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Abstract,

The manuseript deseribes oil-water separ
environment has been a major problem to stake
predicton of sepal /
sent to the receiving waters. Also some operating v

nime. The study intended measuring, improving separation cﬂ‘lcwn-.:.\' of some
and compare their efficiencies with conventional separators. The oil-water sep
wax achieved from the multiple regression models than the Bucking!
coeffivient of vorrelation of R=84.3% between the measured and calculated _
of the experimental results was cxplained

Cocflicient of determination showed that 71.0% of the variation

regression model. The operating variables of retention time, pressure were
prediction of separation efficiency in the physical model was possible through pressure
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nt quality from oil and gas processes sent to the
and Buckingham pi- model were used for the
d to examine, iIMprove pmduccd waler from oil and gas |ndu.~;_1r}.
fluent were studied like pressure and retention
physical models ina micro scale, calibrate. verity them
aration models reveal that better separation efficiency
ham pi-method. Verification of the r_nmllel also gave a gm;_d
separation efficiency at a significant level OfU._l.'j.;
by the developed multiple
major contributors to separation efficiency Thcrluforc. the
analysis of film drainage, film rupturing due to

caalesces and also from the developed multiple regression model than the Buckinghan pi method mode.

Kevwords— Pressure, concentration, flow rate, multiple regression, separation efficiency.

LINTRODUCTION
Produced water is the largest waste stream generated in oil and
gas industries. It is a mixture of different organic and inorganic
compounds (Ahmadu et al. 2009). American petroleum institute
has estimated that i 2012 that the average water to oil ratio was
10 barrels of water for every | barrel of oil produced with a daily
cost for water treatment reaching $125,000 in certain oil field
(Kelland. 2014). Modelling of oil-water separation might not be
new. However, a model may be seen as a description of a system
using mathematical concepts and language. Hence, this would
metaphor into a statement of an equality containing one or more
variables called equations. This study is expected to improve on
mathematical formulation describing oil-water separation due to
high cost of produced water treatment with chemicals. Model
equations were developed to calibrate and verified the physical
models based on Buckingham pi-method using dimensional
analysis and regression of nonlinear equation, However,
dimensional analysis offers a method for reducing complex
p'ﬂ}fr.l'.;‘u'] problems to simple form (Buckingham, 1914).Also,
dl.mur:.\,mnal analysis had been applied in the past in various fields
of human c;;drgwu;r(; [Iikc hydraulic, heat and mass transfer,

rocesses (somn, 2001) and ¢ v e i
II:")ﬁ}Jﬂhis study :mgh: E:l:!o L}]::I;“:;I :-'Lf““om" Ujol\éml'k'
s . planed liquid-liquid
separalion i a gravity vessel both
some physiochemical vaniables g ‘rljok T
achieved. the study would impart pusiltjivf:;,’z:?i:l,w', ].i this i
enefit ojl
industrices in terms of optimization of oi production, redy
pollution of receiving waters, produced water re-
design and cost reduction in terms of produced

and gas
ction in
injection,
waler treatmeny.
Utilities companies, wlalcr treatment entities including the
academia and the reading public, are nol left gy

. f as direct
beneliciaries of this study.

analytically and the effect of

1.1 Aim and Objectives

Mathematical modeling of multiphase oil-water separation. The
objectives were: To determine effects of the operating variables
such as, velocities, flow rates, pressures, detention time, sample
concentration, geometrical factors. To calibrate and verify the
models using experimental data.

