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Abstract—Oil production facilities exhibit complex and  and has provided satisfactory results for such equipment as
challenging dynamic behavior. A dynamic mathematical mod-  flash tanks and distillation columns [2]. The basic equations
eling study was done to address the tasks of design, control i, tnis approach are used to describe the material balances,

and optimization of such facilities. The focus of this paper is - : o -
on the three-phase separator, where each phase’s dynamics equilibrium relations, the composition summation equa

are modeled. The hydrodynamics of liquid-liquid separation tions, and the enthalpy equations. Nonequilibrium models
are modeled based on the American Petroleum Institute have been developed to describe real physical separation

design criteria. Given some simplifying assumptions, the oil processes; other modeling approaches were also considered
and gas phases’ dynamic behaviors are modeled assuming sych as the computational model, the collocation model,

vapor-liquid phase equilibrium at the oil surface. In order to and the bubble residence contact time model [3]
validate the developed mathematical model, an oil production ’

facility simulation was designed and implemented based on . . . ,
such models. The simulation model consists of a two-phase  Historically, the hydrodynamics of the separator's aque-
separator followed by a three-phase separator. An upset in the ous part have been modeled using complex mathematical-
oil component of the incoming oil-well stream is introduced numerical models, which describe the coalescence and
to analyze its effect of the different process variables and gettling of oil droplets in oil-water dispersions. Such models
produced oil quality. The simulation results demonstrate the oy into account separator dimensions, flow rates, fluid
sophistication of the model in spite of its simplicity. . . . . . L
physical properties, fluid quality and drop size distribution.
The output of these models is the quality of the output
. INTRODUCTION oil [4]. Other models, which describe the kinetics of low

. . . S Reynolds number coalescence of oil droplets in water-
The function of an oil production facility is to separate theOil dispersions. have been develoned to give the volumes
oil well stream into three components or “phases” (oil, gas P S P 9

fgl eseparated continuous-phase and coalesced drops [5]. A

and water), and process these phases into some marketa putational fluid dynamic (CFD) model was developed

products or dispose of them in an environmentally accep}- .
. . “ - 10 model the hydrodynamics of a three-phase separator,
able manner. In mechanical devices called “separators”, g

S . . . ;

is flashed from the liquids and “free water” is separateg_lased on the.t!me averaging of _Nawe_r-stokes equ_atlons for

: . ree phases; it takes into consideration the non-ideal flow

from the oil. These steps remove enough light hydrocarborasue to inlet/outlets and internal equipment for separation
to produce a stable crude oil with the volatility (i.e., vapor u ' équip P N

ressure) to meet sales criteria. Separators are classified” nganceme_n t[6]. Th_e altematwe_ pa_lth _model approach”,
b s which exploits the residence time distribution (RTD) of both

two-phase” if they separate gas from the total liquid stream.I and aqueous phases in three-phase separators, was de-

. ” . . . |
and “three-phase” if they also separate the liquid stream m%%oped to give a quantitative description of hydrodynamics

its crude oil and water components. The gas that is separat; %4 mixing in the aqueous phase [7]. Powers [8] extended

is compressed and treated for sales [1]. Modeling SUC{ e Ameri%an Petroclleum Inztitute (AiDI) ravity separator

facilities has become very crucial for controller design, fault, " . o : 9 y Sep
design criteria to design free-water knockout vessels for

detection and isolation, process optimization, and dynam Ctter capacity and performance. Powers showed that the

simulation. In this paper, we chus on three—.phase graV|t)_(P| design criteria can handle nonideal flow by performing
separators as they form the main processes in the upstream

petroleum industry, and have a significant economic impagtractlcal RTD experiments.

on produced oil quality. . This paper extends the API static design criteria to
Three-phase separators have rich and complex dynam- . :

. . ; .~ model the hydrodynamics of three phase separators, which
ics, which span from hydrodynamics to thermodynamics . . .
rgsults in a simpler modeling approach. Furthermore, a

and conservation laws. Many modeling techniques an |rrnsple phase equilibrium model is developed to model the

approaches have been useq to model three-phase separa Rer'modynamic aspects of the separator. We describe the
As far as the thermodynamics aspects of the separator are

; . .operation of gravity three-phase separators in section 2. A
concerned (i.e., the oil and gas phases), many modelin . .
i ; namic model of the separator is developed for each phase
approaches have been suggested in the literature. The pha

e . i :
equilibrium modeling approach have been used for 50 ye In. Section 3, where it can be used to estimate the steady

ar . .

