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Abstract. The Intermittent Gas Lift (IGL) is an artificialfiimethod for petroleum production suitable for gwoing wells from
depleted or low productivity reservoirs. In orderenhance the well production, many variants ofctr@ventional IGL have been
developed and used worldwide. One of these varidhts Inverted IGL (IGL-1), consists of removingettgas lift valve and
reversing the flow paths inside the well: gas jsdted through the tubing whereas liquid is liftecough the casing annulus. The
oil production is believed to increase with the IGllue to the larger annulus storage capacityheekpense of higher injected gas
volumes. Despite of its potential for practical Bggtions, the IGL-1 has not been covered by tierditure. Aiming to surmount
such gap in the literature, this paper presem®ael for the dynamical behavior of the IGL-I wellhe complexity emerged from
the IGL-I cyclic operation is assessed throughnautaneous and coupled simulation scheme, compriginariable set of non-
linear algebraic equations and non-linear timeedéftial equations for the flow of oil and gas tighout the injection, transfer,
elevation, production, decompression and loadiagest of each cycle. The simulator provides thenemgiwith a valuable tool to
investigate the well behavior of several IGL cyclé&&ased on the observed results, the designer magoge practical
recommendations regarding the IGL-1 desigh and aijuer.
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1. Introduction

The Intermittent Gas-lift (IGL) is among the mosh@oyed systems for artificial lift of petroleumanticularly
when the reservoir is somewhat exhausted, sotthptéssure is not enough to provide a continuadspaofitable flow
of oil. There are different versions of this systenuse worldwide, and there is a continuous efferimprove it. One
of this versions is called Inverted Intermittentsdidt (IGL-1) — it consists in the inversion of éhflow of oil and gas
with respect to the conventional mode of operatuaring the IGL-I cycle, gas is injected inside tvell tubing,
displacing the oil, which is lifted through the Wehsing (the annular space between the well wadl the inner
centered tubing). The completion of the IGL-I does require a gas-lift valve (although one couldused); the flow
from the tubing into the annulus occurs througlogfice.

It is expected that the production of oil with l&-1 would be greater than that of the conventld@dL, thanks to
the larger capacity of the casing to store oil, parad to the volume of the tubing per unit lengththe same time, the
absence of a gas-lif valve means one less mechatguice to worry about, one less cause for failfr¢he system,
probably diminishing the need for well interventiofhe disadvantage of the IGL-I is its large conptiom of gas,
which may offset the gain in oil production.

Therefore, in order to accurately assess the ptivitycand profitability of the IGL-l, a numericaimulator is
needed to compute the IGL-l cycle, determining taély flow rates of oil and gas. To the best of thgthors
knowledge, after researching the literature andsatlimg world experts in the field of artificialfij there are not any
published previous works dealing with the IGL-lrramy available simulator. The present paper addsethis gap of
technological knowhow, proposing a method to mdaHeldynamical behaviour of the IGL-I cycles. Sorasults are
also presented, showing the behaviour of the IGL-I.

