WO 96/07813 PCT/GB95/02079

GAS LIFT FLOW CONTROL DEVICE

The present.inféntion relates to a gas lift flow -
control device for injectihg gas inﬁo.the production étridé
6f a subterranean well utilizing,gaS'lift equipment and
te;hniques to gnhance-the flow of liqﬁids from a geological
formation. _ ' _ ' - _ _

_ " In prqducing liquids, including water, oil, and
0il with entrained gas, from a geological formation. natural
_pfessure in the reservoir acts to lift the liquids in a
wellbore upwar@s-to the surface. The reservoir pressure
must exceed the h?d:ostatic head of the fluid in the
wellbore and any back-pressure imposed by the production
facilities at the surface for the well to produce naturally. 
The reservoir pressure can decliné'over time, requiring
artificial steps to imptove 1ift. One éommonly known
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method of augmenting lift is to inject g'as into the production

str:..ng, or tublng, to decrease the dens:.ty of the fluid, thereby

| decireasing the hydrostat:.c head to allow the reservoir pressure ,'

to act more favorably on the fluids to be lifted to the .surface.

.Thin gas injection is usually accomplished by forcing gas down

the annulus between the production tubing, ‘which con"ductls

reservoir fluids to the surface, and the casing of the well.
Then the gas is constrained to. flow through a gas flow control

dev:.ce at a predetermined depth into the production tubing. The

gas bubbles mix with the reservoir fluids, thus reducing the

overall density of the mixtnre and improving 1ift.

_Alternatively,_ gas and/or relatively less dense fluids from

another formation penetrated by the wellbore can be constrained

to flow 1nto the product:.on tub:.ng to decrease the overall

densiity 'of the fluids to be produced from the well. Th:.s
procedure, commo: 1y referred to as autol:.ft:.ng, uses format:.on
fluids (gas or lizht hydrocarbon llqua.ds) from another formation

having a formation pressure greater than the formation from_ which

the liquids to be lifted are produced. Thus, instead of

compressing gas at the surface and injecting the gas down the

casing of the well to the flow c_ontroll de_v:i_.'ce', another formation
hav:'.n.g' sufficiently higher pressure is isolated to'v':here the gae
| and/or. less. dense | fluid from the isol_ated formation ' is
cons:trained to flow down the annul_ns between the casing and' the

procluction 'tubing ,' through the flow_' control device, and into the

prociuction tubing, thereby reducing the overall. den_s':i'.'ty' of the

mixture in the production _tubing and proiridi_n_g lift.
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.Thére are ﬁwo_tyges of_gaé flow control devices commonly
employed tO'cohﬁrol the injected gas into the éroduction tubing,
namely gas lift valves and orificé valves. Gas lift valves are
" normally closed in a biased position wherebx a movable stem is .
forced upon.a matching seat to close the gas lift valve and
‘prevent the flow of injécted gas therethrough. On the o;he:
" hand, orifice valves have no moving pérts other thén a check
valve to prevent reverselflow_therethrough. Therefore, orifice
valves are.simply.opén'ﬁo flow of injecﬁionjgas,-but are closed
to flow in the opposite direction. | |

Gas lift vélves are used as unloading valves at differeht _
locatian'thrpughout'the well, and may also be used té-cpﬁt:ol
-the injection of the gas at.the most optimum point of injection;.
Ofifice valves are used to control injection gas rateslinto_the
production-tubing At the optimum point of injection.  In certain
' éituations, gas lift valves are sometimeé considered less.
desirable  because of their;,expéhse and because of . their
construction, né.mely f.he stem and seat arrangement, obstruc;s gas
flow. an orifiée valve overcomes both of these objections; and,
therefore, is often emplgyed'ét :hé optimum point of injection.
The valve that is installed.at.thg optimum point of injection is
 commonly called the operating valve.: - |
| _F]..ow_in'_stabilit:y is a common p:rfoblem existing in wells which |
employ continuous-flow gas lift. Flow instébility'results;in (1{
large fluctuations in the production flow rate,: (2) large'
fluctuations in the. Qas 'ipjeCtion rate, = and (3) large
fluctuations in the pressure of both the tubing and Casing.