(Rate flows and to study the separator behavior during other
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[I. THREE-PHASE GRAVITY SEPARATION PROCESS of such phenomena, we are going to focus on the hydro-
DESCRIPTION dynamic separation of oil droplets entrained in the aqueous

Three-phase separators are designed to separate andpltg}S(a and the thermodynamic separation of gas and light

move the free water from the mixture of crude oil and Watelljydrocarbons from the oil phase. This decision is justified

Figure 1 is a schematic of a three phase horizontal separatk8)¥. the fact .that t.he water washing process minimizes t.he
ater entrained in the oil phase. Furthermore, preceding

The fluid enters the separator and hits an inlet diverte\‘\.’avit separation processes minimize the amounts of das
This sudden change in momentum does the initial gros%r y Sep P 9

separation of liquid and vapor. In most designs, the inle(?ntramed in the main stream.

diverter contains a downcomer that directs the liquid flow Figure 2 _|IIustrate_s th_e simplified separation process,
. . . . . where an oil-well fluid with molar flowF;,, and gas, oil,
below the oil /water interface. This forces the inlet mixture . .
. oo . - _and water molar fractions,, Z,, Z,, respectively enters
of oil and water to mix with the water continuous phase (i.e, .
e separator. The hydrocarbon component of the fluid

aqueous phase) in the bottom of the vessel and rise to tsg arates into two parts: the first stredfn, separates b
oil /water interface. This process is called “water-washing”; b parts, P y

) . ravity and enters the oil phase, and the second stiégm
it promotes the coalescence of water droplets which a . : .
stays in the agueous phase due to incomplete separation.

entrained in the oil continuous phase. The inlet diverte‘:he liquid discharae from the aqueous phak is
assures that little gas is carried with the liquid and assures q g q Phase...

o g ; : a combination of the dumped water stredryy plus the
that the liquid is not injected above the gas/oil or oil /water nseparated hydrocarbon stredf,. The gas component

interface, which would mix the liquid retained in the vesse}J i .
. . e In the separated hydrocarbon stream, which enters the oil
and make control of the oil /water interface difficult.

Some of the gas flows over the inlet diverter and theﬁhase' separates into two parts; the first gas strégm

horizontally through the gravity settling section above theaShes out of the oil phase due to the pressure drop in the
liquid. As t)rlle as?lows thgrou gthis se?:tion small drops 0§eparator, and the second gas strggmstays dissolved in
quic. 9 g ' PS %he oil phase. The oil dischargg, ,, from the separator

liquid that were entrained in the gas and not separated b : he oil £ ih d hvd b
the inlet diverter are separated out by gravity and fall to th ntains the o component of the separated hydrocarbon
and the dissolved gas componédr. The flashed gas

gas-liquid interface. Some of the drops are of such a sm :
diameter that they are not easily separated in the gravity’>* flows out of the separator for further processing.

settling section. Before the gas leaves the vessel it passes
through a coalescing section or mist extractor to coalesce
and remove them before the gas leaves the vessel.
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We model the dynamics of each phase of the separa-

Water tor in the subsequent sections, to simplify the modeling
process. Additionally, some simplifying assumptions have
to be made. The separation processes are assumed to be
isothermal in all phases of the separatot @i °F'. We also
Fig. 1: Three phase horizontal separator schematic. assume that the flow pattern in the liquid phases is plug
flow, especially in the aqueous phase. Furthermore, the oil
droplets in the aqueous phase have a uniform droplet size
distribution with a diameter ofl,, = 500 micron. The oil
droplets’ rising velocities are assumed to obey Stokes’ law.
We model the equilibrium thermodynamics phenomenon

