Also, the batch test results
were presented, which demonstrated that the
oil characteristics would change by selective
adsorption on sand or clay by selective solu-
bility in water during the crude oil migration
through underground structures. 24:5-9,

Fig. 1. shows a model of oil leakage toward
the surface of ground from oil pool. In this
model oil passes two regions; a selective solu-
bility region in which oil contacts mainly with
water, and a selective adsorption region in
which oil passes through sand and/or clay.

It has been studied on how the characteristics
taking the

oil flow rate and water

of leakage oil changes with time,
silica gel quantity,
quantity as parameters, when crude oil leaks
out through silica gel and water.

round level il leakage

———=Fa
01l vasses through r H
sand and/or clay. ! i
(selective adsorption) :
H 1
1 1
'

1 Oil contacts mainly

urderground ) with water.

water stream= (selective sciubility)

Fig. 1. Model in leakage oil study
SpetEs Hile H|1Z 1978 23

The ultimate object of this study is to evaluate
the location of the orginal oil pool and the cha-
racteristics of the original oil for actual under-
ground systems. The silica gel was used, instead
of the sand and clay, to amplify the adsorption
phemena because the sand and clay have very
small adsorption effects to study in laboratory
scales, and this study is on a course to the

actual scale.

2. Theory

In leakage oil study it is ultimately aimed to
evaluate the oil source. For solving this problem
mathematically some equations are needed. The
changes of the leakage oil characteristics depend
upon the time after leakage t, the quantity of
adsorbent the oil passed through G, the quantity
of water contacted W, and the leakage flow
rate q;

oil characteristics=F(t, G, W, ¢) 1)
at isothermal and isobaric conditions.

Both of the t and q may be known values,
but the values of G and W may be completely
unknown, so at least two equations should be
established either G or W being assumed. For
building the two equations it is necessary to
take two key variables which can represent the
variation of oil characteristics, which is shown
in Fig. 2.

Fig. 2-a shows the gas chromatogram of the
oil which passed through a silica gel column
and Fig. 2-b shows that of the original oil.
Only the paraffin hydrocarbon peaks are iden-
tified and the components between two paraffin
peaks are summed up with the latter paraffin

boiling range, e. g., components between Cjp
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and C;y peak are taken as C;; boiling range com-
ponents. This treatment of nonparaffin hydro-
carbon fits farely well with experimental data®.
Since the ratio of each peak area to total area
represents almost exactly the volume fraction
of each component?-®, the volume fraction
was used as concentration of each component.
It is recognized from Fig. 2-a that there is
more plenty of heavy components in that oil
having passed out the silica gel column than
the original, Fig. 2-b. This means obviously
that the lighter oil components are more selec-
tively adsorbed into silica gel, and also it is
known from the two chromatograms that one
of the C; boiling range components is most
selectively adsorbed, compared with other com-
ponents. This component is taken as one of
the key variables and called key component in
the leakage-oil study. As another key variable
the well-known UOP K factor, K=§'T,/s,
may be taken, which is a very useful property
in characterizing an oil sample. 7

When the oil leaks out of the column, the
concentration of the key component will vary

with time, quantity of silica gel and oil flow

rate;
f=flfo=f (G, q) @
So will do the UOP K factor;
K'=K/K,=K'(t,G, q) 6)

In the leakage oil model, the oil contacts
with underground water as well. In the under
ground the oil flow rate is so low and the path
along which the oil contacts with water is so
long that the water may be saturated with oil.
Consequently, the changes of oil characteristics
depend only on the ratio of oil to water flow
rate under isothermal and isobaric conditions;

f=f(g/W) @)
K'=K'(g/W) (5)
If water solubility of each component be known,
the two Eq. (4) and (5) can be developed from
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simulations.

Both Eq. (2) and (4) indicate the variation
of the key component concentration & both Eq.
(3) and (5) indicate that of the UOP K factor.
Combinations of Eq. (2) with (4) and Eq. (3)
with (5) will show the relations of Eq. (1)
for each key variable, respectively.