Understanding the influence that the gas flow control device has
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on.flowiinStability is crucial to underStanding the present
invention. | | .

"Flow instability in a”continuousfflow gas 1ift-well can be
.characterized as a cyclic process. As the: gas injection'rate'"
through the gas flow control device begins to increase, the
derSity of the fluid in the production tubing string decreases,l
which, in turn, results in more reserVOir fluid entering the
wellbore. ' This portion of the cycle continues and accelerates
until the pressure in the annulus drops,li.e., the supply of'-
injection gas in the annulus diminishes;_ The pressure drop in.
the annulus results in a decrease in the pressure differential
across the gas flow control device and, thus, a decrease in the
rate of gas injection through the gas flow control -device and
“into the production tubing. As a result of the decrease in the
gas injection rate through:the gas'flow control device,'the-
denSity of the fluid in the tubing string increases, causing the
prcduction pressure, or downstream;pressure, to increase, which
in turn, results in less reserVOir fluid entering the wellbore.
This part of the  cycle continues-until the pressure in thei
annulus increases suffiCiently'tO'where the rate of gas injection
_through the gas flow control deVice once again increases.
The differential pressure across the gas flow control deVice"
- is defined as the difference between the injection-pressure and
the production pressure; The difterential pressure'can also be
'l_i_Sted as a percentage of the injection pressure. In thi_s-
'context,'the injection.pressure_is also referred to as“either the
upstream Or'casing'pressure,iand the production.pressure is also

referred to as either the tubing or downstream pressure.



WO 96[07813 . T ‘ ~ PCT/GB95/02079
_ 5

Flow_instability in continuous-flow gas lift_wells occurs
where'the.gas-flow control device allows the gas'injection rate
through the deVice to fluctuate as a function of the production,
or downstream, pressure. The gas inJection rate through a prior'
art square- edged orifice gas flow control dev1ce fluctuates as'
a the production, or downstream, pressure fluctuates.

| Choking at the flowline downstream from the production
.tubing string is the accepted industry practice that is used to
lessen the effect of the above mentioned factors which cause flow
instability. Choking typically increases the average flow;ng
bottom hole pressure in the tubing to be higher than deSired
This, in turn, reduces the rate of fluid that is produced from_'
the reservoir. gTo compensate for flowline choking, more gas-
'injection is required. This increase'in gas injection-adversely
affects the efficiency of the gas lift operation because of the
increase in 1ifting costs and.the inefficient use of injection
gas. | | |

Fluctuations 'in. the bottcmi hole tubing pressure cause
fluctuations in the rates of gas flowing through the flow control

device; i.e., with large bottom hole tubing pressure.decreases,
the gas injection rate through;the flow'control device increases.
This phenomena is largely'uncontrollable and.unpredictable using
existing gas flow control devices.

The aforementioned fluctuations in tubing'pressure may also
result in problems at the surface. For 1nstance, segregatedl
flows of ocil and gas mixtures can be forced up . the production
tubing to the surface, resulting in severe pressure surges

throughout the tubing and within the surface equipment. This
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phenomena is commonly referred to as slugging When the
secregated fluids from the well reach.the production facility'and'
enter the first stage separator, the particular 1nstantaneous.l
flcw rate, or surge, of liquids may exceed the flow capacity of
the separator, cau51ng 1iquid carryover into the gas lines. This |
car lead to repeated costly shut downs and loss of revenue- from'_
all wells leading into that particular faCility | _

" The average bottom- hole flow:.ng pressure :Ln the tubing
during unstable flow is s;gnificantly higher than during stable
flow. During slugging, the bottom-hole flowing pressure in the
tubing increases due_to the higherpdensity fluid present in the
tubing string The pressure increase is further aggravated by
the prior art flow control device because it passes less gas as
the bottom~hole flow:.ng pressure in the tubing 1ncreases thereby '
providing less.gas_into the tubing. |

Accordingly,-there is a need to provide a gas flow cantrol
device which increases the production rate of, and stabilizes the
flow of production from, a continuous flow gas lift well.

