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Abstract. The mechanistic models reported in the literatardescribe the dynamics of the Conventional Intieemt Gas Lift (IGL)
usually divide its operating cycle into five seqtighand self-contained stages: injection, elevatfroduction, decompression and
loading, restricting the system analysis to a kahitange of operational conditions where such hiehas expected to happen.
Evolving from those models, this paper proposesva approach for the IGL simulation, where the \eelte system is divided into
two subsystems — comprising the well casing andptduction tubing — coupled with the oil reservaird the surface facilities
throughout the entire IGL operating cycle, accogdia the proper boundary conditions and some sp&aiations. This scheme
extends the simulation capabilities to a wide raofgeperational conditions, including the off-desigperation. In some cases, the
simulation results show that some stages are insfawltaneous and that considerable deviation filoensequntial operation may
occur due to out-of-phase coupling. The coupledeseh for the IGL simulation improves the represémmabf the system
dynamics, providing a valuable tool for the praetif the field engineer.
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1. Introduction

The intermittent gas lift (IGL) is a well-known ditial lift method used in the petroleum industy produce oil
wells when the reservoir is rather depleted opitsuctivity is too low to justify the utilizatioof a higher producing
method. A high-pressure gas supply is used in Gletb provide the supplement of energy necessatifttthe well
liquids up to the surface. This method is ablertdpce within a wide range of flow rates and igipatarly suitable to
situations where the gas is available at low codt@an be dispensed to well clusters.

The IGL has some important variants, most of thairyf covered by the literature, but only the comienal
arrangement will be considered here. A typical I&sisted well assembly is shown in Fig. (1) is i& vertical well
with the well casing and the inner production tgpiffthe casing annulus is sealed by a paekeve the perforation
section, forming a storage chamber for the higlsguee gas injected at the surface through the nvatee, usually
operated in connection with a time controller (F@)cyclic injection of gas according to predefirsat points.
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Figure 1. A typical IGL-assisted well assembly (Kiek-off valves were intentionally omitted).

A gas-lift (GL) valve is located at some depth nimgr bottom of the annular space to permit theagmiof gas and
control its subsequent expansion into the tubingnduhe lift process. Two or more GL valves canused for multi-
point injection of the gas into the tubing, tougle tonventional IGL generally uses only the lowsst in the normal
operation. There is also a check valve at the botibthe tubing to prevent the reverse influx ofiliguids into the
reservoir formation. As one may notice, the IGListesl well has the same down-hole equipment asaohénuous
gas-lift, used for more productive wells, so bottinods are interchangeable with a few minor moalifons.
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The design and operation of the IGL must satiséyrdquirement of profitable production — namely hirghest oil
production with a minimum gas consumption, thus ileeessity for understanding the complex IGL bedrathat
emerges from its cyclic nature. In fact, the ir@éfncy and other problems attributed to B& may result from wrong
design considerations or operation mistakes rather from the method itself, leading to erroneoasigions in the
field management and a consequent reduction ofpibuction profitability. Those situations clearsfress the
importance of assessing the IGL behavior.

The early works of Brown and Jessen (1962), Whitale(1963), Brill et al. (1967) and Neely et &.973)
described the IGL cycle through measurements ottdstis and field wells. The cycle was divided iatmumber of
stages, but the analysis was concentrated moshenift process. The slug-flow pattern was obserdedng the
upward travel of the liquid. The expanding gas vi@amd to penetrate the slug of liquid above, appdyewith a
constant velocity, resulting on a so-called fallbatliquid into the gas phase — in the form ofglats and as a film on
the tubing wall. Important conclusions about theokery efficiency of théGL were drawn relative to the effects of the
GL-valve port size — it should be as large as praktand relative to thikquid fallback — greater recovery are achieved
increasing the amount of gas injected per cycle.

Semi-empirical models were derived to predict spar@meters of the IGL behavior. Despite the sintyliEnd the
adequacy of such models for handy calculationst mbthem are based on results recorded just ®ffitst cycle of
the IGL operation, still under influence of tramdieeffects. Indeed, they lack generality and leadatfragmented
analysis of the IGL behavior, since some aspecits afycle remain unexposed.