When the hydrocarbon fluid stream enters a three-phasader the assumption that Raoult’s law is valid. We assume
separator, two distinctive phenomena take place. The firgiat only one light hydrocarbon gas flashes out the oil phase
phenomenon is fluid dynamic, which is characterized binto the gas phase, namely methane. Methane in the vapor
the gravity separation of oil and water droplets entraineghase is also assumed to be an ideal gas (i.e., the ideal gas
in the aqueous and the oil phases respectively, the gravigw applies). Finally, there is liquid-vapor equilibrium at
separation of gas bubbles entrained in the stream, and te oil surface and liquid-liquid equilibrium at the water-oil
gravity separation of liquid droplets which are dispersed imterface.
the gas phase. The second phenomenon is thermodynamic,
in the sense that some light hydrocarbons and gas solutin The aqueous phase
flash out the oil phase and reach a state of equilibrium due In order to model the aqueous phase of the separator, we
to the pressure drop in the separator. Due to the complexiwyill follow the API static design criteria under the usual

Water Out

Ill. THREE PHASE GRAVITY SEPARATOR
MATHEMATICAL MODELING



simplifying assumptions. The API specification permitdn figure 3. However, our model must also be valid for off-
hydrocarbon droplets (i.e., oil and dissolved light gas) ofiominal values. This is complicated at higher flow values,
design diameter to rise from the bottom of the separator &ince we can no longer achieve complete separation. Let
the surface during the water retention period, as illustratags assume that the water outfldé,,; has increased by a

in figure 3. A hydrocarbon droplet located on the cylindewalue of AF,,,; due to a corresponding increase in inflow.
bottom has the greatest distance to traverse to the oil-wafEnis will result in an increase im;, to v, + Av, and an
interface. Therefore, modeling the oil separation hydrodyangle change of the longest path of a traversing hydrocarbon
namics based on removal of this droplet would ensure rekoplet from® to ®; < ®. Figure 4 illustrates the concept
moval of all others of the same or larger diameter. Given thef virtually extending the tanko that complete separation
simplifying assumptions, the traversing hydrocarbon dropletould be achieved af.;, = L + AL, although this is

on its path to the oil-water interface is subjected to a verticdictional. Assuming that the design parametér., h, 6}
rising velocity component,, governed by Stokes’ law, and remain the same, as shown in figure 4, we have:

a horizontal velocity component, governed by the plug

flow pattern of the aqueous phase. The vertical velocity (o0 4500
component is estimated from Stokes’ law by equation (1): ®, = tan ! % u v @
h
— d; Ly = hcot(®y)
vy = 1.7886 x 10-013Cn = SCu)dn, )
Haw We have to make a simplifying assumption in order to

where SG},, SG,, are the specific gravities of the hydro-estimate the volume fraction of unseparated hydrocarhon,
carbon droplets and water, respectively, is the droplet As shown in figure 5 (top), we assume that the unseparated
diameter in microns, ang,, is the water viscosity irCP  oil droplets in the aqueous phase form a “tail” extending
at 100 °F. The horizontal velocity component is estimatednto the virtual separator extension, as also shown by
from the aqueous phase retentionigs= L /7, where L ~ dashed lines in figure 5 (bottom, labelled S3) that undergoes
is the length of the separator and= V,,.; / Fwa: is the turbulent flow and exits with the water. The accuracy of this
retention time of the agueous phasg;,; is the volume of assumption is, of course, dependent upon the geometry of
the aqueous phase, anl,; is the water outflow. The level the tank and structure of the water and oil outlets.

of the oil-water interfaceh is determined from equations

(2): , Trritiiii@Gasiiiict

Ac = Vwat/L Oil droplets
2 2 . in water
= R“0 — 0.5R"sin(26)
h = R(1—cos(9)) @ O\t e
where A, is the cross-sectional area of the aqueous phase, L1
R is the separator radius amdis the angle which defines Fig. 4: Ol separation hydrodynamics under high water
the circle sector of the cross sectional arka The angle outflow condition

® of the longest droplet path to the oil-water interface can

be estimated from equation (3): Under this assumption, region S3 in the bottom fig-

v ure represents the volume of the unseparated hydrocarbon
¢ =tan" — ®)  fluid Vs3. It can be seen from figure 5 that region S3
is the difference between the hydrocarbon fluid volume
in the virtual separator (represented by region 91y,