The relations of Eq. (2) to (5) are correlated

empirically.
3. Experimentals

As shown in Fig. 3-a, the oil flows upward
through 2m silica gel column and is sampled at
3 points. These sample quantities should be so
small that the system may not be disturbed.
The constant temperature water is being cycled
to maintain the column isothermal condition.
Also from Fig. 38-b it is shown that an oil
sample is held up in a glass container and given
quantity of isothermal water is recycled cons-
tantly. The oil is continuously contacted with
water until the water is saturated with oil and
the oil characteristics in the water do not change
any more. It takes about thirty days that the
water is saturated with oil. These experiments
are all performed at 28°C and 1 atm.

All samples are analysed with the gas chro-
matograph and from the chromatogram the
volume fractions of each boilding range compo-
nent and key component are obtained. The gas
chromatograph used is a Varian 2,800 model
with flame ionization detector. A 8 ftX1/8 inch
i.d. column packed with 10% 0. V. 17 on
chromosorb W 80/100 mesh is used. The helium
carrier gas flow rate is 30 cc/min and the
helium, hydrogen, air flow rate are kept in a
1:1:10 ratio. The column temperature is pro-
grammed from 40°C to 260°C at the rate of
16°C/min.

The ASTM curves of the oil samples used in
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Fig. 3. Equipment used in, (a) adsorption on
silica gel & (b) solubility in water of
oil.

these experiments are shown in Fig.4. SAM-
PLE (1), (2) and (3) are rich in light oil,

heavy oil & kerosene range component, respec-

400 (1) Tp = 271.1°%C ( K = 12.334 )
(2) Ty = 305.5°% { K = 11.994 )
(3) Ty = 233.5% ( K = 12,408 )
3C0 -
00
Py
=
ot
Q
=,
ho
15}
i 200 4
E (1) tight oil rich
(2) heavy oil rich
(3) kerosene rich
i
100
o 50 100

vol,® distilled

Fig. 4. ASTM curves of samples rich in light
oil, heavy oil and kerosene.

tively. SAMPLE (1) was mainly used in this
study because the SAMPLE (1) has rich light
oil components which are most interesting
compositions in this study®, and SAMPLE (2)
and (3) were used for testing the applicability
of the emprical equations obtained with SAM-
PLE (1) for the oil leakage model. Fig. 2-b
is the gas chromatogram of SAMPLE (1).
The physical properties of the silica gel used

in these experiments are shown in Table 1.

Table 1. Physical properties of the silica gel used

above 99.5%
about 700m2/gram
about (. 5cm3/gram

Si0; composition
surface area
pore volume

average pore size about 30A°
bulk density average (.7g/cm3
moisture content below 2%

4. Results

4.1 Concentration change of the key
component

(1) The effect of silica gel

When fixing the oil flow rate at 2.4cc/min,
the concentration change of the key component
in the oil passing through the different quanti-
ties of the adsorbent is shown in Fig. 5, as
taking the time zero when the first drop of oil

“.cd
, . ppm——
.‘,/’ii%—— jEEEEEEEEEEn—f————————--——

0.8 ?A/K/z
(3) a

0.6],
éﬂ/ 3) 6 =1.61b
Cos
c 10C 200 200 40C 500
time, min

Fig. 5. Variation of the key component after
passing through the silica gel column.
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is leaked out from the column. It is throught

that the curves have a following type equation;
f'=flfo=1—e et 6)
Rewriting this equation,
In(l—f")=—a—bt"

By plotting In(1—f’) versus *, the coeffi-
cents a and b can be obtained. On trials and least
square it is found that optimum n value is
about 0.6, and that as shown in Fig. 6, the a
has a value of about 0.6 and b is dependent of
the quantity of silica gel G. Plotting b against
G 011 g straight line is obtained as shown in
Fig. 7 to give

6=0.43G™0-11—0. 36 N
Finally, Eq. (2) becomes
f’ =1— ¢ 0.6+5t% (8)

where 5=0.43G™%11—(, 36
which shows the variation of f' with respect to
t and G.