2. Literature Review

Clegget al (1993) presented an extensive overview of aifilift design considerations, comparison of melto
and their normal operating conditions. Chacin ()98iécussed the state of the art of the designGaf imethods,
presented a simplified algorithm for the calculatiof the production rate, and a procedure to sdteztbest IGL
method — according to his criteria, the one with gineater ratio of produced oil volume to gas itgdo/olume. Brown
and Jessen (1962), Brét al (1967), and Neelgt al (1974) did some experimental work on specifitdfi@stallations
of conventional IGL, establishing empirical rules the setting of the operational parameters. Altfiothey provide
useful guidelines, those rules lack in generalithite (1963) developed the first simple mathematiemtionships for
the conventional IGL and did experiments on laklmgainstallations. Machado (1988) developed a meistia model
coupling physical principles and empirical corriglas to calculate some variables of the IGL systeiao (1991)
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obtained theoretical results that showed good ageae with Brown, Brill and Neely. White (1982) caraded tests
with and without a plunger to demonstrate the rédnf liquid fallback in the plunger case. Moward Lea (1985)
used different plungers to study the effect of gemgeometry on the fallback. Chaah al. (1992) developed a
mechanistic model, introducing the empirical firginof Mower and Lea into the IGLP model. Brown dixsxd the
advantages of IGL with chamber for reservoirs wikv static head and low productivity index, and \pded a
simplified procedure to estimate the average flogspure at the bottom of the well. Winkler and C4a56) applied
the IGL with chamber to reservoirs of low staticatiebut high productivity index. Bardeja and Marigd®71)
discussed the principles that should be appligdganalysis of the IGL with chamber, optimizatafrthe method, and
listed results of field cases. Acevedo and Cord@@01) presented field experiments showing an asmeof oil
production and decrease of gas consumption. Théfpigas developed in one petroleum company sonawécently,
consequently very few publications exist. Lietaal (1993) developed a simulator to study the patdityiof this new
technique. Lima (1996) presented the working pples of the pig-lift, and argued in favor of itsvadtages over the
other IGL methods. Santos, Bordalo and AlhanatD{Q(resented the most comprehensive and detaibelgInfor the
simulation of the conventional IGL and also thengjer, chamber and pig versions, but they did neecthe IGL-I
case.

Although the present work is based on the modeéanftos et al (2001) for the dynamics of the IGlindludes
some original characteristics that make the siroulptoposed herein quite different. The most remale feature of
the new IGL-I simulator is that all the subsysteand its stages are computed in a coupled fashimnsimulating the
actual operation in real time of the IGL-I cycletlwihe stages occurring in parallel, while Santosl enade sequencial
calculations. In order to reach this goal, firbie simulator was built to compute the conventid@l cycle, using a
modification of Santos et al equations and empigyhe new coupled scheme, then it was configuresinmilate the
IGL-I cycle.

3. The IGL-1 System and the Proposed Model

Figure 1 describes the IGL-I cycle — the oil resérfeeds the well, filling the tubing and the c¢asi(1.a); at some
point gas is injected at the well-head throughttfieng, displacing the oil (1.b), and soon liftitige oil load, carrying it
up through the casing to the surface (1.c), wheie produced (1.d); next, the gas flows out of #wll (1.e), and
eventually, after the well pressure drops low emgtige reservoir will recharge the well with oilfjl so that the cycle
may be repeated.
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Figure 1. The IGL-I cycle: (a) loading; (b) injemti & transfer; (c) injection & elevation;
(d) injection & production; (e) decompression;d8compression & re-loading

The subsystems interacting are the oil reservbe, durface line, the well tubing, the well casimgl ahe well-
bottom. The connections between them are deschpdidw equations, which during the simulation dretated by the
status of the ports of these connections (for m=tawhether the valves are open or closed). lh sabsystem, the
fluids — oil and gas — are represented by contohlmes, governed by the mass and momentum balafdces.of non-
linear ordinary temporal differential equationssarfrom this model. The model is completed withtheoset of non-
linear algebraic equations for the valves’ flow,and gas’ head loss, gas density etc.

During the simulation, the computer code continlypukecks the values of the governing variables thedstatus
of the connections between the subsystems. Inwhig as valves open and close, or when pressutatelc or
whenever some crucial event occurs, the set oftemsais modified on the run to represent adequatet state of
affairs.

The full set of equations is too extensive to bespnted here, as well as the whole complex schemedify them
as needed for each stage along the IGL-I cycle.chDmeplete inner workings of the simulator have beescribed in a
previous paper concerning the conventional IGL y@lwo and Bordalo, 2003), as part of the first stepuilding the
computer code for the IGL-I. In the present texlydhe main features are shown.
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The general form of the set of equations is givgrEuation 1, wher& andF are the functions of vector of
variablesY discriminated in Table 1, whild must be referred to Carvalho and Bordalo (2004).
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Table 1.E andF functions that comprise the set of equations for the IlGL-
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Legend — Variabled:, logic flags for the states of flow connectioms, mass flow ratey, flow
velocity, A, cross-sectional area of the flog, fluid density,P, pressuref, viscous stressS,
perimeter of viscous actiorg, gravity accelerationh, length of a fluid bodyK, head-loss
coefficient, V, volume, z, height above the perforation zor&, compressibility factory, film
thickness. First subscripts: g, gas, |, liquidfilin, t, tubing, ¢, casing, s, slug body, b, gasijoo
Second subscripts: ¢, casing, t, tubing, 2, bownjéction valve, v, gas-lift valve, P, production
valve, R, reservoir.