Machado (1988) and Liao (1991) shifted the IGL mimdetowards the application of the conservatiowdaof
mechanics. The later author developed a compreleenstchanistic model for the entire IGL cycle, atiteg results in
good agreement with former experimental woks. ldated the IGL cycle as a sequence of 4 self-caedagtages: lift
of the slug of liquid in the tubing, production thie slug at the surface, production of liquid byr@nment and slug
regeneration; deriving a complete set of ordinalffeential equations for each one. The stages veimaulated
standalone through an iterative numerical proced@feerwards, Santos et al. (2001) extended the’kianodeling
approach to other variants of theL: with a chamber, with aideal plunger and with a "pig"; also including thas
injection stage into the simulation.

Such an approach is expected to be more reliablesbmi-empirical models since it is mainly grouhda general
laws of physics. However, the mechanistic modei$ Istck extensive field adjustment and validatioand its
sophistication level reduces its applicability foactical field calculations (Chacin, 1994). Adalital concern regards
the division of the IGL cycle into sequential stagsince this pattern is supposed to exist onlg limited range of
operational conditions. In fact, some of the degucstages can superpose one another dependingeoatiopal
parameters such as injection time and cycle p&rledding to quite different results for the IGLtcame. Attempting
to overcome the aforementioned drawbacks, thisrpagsents a new IGL model suited for coupled amiléaneous
simulation of the entire IGL cycle.

2. Modeling of the IGL cycle

A new IGL model was developed based on Santos’sharestic model, introducing special features tonpea
coupled and simultaneous simulation of the IGL ey€&lor simplicity, as the well overall performanesults from the
combined individual performances of the oil resarvthe well bore and the surface facilities syserte present
model focused on the well bore, while the behawfdhe other two systems was assumed as statissime boundary
conditions.

The well bore was split into 2 subsystems — conmgithe casing annulus and the production tubiagé-the IGL
cycle divided into 5 stages: injection, elevatiggrpduction, decompression and loading. Those stdrsgs are
connected to each other and to the other systeimsgh valves and lines, so they can mutually imtetlaroughout the
entire operating cycle, according to proper boupdamnditions. Depending on the subsystem, one or digtinct
phases (liquid or gas) may flow within it. Each plas represented by a control volume over whiehcttnservative
mass and momentum balances are applied. Constitrglations are also needed to accomplish the ig&ear of the
physical phenomena, such as state equations fogasas and correlations for fluid properties,tivic factors, and
mass flow rates through the valves.

From the IGL modeling emerges a complete set of@%pled time-dependent ordinary differential argehtaic
equations, written in a general form as:

dE; (v
—ét( )—Fj(Y)zo; Y(t,)=Y,: j=1...1 (1)
G (Y)=0; k=1+1...,n (n=25 @)

whereY is the vector of unknown variablgsin Tab. (A.1) of Appendix A, an#, F andG are the real functions shown
in Tab. (A.2-3). In addition, certain initial conditionmsust be known in advance to make the solution of Eq.(@3iple.

! Injection time is the time that the surface matalve stands open for injection of gas into thémgrannulus, and the cycle period
is the time elapsed between two consecutive opsrufithe surface motor valve.



The current model introduces two remarkable improvemertetiormer mechanistic models:

- The film dynamics is determined by the momentum bafaateng the entire IGL cycle, rather than by an
empirical linear relation in terms of the slug velocity dgrthe elevation and production stages;

- The same balance equations are valid throughout the entireyi€&k due to the special functions that control
the participation and the form of such equations duringithalation.

The special functions are logical expressions of integer flejsassume the values 0 or 1 according to the ongoing
stage of the IGL cycle and the action of the valves, mattindGL model suitable for simultaneous simulation. The
way thespecial functions work along the IGL cycle simulation Ww#l explained in the next section.

3. Simultaneous and coupled simulation scheme

The mixed IGL equation set must be solved at every time-gtepighout the entire operation of the well, to
simulate the IGL's dynamic behavior. In the course ofsihmulation, however, specific events in the IGL operation
may lead to changes in the behavior of participating variathles,letting some equations to be modified or completely
removed from the simulation. Yet another equations can Hedatb keep both the physical and the mathematical
consistency of the model. Furthermore, due to the cyclicaafithe IGL's behavior, it is often necessary to simualate
few cycles until a stationary regime is eventually reachedthe cycles repeat themselves without noticeable changes
on the IGL outputs.

Such a complexity requires a robust but simple simultametmulation scheme to perform successfully. The
adopted scheme treats the IGL's dynamic behavior as a sesiescebding stationary states that evolve in time due to
small perturbations in the overall system. The ordinarfemiftial equations are made discrete in time through an
implicit finite difference method, and the resulting noreéin algebraic equation set has to be solved by an iterative
numerical procedure.g. the Newton-Raphson method, for each time-step. The dyr&midation moves forward in
time using the solution from one time-step as the irggaldition for the next step of the simulation.