Also, the relationship of f' to oil flow rate

n

t
10 20
o
]
-2
- 4 n
-y f’=1—e~(a bt")
~
a,n = 0.6
-3 (1) b= 0,100, G = 0.5 1b
{2) b =0.063, G=1,11b
(3) b =0.045, G = 1.6 1b
-4

Fig. 6. Relations of in (1—1’) to ¢, when n=0.6

1.
o.
b
0.
0. b=0.4360" .
o.
0.0l -
0.9 1.0 e

Gn

Fig. 7. Relation of b to G*, when n=-0.11
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q is shown in Fig. 8. For this figure the
adsorbent quantity is fixed by 0.8lb and the

2.4 and
6ce/min. In this case 0.6 is approximately the

oil flow rates are taken as 1.7,

optimum value of n and the value of a, too,
which we can show in Fig. 9. And, b has the
following values against each flow rate;
5=0.065(0.756), at g=1.7cc/min
5=0.086(1.000), at g==2.4cc/min
5=0.173(2.012), at g=6.0cc/min
Eq. (8) has been obtained at constant flow
rate 2.4cc/min, so b’ which is divided by 0. 086
is correlated against g. As same method as in
Fig. 7 we get a straight line by plotting b vs.
g %%, as shown Fig. 10, which gives
b’ =0. 64" %—0.17 9
Eq. (9) is completed for constant adsorbent

e —

/7, ° / """
o / (2) A/

0.8]
/// (1) q = 6.0 cmB/min
.6 » (2) q = 2.4 en”/min

/ﬂ
7 (3) g = 1.7 cmB/min'

Q.4 !

>0 e} 200

time, min
Fig. 8. Variation of the key component after

passing out through the silica gel column.
n

10 20

-1

:‘:: "~
]
E_B (1) b = 0,065 ~
(2) b = 0.086
(3) v =0.173
_A.

Fig. 9. Relations of In (1—7’) to ¢*, when n=
0.6)
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1 v'= 0.64 0% L 017 .

0 1 2
3”n/0

Fig. 10. Relation of %" to ¢", when n=0.68

quantity, G=0.8lb. Eq. (9) may be applicable
to other systems having different silica gel qu-
antities, and Eq. (9) can be combined with
Eq. (7) to give the following equation

b= (0. 43G~011—(. 36) (0. 64¢%3—0. 17)

Finally, for oil leakage through silica gel
columns Eq. 10 is obtained as functions of t,
G and q;

f’=1_e—(0.6+bt°-5) (10)
where b= (0. 43G™%11—(. 36) (0. 64¢*—0.17)
From this equation the initial concentration of
the key component at time zero is independent
of G and q. This is due to the effects of compe-
titive adsorption and rapid adsorption rate.

It is necessary to test the applicability of Eq.
(10) to other systems. For this purpose diffe-
rent flow rate g=4cc/min, silica gel quantity
G=0.8lb and quite different oil, SIMPLE (2)
and (3) are chosen. Inserting the above values
of G and ¢ to Eq. (10),

fle_e—(0.6+o.13z°-6) (11)

In Fig. 11 the curve represents Eq. (11) and
the data points are those of SAMPLE (2) and
(3). The SAMPLE (3) rich in kerosene draws
a curve across the curve presenting Eq. (11) and
the data of SAMPLE (2) rich in heavy oil are
scattered around Eq. (11) curve. The standard

—

1.0 4 — T T

3 Y
C.6
/ﬁe—(o.éﬂm )

°/a b = (0,4367970,36) (0.649%* 80, 17)

[P ——

/a

when G = 0,7 1b, q = 1.6m1/min, i
[N
] &= 1o~ (0:6-0.13t7°7)
L

& SAMPLIE 2

o SAMPLE 3

c 1bo 200 300 T 00 &0
time, min

Fig. 11. Applicability of the equation (10)

deviation of the data points for two samples is
about 0.045. This deviation is so small that
Eq. (10) may be applied to the other systems.

(2) The effect of water.