There is a further'need to achieve 1mproved.performance w1th.
bota an improved orifice valve and an improved gas lift valve _
tha: are used as gas flow control deVices. | |

There is a further'need.to provade a gas flow control dev1ce
| having a consistent and predictable gas injecticn rate.. |
| There is also a need to prov1de a gas flow control dev1ce
- _whiwh has a reduced sens1t1v1ty to fluctuations in tubing

pre:sure.
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There is still a further need to provide a gas flow control
dev1ce whereby the lift gas 1njection rate can be controlled from
. the surface. |

The present invention overcomes the'deficiencies of the
priortart. ) R .. |

smmmzr OF THE INVENTION |

To address the above-describedt problems_ with, and
deficiencies of, the prior art, it is a primary ohject of the
present'invention to provide a gas flow control device through'
which a predictable and constant gas injection rate can be
established, and which. overcomes the flow 1nstability that
commonly occurs in gas lift wells |

It is.a further object of the present invention to provide
an improyed gas.flow control device_whereby'the gas injection '
rates through the-gas flow control device are controllable at the
| surface. B

It is a further object of the present invention to prov1de
a method of increasing the production rate of a continuous flow
gas llft well. |

It is a further object of the present 1nvention to proVide
a method of stabilizing the production from a continuous-flow gas
Lift well. L |

It is still a further object of the present 1nvention.to
prov1de an improved gas flow control device for 1n3ecting gas 5
:Lnto a production string whereby the :.njection gas pressure
w1thin the flow control dev1ce is recovered and frictional losses

through the gas flow control device are reduced, thereby
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establishing _critical floiv_' at a lov'wer -diff_erential .:press.u:re
acrcss the gas’ flow control device. | | | ' |

It is still a further object 'of the Ppresent in_ir_ention .to..
.provide a method of eliminating the effect of tubing presure on
the jyas injection rate through a gas flow control device ut:.l:.zed
in a contlnuous -flow gas lJ.ft well _ |

In an established continucus- flow gas llft system, there are
'f:.ve major :.ndependent variables which affect the 1nstab1.l:|.ty of
a well and its rate of product:.on, namely, the tub:Lng pressure
at the’ gas flow control dev:.ce, the cas:Lng pressure at the gas
'_flow control device, the gas :Lnject:.on rat_e through the gas flow
control device, ‘the o_rific_e geometry within the gas flow c'ontrol
device, and the propensity for, or the ability of, the formation
‘to piroduce liquids. It is a pr:.mary object of the invention- to
prov.ide a gas flow control dev:.ce which reduces the 1nstab.1.11ty
"~ in the cont:.nuous flow gas lift well by mn.n:.m:.z:.ng the effect of
one najor var:.able, the tub:mg pressure at the gas flow control
dev:.c:e. Minimizing the _effec_t of tub:.ng pressure is ach:.eved by
means: of controlling three of _the remaining' major variables,
namely the 'ca'si'ng pressure, ‘the gas injection rate, and the )
geome try w:.thin the gas flow control device. | |

Accordlngly, the gas flow control dev:Lce of the present .
:.nvent:.on controls ‘the rate at wh:l.ch gas is J.njected into a
prodiuction str:l.ng and includes a hous:.ng with at least one inlet
port, at least one outlet port and a nozzle-Venturi orifi_ce; The
' nozzle-Venturi orific’e,' which may also he 'referred to as' a
.c1rc1. lar arc-VenturJ., is a converglng-dlvergz.ng pathway that is

made of two parts: a nozzle port:.on and a Ventur:L tube, or
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VEnturl.portlon. The nozzle portion includes'first and second
ends, and a- flow path therebetween. | The nozzle _portion'
converges, or 1S'progress;vely'restrlctlve, from the nozzle first
end to the nozzle second endf The Venturifportion includes a
first andla second end, and a flow path'therebetween. The first
end of the. Venturi- tube, also referred to as a Venturi for
s;mp11c1ty, is dlsposed adjacent to the second end of the nozzle
portion. The Venturi portion dlverges, or is progressively
larger, between the Venturl first end and the Venturi second end.
The Ventur1 flow path is allgned with the nozzle flow path to
provide a contlnuous flow path through the dev1ce. Pressur;zed
gas from the annulus between the casxng and production tubing is
constrained to flow.through the.at least one iniet port, through
‘the continuous flou path, through the at least one outlet'port,'
"and into the production tubing.