Departing from the sequential scheme of previous auth@sattiables and equations concerning the 3 subsystems
are not definedh priori for a single stage, but interactively settled across tiypiog stage of the IGL cycle. This
scheme permits to identify and simulate situations whereutment stages are taking place. For each time-step, the
simulator checks the status of the integer flags, Tab. 8 Appendix B, to determine what variables and equations are
active, Tab(B.2-5), so the special functions can shape the fotine dalance equations before they are passed to the
solver. Another concern regarding to the solver is the ngryiumber of variables and equations throughout the
simulation. As fewer variables and equations remain activegficient matrix of the Newton-Raphson simultaneous
equation system tends to become sparse, impinging a compatdiurden for the solution procedure. To surmount
this shortcoming, the solution procedure is carried oth e aid of auxiliary vectors used to store only the active
elements of the system, thus eliminating the zero-elenoémite original coefficient matrix. Such a procedure becomes
interesting in face of the huge number of iterations to biermeed during the entire simulation.

4. Applications of the simultaneous and coupled simulation scheme

To scrutinize the main features of the simultaneous andexbgpnulation scheme, three typical cases of practical
IGL application are considered. An IGL-assisted vertical oill \Wgl= 139.7 mm (5 1/2 in) is perforated Hi,, =
1500 m — and produces 30° API oil with 50% of waterdlume by the injection of gad; = 0.7 atPy; = 7.85 Mpa. The
well fluids are lifted against a wellhead pressu;g+686.7 kPa through the production tubiig= 60.3 mm (2 3/8 in).

A check valve is located at bottom of the tubing and one anbatl and nitrogen-charged GL-valve is positioned 20 m
above the check valve. The GL-valve geometry is resumed to theasiceR = 0.26 and the seat diameg = 12.5
mm (1/2 in). For simplicity, the well packer is assumeldat the GL-valve depth.

The well is equipped with a time-controlled motor valve atdtrface so the injection time and the cycle period can
be adjusted to control the IGL outcome according to researar operational conditions for each case, shown in
Tab. (1).

Table 1. Reservoir and operational conditions for the simutztseés.

Case Pl hs/ HWh h|i /hs on / Pto ng tinj Atcycle
(m¥d/MPa)  (-) @) () (MPa) (s) (s)
#1: lowPl andPg 5 0.3 0.5 1.8 4.74640.0 3,600.0
#2: lowPIl and highPg 5 0.7 0.3 1.6 5.54560.0 1,920.0
#3: highPI and lowPg 20 0.3 0.5 1.8 4.74640.0 1,300.0

2 New correlations are also used to evaluate the friction factmrding to the two-phase flow relative motion.



The reservoir static pressuPg and the initial load of liquidh; are determined from the ratios between the static
heighthy and the perforation depth,., and the desired fraction bf to be lifted per cycle, respectively. The gas-
charge of the GL-valve dome is establishedhhythe geometry of the valve and the opening casing-tubinguyres
ratio P,o/Py, that acts on both sides of the valve just before it opEns.three cases were simulated through the
simultaneous and coupled scheme for 26,000 s and 0.&-sti@p. Despite of the numerical technique to be sensitive to
the initial guesses, those simulations performed quigkty without convergence problems, attesting the robustiiess
the present scheme. In all cases, only the results for @ansaticycle were considered for analysis.

Observing the results for case #1, Fig. (2.a), one can sabeH&L cycle becomes almost stationary after the third
cycle has been accomplished, when the volume of oil produdkd atirface matches the volume fed by the reservoir,
and the liquid fallback stabilizes at 14.3 %. Such transiehavior reinforces the belief that calculations based on the
former semi-empirical models should be considered carefirtige shey are based on first-cycle results.

The presence of fallback during the lift process is evidemc€&iy.(2.b). As the slug is lifted, its length — mesesi
by the difference between the positions of the top of igzsland the top of the gas cage- is progressively reduced
due to the loss of liquid to the film on the tubing walhce the liquid entrainment into the gas core is not deresil in
the present model. Fallback is speeded-up over the acceleratiodspat the very beginning of the elevation and
during the production stage, specially this one, due é¢ogtieater inertia of liquid. Although the gas core and slug
velocities are not constant, the velocity of the gas penetrationthe slug remains almost unchanged along those
periods, as observed in the former experimental works.