Using the equipment shown by Fig. 3-a and
SAMPLE (1) we got the water solubility of
each boiling range component as shown in
Fig. 12. The solubility of C;; boiling range
components is the largest, next is Cg boiling
range components and Cys boiling range comp-
onents have the smallest solubility. And the
key component(the arrow sign in Fig. 12) has
the solubility of 0. 16cc/m3 With these data we
perform the computer simulation to obtaint he
concenttation change of the key component
against the ratio of oil flow rate q, to water
flow rate W. In this simulation it is obtained
that the average change of the key component
concentration is about 1.3 against the unit
change of q/W. Thus

f=f— (1.3 (W/g
and
' =f1fe=1—Q.3(W/qfo) (12)

Eq. (12) is represented in Fig. 13 by the
straight line. But the real data taken by the
simulation show a curve having the equation of

f'=1—(1.6) (W/qf)-2 (13)

Up to this point the equations for the key

component change have been obtained; Eq. (10)

HWAHAK KONGHAK Vol. 16, No.1, February 1978
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Solubility in water, ml-0il ‘pl-water, at 280

10

15
Cabon number
Fig. 12. Water solubility of each boiling range
components,

1.0 J average change in £ = 1.3/(%/«)

(1) £=1-(1.3) (W/qg,)

(2) £=1-(1.6)(W/agy)"*?

0.5 A

ki
0.0 | o

c 0.5 w/ar,

1.0

Fig. 13. Correlation of change in the key com-
ponent concentration to the quantity of
water contacted.
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and (13), in case of the oil leaking out through
silica gel and water. Also, it needs to be known
that change in the UOP K factor of the oil.

4.2 Change in UOP K factor

(1) The effect of silica gel
The data from the previous experiments give
Fig. 14, taking silica gel quantity as parameter,
and Fig. 15, oil flow rate as parameter. In these
figures it is shown that the UOP K factor
increases at early time and soon decreases. The
curves in those figures have the type of equa-
tion
K =1+ mg™@+ém (149
but, in this study, the late time data are more
significant than the early time data; the early
time effects can be neglected, and Eq. (14) can
be written as
K =1+-¢ et (15)
the curve of which is extended by the dotted

lines in Fig. 14. Introducing the same methods

\ (1) G=C.51p

AN
‘o (2) 6= 1.1 1p
F'/Ko (3 G=1,6 1b
1.02

(¢} 100 200 20C 400 5CC
time, mir g

Fig. 14. Variations of the UQOP K factor after
passing out the silica gel column.

(1) q = 6.C ec/min
(2) q = 2.4 ce/ain
(3) q = 1.7 ec/min

1,04

c.0 100 200 300

Fig. 15. Variations of the UOP K factor after
passing out the silica gel column.
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-cud SAMPLE 3
©.03 vhen q = 4 ml/min, G = 0.7 1b

A &= 14 em(3-1 7 0.009%)

©.024

©.014

°
“.Co - °

0.0 200 200 300
time, min

Fig. 16. Applicability of Eq. (16).
as used in getting Eq. (7) and (9), the follo-
wing results are obtained;

a=3.1

n=1.0

b= (1. 6G*#+2.5) (¢—063)*#(107°)
that is

K =1+ @140 (16)

where &= (1. 6G*#+2.5) (¢—0.63)*5(107%)
The applicability of Eq. (16) to the other sys-
tems is illustrated in Fig. 16, in which the
standard deviation of the data points for SAM-
PLE (3) is about 0.05. (The 0.1 difference in
UOP K value is significant in oil characteris-
tics. )

(2) The effect of water

The UOP K variation by water solubility is
obtained by the following equation;

UOP K=14.9—0.159C,, an
where C,, is volume average carbon number
and is definded by

Cav=z;if i (18)
in which i is carbon number and f; is the
volume fraction of C; boiling range components,
which can be easily calculated from the gas
chromatograms of oils as in Fig. 2.

It is shown in Fig. 17 that the UOP K’s are
plotted against C,,’s, from which Eq. (17) is
obtained. This equation also has the standard
deviation of 0.05. Using Eq. (17) and the
volume average carbon number obtained by

13.04 i

UCP K = 14,91 = 0.159C,,

I 15 i 7
Volume average carbon number, "o '

Fig. 17. Relation of UOP K to volume average
carbon number

0o
K/Ko o N
0.99 , ‘ .
We1ae 45 0.006(3/wW))
0.98
0 100 260 300 400 5C0
afu

Fig. 18. Dynamic K in water.

computer simulations, we get the curve in Fig.
18 giving the equation

K’ =K/K,,=1—e"4'5+°' 006(q/w)) (19)
This equation will predict the UOP K factor
variation occurring by the effects of selective
water solubility of each boiling range component.