In a preferred embod:.ment of the :.nvent:.on, the nozsl-e
portlon of the gas flow corntrol device includes curv;llnear
sidewalls extending'from'the nozzle first end to the rnozzle
second end. o | |

In a preferred enbodinent of the invention, the diameter-of
the nozzle first end is greater.than the diameter of the nozzle
second end. Further, the diameter.of'the Venturi first end is
equal to the dlameter of the nozzle flrst end and less than the
dlameter of the Venturi second end.

In a preferred embodzment of the invention, the cross
sectional area.of the nozzle first end is greater than the cross
sectional area of the nozzie second end. .The'cross sectional_

area of the Venturi first end is equal to the cross sectional N
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area of the nozzle .sec':_ond end and less than the cros_s sectiqn_al_
areia of the Vénturi ‘second end;' o | |

In a 'pref"erred embodiment of the invention, the ratio of th_e'
crosis 'sectional area of the nozzl_e' .second__'.! end to the cross
sectional area of the nozzle first end is approxiﬁ;ately '0'.4'.. -

In a preferred embodirhent of the invention, the ratio of the .
.'croes sectlonal area of the nozzle second end to the cross
' sectional area of the nozzle f:Lrst end is less than 0 4. |

In a preferred embodiment of the 1nventlon, the gas flow:Lng
through the gas flow control dev1ce achleves crn.t:.cal flow at a
d1ff=rent1al pressure of less than 46% of the gas 1n3ect:Lon
pres =ure Here, the d:.fferentlal pressure :.s the dxfference'
betw:z:en the gas J.nject::.on pressure and the product:Lon pressure._

In a preferred embodiment of the invention, gas flowing
through the gas flow control dev_ice achierres” critica-_l flow at a
'diffeerentia'l pressure of between apprQXimately 4% and 10% of the
gas :injection pressure. | | | | |

In a preferred embod:.ment of the invention, the gas flow:.ng
throvgh the gas flow control device ach:.eves cr:.t:.cal flow at a
_d:l.ffe rent:.al pressure of between approx:.mately 5% and 46% of the _
gas injection pressure. | | | |

In a preferred embodiment of the present :anent:.on, gas.

flowing through the gas flow device ach:Leves cr:Lt:Lcal flow at a

- differential pressure of less than 10% of the gas injection
pressure. | | -
In a preferred embodiment of the invention, the nozzle

portinsn includes curvilinear sidewalls extending from the nozzle _ |
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first end to the nozzle second end. The s;dewalls have a radlus '
of curvature greater than the dlameter of the nozzle second end.

In a prefer_red embodiment of the invention, the nozzle-
portion includes curvilinear sidewallslextending from thelnozzle.
first end to the nozzle secondlend.- The sidewalls nave a radius
of curvature equal to about'lls to about 2.5 times the diameter
" of the nozzle second end. |

In a'preferred'embodiment_of the invention, the nozzle
porﬁion includes curvilinear sidewalls extendiné from the nozzle.
- first end to the nozzle second end, and'the.sidewalls have a
radius of cnrvature equal to about 1.9 tines the diameter of the
nozzle second end. |

In a preferred embodiment of the inVention, the Venturi
portion includes Venturi walls thaﬁ ertend from the Ven:uri first
end to the Venturi second end. 'The Venturi.walls form an angle
of about 4 degrees to abont 15 degrees wilth.' respect to the
longitudinal axis of the Venturi flow path. o

| in a'preferred embodiment of the invention, the Venturi

portion includes Venturi walls extending from thelventuri_first
end to'the Venturi seoond_end. The Venturi walls form an angle
of about 6 degrees with respect to the'longitudinal aris'of the
Venturi flow path. | _ |

In a preferred embodlment of the invention, the vEn;uri
portion includes Ventur1 sidewalls that are circular in cross
section and:extend'from the Venturi first end to_tne Venturi
second. | N

In accordancelWith_rhe.present invention, a method of

controlling the rate of gas injeCted into a production tubing
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string is prov1ded, The-tubing-string.is positioned within a
well and concentrlc to caslng, formlng an annulus therebetween.