One important feature of the proposed model isirtbkision of the fallback of liquid left behind fmothe liquid
slug in the form of an oil film around the gas digrithe elevation stage. This means that not albthmitially at the
bottom of the well will reach the surface and bedoiced after each cycle.

The daily production correlates with the volumeoibfinside the well but it also depends on the f@esumber of
cycles executed per day, therefore the periodeeoftages of the cycle add up to affect adverbelynet productivity.
For instance, a larger liquid load means moreoobé produced, but it takes more time to rechargenell; also, more
gas injected allows for more oil production, buiikes more time to decompress the system. Thendsde learned is
that there is nothing obvious or straightforwardtlive design of the operation of the IGL cycles. Tdimum
operational points must be determined by runnirggdimulator for the prevailing reservoir propertssl depletion
condition, fluid properties and well geometry.

The reservoir and fluid parameters are fixed byimgtwhile the well geometry does not permit a Rafitude of
control. Apart from these governing parametersaliguhe engineer is left with two variables undhés control — the
cycle period and the injection period, which carabpusted at the motor valve’s timer. Accordinghese are the main
variables under the focus of the present work.
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4. Results of the Simulation

The following results were drawn from simulationseofictitious well, configured with properties thelosely
resemble a real onshore well (Table 2). At thistimere is a lack of empirical data on IGL-I, bu results reported
for this simulator (Carvalho and Bordalo, 2003) evéirly good when applied to the conventional 1@hd also there
was a close match to the calculations of Sant@d. &ince both the conventional IGL and the IGLr¢ governed by
the same equations, which are modeled in the eseante fashion, it is reasonable to use the simutatoompare the
performances of this two systems to each other.

Table 2. Main characteristics of the case undelyaisa

Parameter Value
average depth of the well perforations 1500 m
internal diameter of the casing (nominal) 127 mmy/£5n)
internal diameter of the tubing (nominal) 50.8 nih3/gin)
orifice diameter 25.4 mm
depth of the orifice 1475 m
surface line pressure 686 kPa
reservoir pressure 7.22 MPa
productivity index of the reservoir 15°.MPa
surface temperature 6
underground thermal gradient 3B/km
relative density of the oil to water (API degree) .876 (30)
relative density of the gas to air 0.7
water fraction 50%
injection pressure of the gas 6.86 MPa

For the plots showing the behavior of a single rignsetup, the cycle and injection periods are 2080d 150 s,
respectively. In the comparison of the IGL-I to ttenventional IGL, the following data was usedtfwe gas-lift valve
(GLV): depth of the GLV — 1475 m, dome pressuréhattest rack — 4.8 MPa, port diameter — 11 mn, fpobellows
area ratio — 0.2.

Figure 2.a presents the behaviour of the liquidinad produced per cycle from the reserkgit and at the surface
Vipe, as well as the liquid fallback; while Figure 2itsplays the injected gas volume per cycle andgteto-liquid
ratio (IGLR). There is a start up transient aftérich the cycles become steady, i.e., they repeandklves. Therefore
any experimental procedure must await to gathea datil the steady cycles are reached; data frameashot cycle
should not be used to draw generic conclusions.
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Figure 2. Transient behaviour