2.0 Materials and Methods
A transparent model of a perpex glass was used for constructing
the vesscl for fluid flow studies, in which produced water from
hydrocarbon processes from one ofthe production field OML | 14
in Nigeria was used. The API gravity of the crude oil was about
28" AP, viscosity 1 x 107 Pa.s, density 700kg/m’, temperature of
44°c, Bs&w of 0.2% light crude at average operating condition.
The colour of crude oil from this field was brownish. About five
perpex glass horizontal separator models were constructed for
tha. research. They were all varies in length and width whilst the
height was kept constant. The internals like the weirs, batfles or
momentum breakers were kept constant in term of length, width
and height. ‘
These models operated at atmospheric pressure where
gauge pressure was assumed zero, The inflow into the vessel wus
a cuntmtlotns one. The stream of liquid from a model
reservoir/tank aided by foree of gravity impinges upon the balfle
(;l: rmmnuntum breaker inside the mudc!::.‘This momentum
e ot 1 Th pa o b
i iokiE o Lo as to dlhl\\'ct! free gas to break out of the
[’rt]un uj1 ix 11115:1::;\::. L(: I‘:k\i' iTl:]:r \ ] IU‘U .
) 1e uid und
“ln_’“’«IY- Some of the bafme pl
resistance 1o the Mluid flow

and to prevent the stream
Crgoing gravity separation
ates were perforated to provide
distribute the > and also functions as a manifold 0
ll;}WUvurL- : 1;' f:luw relatively, uniformly over its surfact:
the flow nt(,l ] .L tnlet where the momentum breaker was located:
i ”‘ It.dn be read Off through a meter (K24 Turbine flow
"¢ inletand the outlet of the models
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Separation efficiency is a funetion ol the following variables like
flow rate Q, sample concentration C, geometric factor L, B

The fluid flow rate, velocity, pressure And retention time were
also determined while a constant head was maintained using a
vﬂrinbh:' frequency drive control pump throughout the model density P, velocity V,retention time T, pressure Pete
simulation. . ) Separation Efficiency - €=€2 oo which iv.cquivnlcﬁlm €

In most of the reviews from the literature no sinple L2 C_t_l
studies have actually addressed oil-waler separation perfectly,
Endless efforts are till on-going in attending this teat | henee this
current study s intended 10 further inerease and expand
knowledge in improving oil-water separation eflicieney in terms
of rescarch methods, analysis and rescarch variables,

Fow researchers have explored the efieet of pressure in
oil-water separation, However, to date tar too little attention has
been paid W pressure as an important variable o oil-water
separation and in the design of oil-water separator though.there
still existsome uncertainty bothering on the relationship between
pressure and orl-water efficieney. Few studies have examined a
two phase otl-water separators, separation efficiency and
separator design. These authors Abdulkadir and Perez (2010),
Savda and Tavlor (2007) used complex mathematical-numerical

Henee

C; = f(CpQ.p;L;BaﬂaV-R)

The repeating variables are:
Geomelrie property cquals, length L. ; Fluid property equals,
density; Flow property equals, velocity V.
Number ol variables m-9. For dimension of cach variables, we
have as follows: Concentration C (ML™7), Flow rate Q (L37-1) .
Pressure P (ML™1T %) Density p(ML™?) Velocity V T4 Retention
Time R (T) The independent quantitics m=3, henee the number of
pi Golerms=9-3 = 6.

7 terms with (m + 1) variables

; O ; ; 1w, = L8t bipel L o 1
madels like CFD in modeling oil-water separation. Abdulkadir ' “pu 2 y [2)
and Perez (2010) attempted determining the effect of different ™27 I g ety 2
parameters like veloeity, droplet diameter will have on separator 7 = L%pPV<? « @ (3)
geometry. The physical experiment was designed in this study to my =L%4p™V* « P (4)
provide data in developing the model equations to simulate the  mg = L93p?*y5 « B (5)
physical phenomenon that occurs in the separators. ng = L38pPoYe 4 R ()
Henee for
c
my = L0 e (== (7)
P
. =l (®)
p

my =L7pV «Q

oy 5 ,_% (9)

Figure 1 : Shows oil-water separation models

; wg =L% WP (10)

The pressure analysis of the fluid was considered due to gravity.
The reservoir was marked at five different pressure levels: P1, P2, g =L"1pV0 « B 1)
P3 P4 and PS. The total depth of the reservoir was 0.5056 m, and
all pressure was marked at equal interval of 0.10112 m. The - B
pressure head increases as the depth of the ojl-water increases in - 6 = L°p°V°=R=R (12)
the reservoir (steel) and the reservoir was placed at a height of
about 4.36 m. _ ) . But (74, Wy, W3, W4, 75, 7wg) = 0
The pressures were analyzed using the hydrostatic expression i P st e

P =pgh.