/Q' S iighgr e \ and the hydrocarbon fluid volume in the actual separator,
LN W M Vso (represented by region S2). The volurig; can be
iy oil \ calculated as the difference between the volume of the
°‘;;’;;;V cylindrical segment defined by the parametéts L, 6}
e / c and the cylindrical wedge parameterized fy, L, ®,},
s R as in equation (5):
Water leat "
L 9 . 3sinf — 30 cos — sin® @
Fig. 3: Oil separation hydrodynamics under normal V1 = R7L1{0 = 0.55in(20) — 3(1 — cosf) ;
operation conditions (5)

Furthermore, again referring to figure 5, the voluig
The design parameter§A,, h, 0, @} of the aqueous can be estimated as the difference between the volume of
phase will take their nominal values under normal operatintpe cylindrical segment parameterized gy, L, 6} and the
conditions of the three-phase separator, i.e., for the nominglindrical wedge parameterized Hy,, 61, L, ®;}, as in
value of F,,,; which leads to complete separation, as shownquation (6):



3sinf; — 36, cosh; — sin® 0,

VSQ = RQL{e_OE) Sln(29)_ 3(1 — COS 01)

}
(6)

where the virtual oil-water interfacg; and anglef, are
defined by equations (7):

phase volume; andyy,_ , is the water discharge volumetric
outflow.

B. The oil phase

In order to model the thermodynamic phenomenon in the
oil phase, we first do the flash calculations to estimate the
amounts of gas which will flash out of solution. Since we
assumed that ideal phase equilibrium state is valid, then by

ha = Ltan(®y) L applying Raoult's law we can tell how much methane will
6, = cos '(1— i) (7) stay entrained in the oil phase. Raoult’s law relates the vapor
R pressure of components to the composition of the solution.
Consequently, we can estimate the unseparated hydroCgfis can be formulated mathematically as®? = P,
bon fluid volume fractiore from equation (8): wherey; is the mole fraction of the component i in the vapor
| _ Ve I s L phasex; is the mole fraction of component i in the liquid
e = { Vs1 1 (8) phase,P is the total pressure of the vapor phase (i.e., the
0 else separator working pressure), aij, is the vapor pressure
of component [9], [10].
.......................... \ Since we have only one flashing light hydrocarbon (i.e.,
TTLiiiiiiGas il \ v methane), this implies that the mole fraction of methane
oil | i in the vapor phase ig = 1, and that the mole fraction
71 of methane entrained in the liquid phaseis= P/P,.
i O ! Given the composition{Z,1, Z,1} of the separated hy-
/ b= /= drocarbon strean¥},;, we can estimate the amounts of
o1 Water ot AFwa’,:’ flashing methané), and dissolved methane in the oil phase
o F4. The oil discharge flowF,, ,, can also be estimated

Oil droplets
in water

L1

Fig. 5: Unseparated hydrocarbon fluid volume under high

water outflow condition

Having estimated the unseparated hydrocarbon fluid vol-

ume fractions, we can calculate the separated and unsep
rated volumetric flow components of the hydrocarbon flui
Fy1,, Fre, respectively. Finally we can write the dynamic

material balance of the aqueous phase by using equatiofﬁ

(9), after we convert the molar flows to volumetric flows:

e(Zy + Zo) Fip Muwy,

F =
Plo 62.435G),
(1 - 5)(Zg + Zo)FinMwh
Fra, =
v 62.435G),
Zoy Fiy My,
F = Zwome W gy
Wout 62.435G,, "
deat Fi’nMwin
= " Py —F 9
dt 62.438Gy I Wew ~ T, )
where {Mwp,, Mw,,, Mw;,} are the hydrocarbon,
water, and incoming mixture molecular weights;

{SG},, SG, SG;,} are the hydrocarbon, water, and
incoming mixture specific gravitiest,,.; is the aqueous

along with its average molecular weighittw,; and its
specific gravitySG,;. The complete dynamic model of the
oil phase, which is given by equations (10), can be then
formulated by taking the material balance:

Foo = (1—-2)ZpFn
Foo = aZgFm

Foout Fo + Fg2

dNoil

= Fy—F, —F,

dt h1 gl out

Muw,y = xMwy+ (1 —z)Mw,

eMwgNoy + (1 — ) MwoNoy
5Gor xMwg Noit (I—2) MwoNoit (10)
sG, T SG,

/here N,;; is the number of liquid moles in the oil phase;
» Is the molar oil component in the oil discharge flow
wir AMwy, Mw,} are the gas and oil molecular weights;
d{SG,, SG,} are the gas and oil specific gravities.