Figure 3.a presents a typical schedule for theesta§ a IGL-I, where the simultaneity of some staigeclearly
observed, justifying the need for the coupled s@heifithe proposed simulator. Figure 3.b displaygpécal pressure
record for steady cycles, similar to the ones tzeat be obtained in the fieldRy is the pressure in the tubing at the
well-head, downstream of the motor valve (contabve); P, is the pressure output delivered by the well @astr of
the surface production line. The injection and aegession are easily noted on the top plot, whiéegroduction peak
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appears on the bottom plot. These pressure chatsammon diagnosis tools for the engineer and astrhave”
feature of the simulator; also they may be usedmutigecking the physical modeling against experialedata.
Figure 3.c is an important operational map gendrhtethe simulator, indicating the timer settingattwill guarantee
stable cycles — shaded area. A timer setting isve@fby the pair {,,ce tinj ), respectively the cycle period and the
injection period. Unstable operations may occur dmensufficient IGLR to elevate the liquid loady ¢o the
breakthrough of gas across the body of the liqlid.sBoth events can be predicted with the simulatbhe sample
IGL-I cycle presented in this paper is represeitgthe dot in Figure 3.c — corresponding to (200069 s).
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Figure 3. Stages’ schedule for the IG-I (a); pressignature (b); operation map (c).

Figure 4 shows the levels of liquid in the casingif blue) and tubingz; in red) above the position of the orifice
(zy) during the recharge of the well by the reserfmirone timer setup zis measured with respect to the perforation
zone. The lower level of liquid in the tubing, diwethe compressed gas above it, leads to a léteadtion of the total
volume load; although this is seldom significahtnay become relevant for tubings of larger diamete

1(8)
Figure 4. Well loading.
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Figure 5. Liquid load (ajdgproduced liquid volume (b).

Figure 5 presents the variation of the Idnda) and the produced liquid volurifg. (b) as a function of the timer
setup, indicating the control sensitivity on thendis of the well operator. In Figure 5.a, it is bisithe effect of the
higher volume of injected gas whég increases — it causes an increase in the bottdengnessure that reduces the
inflow from the reservoir and, consequently, reduttee load. It is also clear that increasigge. allows for more time
to recharge the well, generating a larger load.
The results on Figure 5.b are a consequence dhiwack (Figure 6.a), which express the effectiedd of the
liquid loads of Figure 5.a. In order to produce vh&les displayed on Figure 5.b, a certain amotigas is required as
input (the IGLR is plotted on Figure 6.b), whiclpresents a cost to be deducted from the profit vdadeulating the
actual gain. The complexity of the impact of theawics of th IGL-1 system on such important ecormwariables is
difficult to assess without the help of the simiglat as it is evident from these graphs. Usuahgre are conflicting
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trends caused by different parameters — a sorugfof-war, with outcomes that lean toward the opppsides
depending on the values of the parameters; sotra parameter alone has the upper hand absolutely.
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The liquid daily production is obtained multiplyitige produced volume per cycle by the daily cyake rwhich is
inverse to the total cycle period, resulting in thieves shown in Figure 7.a, that have points ofimam. To the left of
the maximum, the well operates with more shorterlesy producing smaller volumes, while to the rightloe
maximum, the well produces larger volumes per chcieoperates with fewer longer cycles. When tlie@enty and
cheap available gas, the field manager may con#idéhis priority is the optimization of the pradion. In such case,
the field engineer must strive for the maximum p®ion Figure 7.a, hinted by the results of the fatou. When the
cost of gas is an issue, the simulator also helplse determination of the economic gain (Figul®.7Although a more
general equation is employed by the proposed altgoyia simpler example will suffice for the saketld argument.
Neglecting the cost of treatment and disposinghefwater, the gaiG may be expressed by Equation 2, in units of
equivalent volume of oil (thus avoiding the infleenof eventual fluctuations on the price of oig,afunction of the
IGOR (injected gas-oil ratio Ry), the specific revenue of the oil (in any ‘refetermonetary unit’ per volume L),
the specific cost of gas (in the same ‘referencaeatary unit’ per volume €g), and the oil daily productiogy,.

* _ Cg
G =Uop 1_L_Rigo 2)
o
(@)
68 ;
20¢ 1
661 1
151 1
64l ] _
=
% § 101 b
T 62r 1 )
g;‘ ilE 5_ -
o GO ;i O 80s 1 ]
W E—a90s
— 100s : a1 |
S8t L—B25s ] 7 150
¥—7 150 s 3 S
e -5F C,/L,=10 175 |
l *—% 2005 ] L e
1000 1500 2000 2500 3000 3500 4000 1000 1500 2000 2500 3000 3500 4000

(s lyete (8)

yele

Figure 7. IGL-I — daily liquid productiog, (a) and daily gais (b).