P = Intensity of pressure (kN/m?) But

p = density of water (1000kg/m’) 1:1 =f

= i ity (9.81m/s”

}2; lalt_:celi.lcra;t:i)_n d-lf(m gravity ( ) a_ (& o s R)
2.1 Mode l-;t(;uatli(‘{lﬁlll;s?lll)g Buckingham Pi-Theorem . p \p LWV p?'L .

However a model was developed in order 1o calibrate :uuj verify & (&)n _Q_)“ (L)“ (E) R (13)
the models using Buckingham pi-method. In developing the 2 \p w ) @

model it was assumed that 4 relationship exist between sepumtlmn
ctficiency of a conventional separator and ‘thc sup:zr:nlm;}
efficiency of the models so constructed. By keeping pressure ats
constant, with inlet flow rate constant, the uutlull flow rate wais
observed to be equal to inlet flow rate while using m_n:lul the
models as a control. Analysis was carried out in dulcl'mmu!g l]_lc
inlet sample concentration and the outlet sample umcunlrullmll n
the models so as to determine the degree of separation. Applying
the MLT dimensional analysis approach ,using Buckinghams -

theorem, it states that an equation involving n' number of

physical variables which arc expressible in terms of '_k‘
independent fundamental physical quantities can bciuxprcfsscq in
terms of p = n-k dimensionless parameter. I.l is the formalization
of Rayleigh's method of dimensional analysis.

Ll.'.l_]’ = ﬂ,xt+ﬂ,x;+ ﬁ,x3+ﬂ414+3515+80 t+e

Where .
B is the ragression coef ficients

Taking natural log of both side olequation (L1)
1 a3 , P a3 B ad
A
In-; =In = LV V2 L
B
) () s minr) e e (19

In% =a, ln(;) +a; '“(fﬁ}

P
Let % Eh: x, = ln(?) x;=ln (_L_??) x,:—.‘ln(;:;).
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x,=ln ('I) xy =In(R)
Therefore equation (14) becomes

¥ = Bo+ Byxy + faxy+ Paxy + Buxe + PsXs (15)

The minimization of equation (15) yiclds

Yoyr= ey xite ) xnte S rimte ) nxt a ) nxs
Zy:,: n,Zx,x.M,in +c.Zx,x.+ n‘Zz;xﬂ-a, Zx,x.
Y yr=a ) xnt n,zx,x.n,zxi +a.Zx.x.+a.Zx,x.
S vre o Kkd oY rav b o ) rar ke ) xi+as ) Xy
Yoyms ) nnte ) unton) nrte ) rate ) 5

Substituting in equation (2.16) to (2.20), we have

331.279 = 259.569a, + 77.589a, — 129.9654a, + 77.590a, — 86.832a;
99.025 = 77.589q, + 23.192a; — 38.848a; + 23.193a, — 259550,
~165.906 = —129.965a, — 38.848a; + 65.2050, — 38.848a, + 43.542a
©9.027 = 77.5914q, + 23.1930, — 38.848a; +23.193a, — 25.955a,
—110.840 = —86.832a, — 25.9554a; + 43.542a; — 25.955q, — 66.206a,

259.569 77.589  -129.965 77.590 86.832 i
77.589 23.192 -38.848 23.193  -25955
-129.965 -38.848 65.205 -38.848 43.542
77.591 23.193 -38.848 23.193 -25.955
-86.832 -25.955  43.542 -25.955 -66‘206) L
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)

(16)
(17)
(18)
(19)
(20)
(21
(22)
(23)
(24)
(25)

\

a (331.279

a 99.025

a | =|-165906 (26)

as 99.027

a -110.840

)

The equation (25) is represented in a compact matrix form as equation (26).

{4} = lxi—2{y}rranman (27)

Hence using MATLAB in evaluating the maltrix, the coefficient
of the constant were obtained.

a, =3.098; a; = —6.423; a; = —0.250; g, = —0.0906; ag = 0.000

However substituting the coefficient in equation (25), we have
this model empirical equation.