C. The gas phase

Given the ideal gas law assumption, the gas phase of the
separator is modeled by taking the material balance. We can
estimate the gas pressufeby applying the ideal gas law,
as described by equations (11):

dNgas
# = Fgl - Fgout
M .
Voil _ wolel
62.435G 1
Vgas = Vsep_vwat_voil
Nyos RT
p = NooBT (11)

‘/g(lS



where Ng,s is the number of gas moles in the gaswater. In order to demonstrate the dynamic behavior of the
phase;Fy, ., is the gas molar outflow from the separator;separators, the oil content of the incoming stream has been
{Voit, Vgas, Vsept are the volumes of the oil phase, gasncreased linearly by tholes /sebetween the time instants
phase, and separator respectively;is the universal gas ¢; = 150 secandt; = 250 secof the simulation time.
constant; and’ is the absolute separator temperature.  Figure 7 portrays this change in the incoming stream flow
and in its molar composition; the oil mole fraction increased
IV. SEPARATOR MODEL VALIDATION while the water and gas mole fractions decreased.
Having obtained the dynamic model of the three-phass Liquid inflow Incoming fuid gas mole fraction
gravity separator, we design a simulation model whick ” oo
emulates an oil production facility to validate the model ar 0224
behavior under several scenarios. The simulation mods
basically consists of three processes, as depicted in figu
6. The first is a two-phase separator in which hydrocarboi
fluids from oil wells are separated into two phases (gas 255 0212
oil + water) to remove as much light hydrocarbon gases a 021
possible. The separator is #3ong and has a diameter of 5 o e 00 o e E
ft. The two-phase separator model was developed based
the models of the oil and gas phases of the three-phase se . Incoming fluid oil mole fraction ., Incoming fluid water mole fraction
arator. That is, we have modeled only the thermodynami 015
phenomenon of gas flashing out the liquid phase. The liqui ot
produced is then pumped to the three-phase separator (i.
the second process), where water and solids are separal  ~: 087
from oil. The oil produced is then pumped out and sold tc 01 0es
refineries and petrochemical plants if it meets the require: 00
specifications. The three-phase separator has length of €
ft and a diameter of 4.8. Flashed light and medium gases O e " M ™
from the separation processes are sent to a gas scrubt
where medium hydrocarbon and other liquid remnants are
separated from gas and sent back for further treatment.

Produced gas s then compressed by a compressor (i.e., th‘?I"he ramp increase in the oil component of the incoming

third process) and pumped out for sales. The third process L .
model was not included in the simulation model for theStream caused the liquid volume and gas pressure in the
sake of simplicity two-phase separator to peak to 1f67and 630PSI respec-

The two separation processes in the simulation model argely’ as shown in figure 8. The two Pl control loops of

controlled to maintain the operating point at its nomina he_ two-phase separator ir_lterveneql to correct such operating
value, and to minimize the effect of disturbances on thgo!nt errors by mgnlpu_latlng the liquid and gas outflows.
produced oil quality. As shown in figure 6, the first separa- his operating pomt disturbance took approximately 300
tion process is controlled by two PI controller loops. In th (_-:‘cto be totally rejected l_)y the separator control sysFem.
first loop, the liquid level is maintained by manipulating the igure 8 also reveals the difference be'twe'en the dynamics of
liquid outflow valve. The second loop controls the pressur e two phases of the separator. The liquid phase has slower

inside the two-phase separator by manipulating the amou namics than the gas phase dynamics, i.e., the pressure

of gas discharge. The second separation process has thre% nges fast(_ar t_han the liquid vol_ume. Itis interesting to no-
controller loops. An interface level PI controller maintains cc th"’.lt the liquid moIar_ outflow mcmased_by’rﬁnlgs/sep
which is the same applied change in the incoming stream.