In Figure 7.b, an example of gain calculation isveh for a rate of oil to gas equivalence of 100@atume — a
reasonable assumption in some petroleum provint8sazil. It is interesting to notice the differeaptima for each
priority: for instance, witt, = 200 s, the optiméll,qe iS about 2000 s at approximately 65.9dvof liquid (with an
effective gain of 11 fid of oil), if the priority is production, but itngs to around 3500 s at 6F/dh(less production)
with a gain of 19 rfid, if the priority is shifted to the profit. Ondke simulator computes the flow variables, a post-
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processing module can generate as many differemo@gic scenarios as required, without recalculatibthe cycles.
Variations ofCy/L, have a remarkable effect on Figure 7.b (Carvalim Bordalo, 2004), leading to different timer
settings to provide the best economic operationtp@ine should also take heed of the possibilitpexfative gain. The
post-processing module may quickly aid in suchsssents.

Other variations may be studied with the help ef phoposed model; for the sake of examples, Fi§yeesents a
short study on the effect of the tubing diamé2e 8.a) and the injection pressure of the Bas(8.b) on the volume
produced per cycl¥,.. For tubings with a diameter smaller than the roglj the fallback in the casing reduces the
produced volume, while for broader tubings theagercapacity of the casing is smaller, thus, redutie load. An
increase in the energy of the injected gas (highgrimparts greater acceleration and speed to thedlisiug, with a
favorable effect on the fallback; but this trends@mewhat limited buy the negative effect on tlee @f the slug,
because of the increase in the bottom-hole presisatacts against the reservoir inflow.
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Figure 8. Sudies regarding the sensitivity to th#rtg diameter (a)
and to the injection pressure of the gas (b).

As mentioned before, the same model applies tadhgentional IGL, therefore, many tests may betoutcompare
both methods for the same well-reservoir field ¢bod. An example is shown in Figure 9, similarty Eigure 7 — in
this particular instance, better results are obthinom the IGL-I; however, this is not a genetdér The engineer must
compare these methods for each case in questing the simulator. Sometimes small differences ifigpmance may
arise, which, under the existing uncertainties, lkawt be enough to discriminate between the twaiesys. When
such technical ties happen, other criteria of sieleavill come into play to settle the question.
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Figure 9. Conventional IGL — daily liquid produatiqy, (a) and daily gails (b).

5. Concluding Remarks

The simulation results show that the IGL-I may ioy® oil production at the expense of higher voluofasjected
gas, when compared with the IGL. The required 1G&RIs to increase due to a higher fallback whedidjuéd flows
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through the casing annulus. Nevertheless, it seélatsin many cases, the large capacity of thengasdmpensates for
the gas input with an oil output that pays off.

It is of paramount importance to address the optation of the timer setup of the motor valve, ttilsghe trade-
off between the volume produced per cycle anddte af cycles, in order to maximize production aing

The general modeling scheme designed for the iftterm gas-lift systems was successfully adaptedtlie
inverted intermitent gas-lift (IGL-1), and a couglsimulator was built for both the IGL-I and thengentional IGL.
The model was shown to be sturdy and reliable aftening a great number of cases with differentigalfor the
configuration parameters. The simulator provedawéry usefull for the study of the dynamics of itmermittent gas-
lift systems, for the diagnosis of the operaticarg] for the optimization of the operational setinghe simulator may
also be employed as part of a decision proceskerselection of the most adequate artificial lifstem for a field
application. The modularity and flexibility of thmodel and the simulator is a valuable asset fofuiisre use as an
engineering assistance tool. The present work neagxtended to other versions of intermittent gislistems. The
physical model and the basic algorithm is in pullienain, therefore, lending the present work tohterr improvement
by any interested agents; only a specific realiratf the model as a computer code would becom®@epy of the
programmer or its rightfull owner.

As a final note of caution, it is strongly recomrded that carefull experiments should be perfornwdbbth
systems, IGL-I and conventional IGL, to furtherigate the model and to improve the empirical catiehs.
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