(@@ ) @) @ eB)

L
~h423
=@ G

2.2 Model Equation using Regression Method

As already discussed in the literature, concerning some variables
known for enhancing oil- water separation, we developed another
modle equation since Equation(29) when used in verifying the
experimental data obtained, it separation efficiency felt below
those of the physical models. llence, the need for developing
another regression model became necessary.

E = (ACO1Q@ paiTe4L%%) (30)

€ ‘1)““

(29)

-0251 (B -00%6
L

Whered€ =¢,-¢3: C,, C, , AC , represent Influent concentration
(mg/l) , Effluent concentration{mg/l) and Change in
concentration (mg/l).

Qav = (Qu+ Q2)/2 G

1w pate(m /min); Outlet Flow
.2, T, and L represent Inlet Flow rate(m ] I i
r?tlc‘:(‘ﬁiqfr,ni 3 Prcs.‘stﬁ'c{l(wm'); Retention Time(min), Length of

Maodel{m)

Applying logarithin to equation (30) we have as follows;

InE =a;InAC +a;InQuy + a3 InP + ayInT + agInL (31)
Hence equation (31) is similar to equation (32)

Y=a,x; +a;x;+ a;3x3 + a,x4 + asxs (32)

Where
Y=InE x =InAC, x;=IQuy. x=InP, x,=InT, xs=li

If the least square form of equation (32) is minimized, then
following equations are obtained Eqn (33-37).

ErumsTonT s Sonen Sossen (33)
SrsaSunsnTdtaLomsaTomen Lo (34)
R T S I (35)
z"" "Z'“-"‘:Z'n.'ﬁz'-l-' -.E'!‘-.Zh\ {36]
TrmenZaninTancaTauewSin e 5 (37)

A total of 15data were obtained from each models A, B, C, Das
E at various pressure levels P5=33.822KN/M
P4=34 913KN/M’, P3=35.923KN/M", P2=36.924KN/M,
P1=37.715KN/M'.

Atotal of 75 data were obtained at pressure P5 for models Aw J|
lowever at low pressure PS, model A shown better separif’’
efliciency than others hence half of it first data was used 07
model calibration. The parameters were factored in accor o
with terms Eqn (33) to Eqn(37).

40451 = 012304, - 350274, + 3.22410, + 2.01860, + 0.63460; A
~121.4967 = ~3.59274, + 1081207, - 96 86084, - 60.8300a, — 19065724 {;H’-'
::ni::iz Tf*“t = 96.8608a, + 86,80303, + 54.4811a, + 17.08610s @l
+23/6 = 2.01864a, - 60.83 7 ;
214520 = g anec 080, + 54.4811c, + 342318, + 1072384 (42

a, — 19.0657a, + 17.0861a, + 34.2318a, + 3.3

=-14-



0.1230  -3.5927  3.2241 2.0186 0.634

-3.5927 108.1207 -96.8608 -60.8300  -19.0657
*‘ 3.2241 -96.8608 B86.8036  54.4811 17.086
2018  -60.8308 54.4811 342318 10.7238

0.6346 -19.0657 17.0861 34.2318 3.3631
~

The above is represented by a compact matrix form as Equation
(26).
The equation (26) resulted in a 5 x § matrix with five unknowns.
Solving Equation (26) using MATLAB P2007b vields the

following results for

a, =0.3422 .6, = —0.0260,a; = 0.8489,a, = 0.000 and ay = 1.8478
E = [AC=QEPOTL®

E= [ACn.uu Q:‘?.ozwpomo-r-ml_mn (44)
Equation (43) was obtained as a non-linear design model for the
prediction of the separation efficiency in the physical model. The
model was calibrated with the first 8 data out of the 16 data
obtained from model-A at pressure of 33.833kn/m’.

However, due to paltriness of empirical litcrature, the remaining

data was used in verifying the physical model.
Furthermore, the verification of the model gave a good coefficient
of correlation between the measured and the calculated

separation efficiencies.