The sequence of stages of the IGL cycle can be visualized thtbegction of three valves that connect the IGL
subsystems in Fig. (2.c). Thirty-six seconds after #® igjection has begun — the motor valve status is "oifie— t
pressures acting on the GL valve. the gas pressure at the casing $tdeand the hydrostatic pressure due to the
liquid load at the tubing sid®;, reach thé,,/Py, ratio, see Fig. (2.d), and the valve opens — the GL-vadtessis "on"

— beginning the elevation stage. The tubing pressure bakwiug builds up quickly and starts to decrease as soon as
the gas injection ceases — the motor valve status is "di#.JL-valve remains open unil, becomes equal tBy,,
and then is closed —the GL-valve status is "off" — beftgeend of the production stage.

After producing the slug, an additional volume of Idjis also produced through the film dragged by the gas core,
in the beginning of the decompression stage. In case i8lydlume was around 2.0 % of the total amount of dqui
produced and somewhat compensates the neglected productioghtliquid entrainment. The IGL outcome for case
#1 is shown in Fig. (2.e), resulting in 0.26 m3 (1) f oil per cycle with an injected gas-oil ratio IGOR520
m3/m3.
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Figure 2. Simultaneous and coupled IGL simulation re$oitsase #1: a) oil production and liquid fallback for salver
IGL cycles; b) positions of slug and gas core tops,stungllength during elevation and production; c) action
of the valves for a stationary IGL cycle; d) pressures adinipe GL valve for a stationary IGL cycle; and e)
gas consumption and oil production for several IGL cycles.



Other important observation regards to the behavior oflieek-valve. There was a time lag between the opening
of GL-valve and the time the check-valve closes — the chaldestatus is "off" — early in the elevation stage. Within
this interval, the reservoir static pressure was sufficeelkeep the check-valve open and to feed oil into the well. The
volume of oil fed during the period that the GL-valve reradinpen was incorporated to the film on the tubing wall. As
Py, decreases, the pressure difference across the check-valve kept ¢hepealv- the check-valve status is "on" — still
during the elevation stage, allowing the reservoir formatagproduce into the well.

After the closure of the GL-valve, the liquid fed by the resierliegun to accumulate at the bottom of the tubing
string, restoring the liquid load to be lifted in the nEXL cycle. The falling filmof liquid also led to a faster build up
of the liquid load. Hence, the loading stage was superposéte televation and the subsequent stages. Such IGL
behavior could not be evidenced by the previous sequentialasiom schemes.

For case #2, a stabilization pattern was observed similaclgs® #1. Once more superposing stages occurred in the
IGL cycle. The GL-valve closed early in the decompression siadeating that an excessive amount of gas was
injected on the current cycle, and the check-valve remainel thpoughout the entire cycle due to the high pressure of
the oil reservoir. The size of the lifting slug increasesyaarthe elevation stage, because of the incorporation of the
falling film from the previous cycle, thus leading to a derdlllback and a bettéGOR as shown in Tab. (2).

The higherPI in case #3 resulted in a smaller cycle period for the IGle 3dme observations for case #1 —
regarding the stabilization and sequence of stages — holdar#8atowever, the fallback was smaller than in case #1,
see Tab. (2). As the operational parameters for both cases aa@ntbe except the cycle period, the smaller fallback
indicates that the IGL outcome can be optimized for economicahtigethrough careful adjustment of its parameters
— the cycle period and injection time.

Table 2. The IGL outcome for the simulated cases.

Case Vop IGOR Fallback
(m3) (m#/m?3) (%)
#1 0.26 520.0 14.3
#2 0.40 498.4 8.2
#3 0.29 480.0 9.2

Although some of the features observed in the simultanea@liscupled simulation may be regarded as off-design
IGL operation, they are likely to occur in the real fieldgiice and must be considered consciously in the design and
operation of the IGL wells.

5. Conclusion

This paper presented a new simultaneous and coupled scherie fdynamic simulation of IGL operations
through a mechanistic model. Such scheme accounts for thpeedmperation of two interconnected subsystems — the
casing annulus and the producing tubing — that interabt thé oil reservoir and the surface facilities throughbat t
entire IGL cycle to produce the well liquids. Improvemertgarding the momentum balance over the liquid film on the
tubing wall and the use of special functions to contrelttBhavior of model equation set through the entire IGLecycl
were introduced to extertle simulation capabilities over a wider range of operationalittonsl

Typical IGL applications for different combinations of reséryarameters Pl andPg — revealed that some of the
IGL stages are simultaneous rather than sequential, depemdthg adjustment of the cycle period and injection time.
Such a departure from the sequential scheme may lead to diffeseiits concerning the IGL outcome and its optimal
point of operation. Nevertheless, efforts must be directedlidate the IGL model against experimental and field data.