4.3 Average boiling point from the ave-
rage carbon number

The relation of T, to C,, is a fairly good
byproduct in this research on the leakage oil.
This relation could be generally used with
precision in estimating the volume average
boiling points from the average carbon numbers
of all the oil except the gasoline boiling range
oils. Various experimental data give Fig. 19
and Eq. (20);

T3=140.4(C,,—8.46)%% (20)
which has the standard deviation of 0.7°C.

HWAHAK KONGHAK Vol.16, No.1, February 1978
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T, = 140.4{C,y - 2.261%77

. %

average boiling point

250,

1< 13 1% 15 146 17 18 19 20
voluas aversge carbon nuaber

Fig. 19. Volume average boiling point from
volume average carbon number.

By using Eq. (20), the digital computation®
could be avoided, which is used for obtaining
the average boiling points from gas chromato-
graphic results, and the ASTM distillation used
in getting the average boiling point might be
avoided if the gas chromatograph is available.

5. Application

The ultimate object of this research is to
predict the location of the oil source and the
characteristics of the source oil. It has been
obtained that equations for the variations of the
key component concentration and of the UOP
K factor. Finally these equations can be written
as

f'=f(G, ¢ t, W) ‘ (21)
K'=K'(G, ¢q, t, W) (22)
as same type as Eq. (1).

Now, in this leakage oil model study Eq.
(21) and (22) can be used; the leakage oil flow
rate q and the history of the oil leakage t can
be determined, otherwise in determining the t
the sample could be taken at two time points,
which method may be more precise but needs
still more calculations and calculation time, and
then assume both values of G and W to satisfy
Eq. (21) and (22)

HetZ et M16A M1E 19784 28

simultaneously. Next,

n

£ f'(GJQJt;“‘.)
K' = K'(G,q,t,w)
f.,K

12
f1’K1A’K“

£, ,K, £.,K £,k

2272
(leakyge 1) (leakige 2) (lezhdge 3)

raund
&

0il source

Fig. 20. Model of oil source having three
leakages.

compute the f, or K, for each leakage (see Fig.
20), compare them, and repeat the assumption
of G and W before the values of f, and K,
computed for each leakage are on agreement.
Through these procedures the location of the oil
source and the characteristics of source oil could
be found. Fig. 20 shows a model with three
leakages. The triangle in Fig. 20 presents a
plane geometry of each leakage position.

6. Conclusions

(1) The dynamic changes of oil characteristics
were treated for the oil leaked out through silica
gel and water, in which two key variables,
the UOP K factor and a Cy; boiling range
component, were chosen to develop the empirical
equations for evaluating the leakage oil; Eq.
(10), (13), (16) and (19).

(2) The three branch model (Fig. 20) which
have three paths the oil passes along, was
examined to estimate the original location of
the leakage oil source and the original charac-
teristics of the leakage oil.

(3) The volume average boiling point can
be obtained with high precision, and the UOP
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K factor can also be obtained but with low

precision, from volume average carbon number;

Eq. (17) and (20).

7. Nomenclature

a,b,b',n,m coefficients in Eq. (5) and (14)

Co
f
/i

So

volume average carbon number

volume fraction of key component

volume fraction of C; boiling range com-
ponents

volume fraction of key component of ori-
ginal oil

dimensionless fraction defined by f/f,
quantity of silica gel oil passed through,
(1b)

carbon number

UOQP characterization factor, defined by
V' TyR[s

UOP characterization factor of original oil
dimensionless K, defined by K/K,

oil flow rate(cm®/min)

specific gravity of oil at 60°F

time (min)

volume average boiling point(°C)

T,

W\’

R volume average boiling point(°R)

underground water flow rate(m®/min)
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