Figure 2: Measur

3.0 Results and Discussions . .
The summary of the output of linear regression analysis between
the measured and calculated separation efficiency in the phys;cal
model of figure (3.1) using Spss software shows that caeﬂu”lmem
of correlation and coefficient of determination were 84.3% and
71.1%.Also standard error of estimate was 04 The prpdlctcd
values of separation efficiency Wcru_closcd to the cxpe;1n?f:ntznl
values. The coefficient of determination (R- Squared) show sllhat
71.0% of the variation of the experimental results was explained
by the developed model. Therefore the prediction of tEe
separation efficiency in the model was possible trflﬁ €
developed model as the coeflicient of vorrelation of 0.8 ‘31 was
adequate. The coefficient of correlation, regressed 5_041:3,1,
intercept and standard error obtained were 0.843,0.711, 1.

and 17.670.

tor was tied to inlet

4.0 Conclusion
lume, inlet

[Towever, separati
concentration, flow 1

on efficiency of a separd
ate, length, breath, pressure, Vo

velocity, relenlionamldensily.
- 15-
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Y \
a 4.0451
< ax $ 121.4967
> a - 108.8822 & (43)
a4 68.3376
as 21.
\ s ] | 14320’,

2.3 Statistical Evaluation of the Models

The performance indicator parameters of the developed models

included the standard error of estimate, coefficient oi‘corrclmioﬁ

and the coefficient of determination. Theories of regression

zl:r;zzlysis had been discussed in time past (Draper and Smith.
98).

The performance indicators are given in equations (45), (46) and

47).
LY - ¥oue)®
Sye = ’_'.v_“' (45)
This is called the standard error of estimate of Y on X. Where

Vo = Gg + 81X and N=number of sample.
ficient, r between Y and X is given

Correlation Coe
NExy - (EXEY)
by T APIINE Y - (LY (46)

Correlation of determination i is givenby

, _ explained variation _ LW, -7° (47

3= o SR O
total variation Yy - ¥)?

84.5 1 : .
; B4 L= y=0.8132x+15.441
Ez T e R? =0.7107
‘%%83.5 - * -
] E e ¢ MeasuredE |
¢ 83 1 I i .
R E e ¥ Linear (Measured E) |
§ w251 e |
82 - _ |
82 82.5 83 83.5 84 84.5 85 | |
Calculated Separation Efficiency(%) |
ed Separation Efficiency versus Calculated Separation Efficiency

However, separation Was also aided through mcchufnsm of
coalescence as a result of film drainage and film rupturing. "fht:
film drainage occurs due to fluid flow :m.d pressure gurdlen:lul
developed in the film. Also as the flow continues, _lhc inte Tkm:; ..
film between the droplets thins below some lcnucal Lhnn:h:
where it ruptures and the capillary pressure d:lffgrencf: L;l;:;:&rht‘
droplets to fuse into one droplet hcml'c enhancing sclpdfts vcr.mcd
model was calibrated with the first cight‘data set a’n.( ?:'mem .
with the remaining vight sel obtained from the r,:.jpu];\ L e
total of sixteen data sel from model el A

A, since nmo
w0 data 8¢ omother physical
better separation efficiency from other phys!

models.

The verification of the mode! gaved gu&u;i;(ﬁtlll: ::ir:t[ Lodr

lation of R=84.3% between the measurec "‘rhA palo e

E‘Un:‘fr'lf:i]:;n efficiency ata significant Jevel of U(UJ:\ r_{;;c‘:lrmmn

:)t;}:iel‘crmination (B squure} sh.o\.ﬂ:a‘i [T; i[nz!::i‘U|Z;;f L:hc developed

ik }?Lr:)Tg:in:LS;"lil.lzrl‘:ETIJSIIPn,'n.a\n.d slnpu:.i iil‘:’l:‘)rft:-pl
iﬁﬂ‘ndurtdtcrwroblaincd were 0. 43,0711, 15441 and L7

4 .

B e i



Therefore, the prediction of separation €
model was possible from the develope

fficicncy in the ph_ysical
d model concerning an

elfective separation.
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