the height of the oil/water interface by manipulating the_ . ; L -
water dump valve, while the oil level is controlled by th%“hlifsrigigi;cogr?vﬁtﬁuvilr:?éhoﬁr;tzfegggl(? f?é%ciju;eig; :(e)rms

Fi“ (mole/sec)

26 0.216

3
3

Fig. 7: Incoming hydrocarbon fluid and its molar
composition

second PI controller through the oil discharge valve. Th N ’ . .
vessel pressure is maintained constant by the third Pl loo 5.'3 API. The qua_ll_lty change can be verified by plotting
e molar composition of the liquids produced, as shown
in figure 9. The oil mole fraction of the produced liquid
V. SIMULATION RESULTS increased, while the mole fractions of dissolved gas and
The two-phase separator process operates at a liquihter decreased.
phase volume of 146t> and working pressure of 625 Although the incoming stream upset was rejected and
PSI In contrast, the three-phase separator operates at waterrected in the two-phase separator, the resulting change in
phase volume of 77.8°, oil phase volume of 46.8%, and the quantity and quality of the produced liquid transmitted
working pressure of 200PSI The working temperatures the upset to the three-phase separator and other downstream
of the two separation processes a@)°F. The facility processes. As portrayed in figure 10, the upsets in the
processes hydrocarbon streams of 2518es /sedrom oil  separator process variables did not have much impact, as
wells under pressure of 190BSL The incoming stream the three PI control loops corrected such an upset. Given the
has mole fractions 0£2.61% gas,7.79% oil, and 69.6% difference between the three phases’ dynamics (i.e., the fast
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Fig. 8: Two-phase separator process variables change  Fig. 9: Two-phase separator liquid discharge molar
during the incoming stream upset composition

gas phase dynamics compared to the two liquid phases), theAlthough the volume loss of oil is slight (around6%),
upsets are rejected in approximatélyp seconds. However, it represents a major economic loss of approximately $50
two main events should be noticed; the first event is thmillion per year at current prices. On the other hand, the
slight increase in the water discharge molar flow. Thiseparator did compensate for the incoming fluid upset by
can be attributed to inefficiency in the gravity separatioincreasing the produced oil outflow, as illustrated in figure
hydrodynamics, which implies that some oil could not bel0. The second interesting event is the decrease in the
separated and was discharged with water. We can verify tHiashed gas amounts (i.e., gas outflow) due to the quality
event by plotting the volumetric composition of the dumpedhange in the incoming fluid stream. This can be verified
water (“ISt phase”), as shown by the top plots in figureby plotting the molar composition of the produced oil,
11. The dumped water volumetric composition reveals thas shown in the bottom plots of figure 11. While the oll
some amounts of unseparated oil has been lost. mole fraction in the produced oil increased, the dissolved



gas mole fraction decreased. This simulation study demote its statics. The oil and gas phases’ dynamic behaviors
strated the sophistication of the three-phase separator modegére modeled assuming vapor-liquid phase thermodynamic
in spite of its simplicity. Not only did the model addressequilibrium at the oil surface.

the quantity dynamics of separator process variables, butAn oil production facility simulation was designed based

the quality of the produced oil and water also.
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Fig. 10: Three-phase separator process variables chan

during the incoming stream upset
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Fig. 11: Three-phase separator produced water and oil 1

compositions

VI. CONCLUSIONS

600

600

on such model, in order to test and validate the developed
mathematical model. The simulation model consisted of
a two-phase separator followed by a three-phase model.
The separation processes were controlled by Pl control
loops to maintain the operating point at its nominal value.
An upset in the oil component of the incoming oil-well
stream was introduced to analyze its effect of the different
process variables and produced oil quality. The simulation
results proved the sophistication of the model in spite of
its simplicity. Furthermore, this study demonstrated the
challenging task of modeling and controlling oil and gas
production facilities, and that more work has to be done to
develop higher fidelity models.
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