The simultaneous and coupled scheme may also be extendéentdGit variants as well, resulting on a valuable
tool for the practitioner engine#y design IGL systems and to analyse their performanceléthdperation.
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Appendix A. Equation set of the | GL model

Table A.1. Variables of the IGL model.

[ Yi Description

1 ch Average density of gas inside the casing annulus

2 Pyct Density of gas at the top of casing annulus

3 Pyc2 Density of gas at the bottom of casing annulus

4 Pyt Pressure of gas at the top of casing annulus

5 Pyc2 Pressure of gas at the bottom of casing annulus

6 ch Average compressibility factor of gas inside the casing annulus
7 Mg Mass flow rate of gas through the motor valve

8 ,Bgt Average density of the gas core inside the tubing

9 Pgi1 Density at the bottom of gas core inside the tubing

10 Pat1 Pressure at the bottom of gas core inside the tubing

11 Zy Compressibility factor at the bottom of gas core insidduhbing
12 Pgt2 Density of gas at the top of gas core inside the tubing

13 Pat2 Pressure at the top of gas core inside the tubing

14 Zyo Compressibility factor at the top of gas core inside thengubi
15 Zix2 Elevation of the top of gas core inside the tubing

16 Vit Velocity of the top of gas core inside the tubing

17 Y¢ Average thickness of the liquid film on the tubing wall

18 Zgip Elevation of the top of liquid film on the tubing wall

19 Vg Average velocity of liquid film on the tubing wall

20 Zgo Elevation of the top of slug inside the tubing

21 Vg Average velocity of slug inside the tubing

22 Ziio Elevation of the top of liquid load inside the tubing

23 Vit Average velocity of the liquid load inside the tubing

24 Mg, Mass flow rate of gas through the GL valve

25 Mg Mass flow rate of liquid from reservoir into the well bore

Table A.2. Ordinary differential equations of the IGL model.

E(Y) F(Y)

PycVe Lahg; — Lomyg, (1.1)
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Table A.3. Algebraic equations and closure relatiofithe IGL model.
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Appendix B. Controlsfor the ssmultaneous and coupled simulation scheme

Table B.1. Logical flagsl() and operators for simulation control.

i L
Motor valve control
Gas-Lift valve control
Check valve control
Elevation stage control
Production stage control
Decompression stage control
Loading stage control
C-or C-and - -not

N o o0k WODN B

Table B.2. Controls for motor valve during IGL opton.

Status Condition Var’s, Eq's & Flags

open  t>(ny ~LAtigo Var.7,Eq.(2.6) L, = 1

Closed t= (ninj _1)Atciclo +Atinj Ll =0

Table B.3. Controls for GL valve during IGL opeasti

Status Condition Var’s, Eq's & Flags

Py —RRy —
Open Py, >9"1_— Var.24, Eq.(2.16)L, =1
Closed  Py2 <Py L, =0

Table B.4. Controls for check valve during IGL ogi@yn.

Status Condition Var's, EQ's & Flags
Open Pr+p0zy >Ry Var.25, Eq.(2.15)L; =1
Closed Prt+p10zy <Ry L;=0

Table B.5. Simulation procedure for IGL model.

Stage Start End Var's, Eq's & Flags
Injection motor valve opens motor valve closes V& Eq.(1.1),
Eq.(2.1-5)L; =1
Elevation GL valve opens The top of the slug Var.8-21; Eq.(1.2-7),

reaches the well head

Eq.(2.7-14)L,= 1,
Le=L,=0

Production The top of the slug The base of the slug Var.8-19,21; Eq.(1.2-6),
reaches the well head reaches the well head Eq.(2.7-14)L,=0,
L5 =1
Decompression The base of the slug  The average gas pressur&ar.8-11,16-17,19;

reaches the well head into the tubing becomes Eq.(1.2-3), Eq.(2.7-8,10,

equal to the wellhead
pressure

Loading GL valve closes while  GL valve opens for
check valve stands open another IGL cycle

12,14)Ls = 0,Ls = 1

Var. 22-23; Eq.(1.8-9);
L7 =1