A cas flow control dev:.ce 1s placed w:.th:.n the well at a.'
'predetermlned locatlon, the gas flow control dev;ce compr1s1ng
a housing including at least one_lnlet port and at least one_
out.let port ‘and an orifice comprisingra nozzle portion and a
Ven_ur1 portion, the nozzle portlon 1nclud1ng a nozzle flrst end

a n»zzle second end, and a nozzle flow path between the nozzle
first end and -the nozzle second end the nozzle flowpath
conrerglng from the flrst nozzle end to the second nozzle end

_and the Ventur1 portlon including a flrst end and a second end

and a Venturi flow. path therebetween._the Venturi flow path
diﬁerging from the Venturi first end to the Venturi second_end,

the Venturi'first'end being disposed adjacent the nozzle second
end, the Venturi £low path being aligned with the nozzle flow
pata to provide_a-continuous £low path,-the gas_flow control.
'device'positioned for‘transmitting'the flow of.injected gas fron
the annulus into the production'tubing_string; Compressed gas
is forced into.the'annulus.l The compressed.gas is constrained
to Elow through the gas flowICOntrol device_to mix the gas with
resarvoir fluids within the prodnction,tubing string, thereby
reducing the density.of the'reservoir_flulds. The pressure of
the gas.forced'lnto.the annulus is controlled ﬁith a pressure.l,
control device, 'therehy' increasing the_ gas__ injection _rate"th‘rough
the gas flow control device by increasing'the pressure of the gas
in :the annulus, and decreasing thelgas_injection rate_through the
gas flow control device hy decreasing the_pressure of the gas-in

the annulus.
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i'n. accordance vqi-th the present i_nvehtion, a method is.
provided for eliminating instability in a- production ‘tubing -'
string of a continﬁous-flow gas' lift well. The -p_ioduc’tionI tubing
string is positioned within said well Iand corlxcentric_ to _casing,
_said casing' and said _cbncentri_c pi'oduction tuﬁing 's_tfing forming
an annulus therebetween. A gés flow control device is positioned
within said 'wel-]l. a,t' a"predetermined _lqcat-ion,'_'said gas flo’w.
con_trql device comprising a housing including at least one inl_et
port and at least one outlet port,'- and an orifice compfising a
nozzle _pprtion_ and a Ven;ﬁri portion; said -nozzle pbrtion
_including a nozzle f_irst end, a noézle second end, and a nbzzle
flow path between said nozzle fix_'st end and said nozzie second
end, 'said nozzle flowpath co_nverging' from said first nozzle end
to said second nozzle e_hd; and said Ventui'i pértion including a
first end and a second end, and a Venturi f.low path therebetween,
said Venturi flow path diverging from said Venturi first end to
- said Venturi second end, said Vénturi firslt_end being disposed, _
adfjac:__e’fxt said nozzle 'second end, sa.id Veﬁturi flow path be_izig
aligned with sai'd noizle flow path to prévide a continuous flow
pat-h_; said gas flow control device positioned for transmitting
the flow of injected gas from the anhulﬁs into the production
tubing strin_g., Compressed gas is forced into the annulus. Thé
compress_ed_ gas is consi:'rained to flow i:h_rqugh, gaid gas 'flow
control deirice to mix said _gaé with reservoir fluids within the |
.'pro_duction tubing string,_ ‘thereby reduc':ihg the density of said_'
reservoir fluids. Tﬁe pressure of the gas forced . into the
annulus is controlled with a pressure control device tb achieve

critical flow through the gas flow control device, thereby
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maintaining a constant gas injection rate 'across. ‘said gas floﬁr
control device that is. :Lndependent of the pressure within the
pro iuct:.on tubing str:.ng |

| In accordance with the -'preSent inw)ention, a method of -
el:.n:.nat:.ng 1nstab111ty in cont:.nuous -flow gas lift wells is
.pronded by stab:.l:.z:.ng the gas injection rate through the gas "
flon control dev:.ce so that the gas 1nject:,on rate is :.ndependent .
.of the typical tubing pressure fluctuat::.ons that occur in a
con:inuous-flow gas lift well. | _

It is contemplated that fluids, namely both gas and liquids,
can be used for the lifting of formation f.l_uids to the surface.
Accordingly, while the present invention refers to "gas 1ift* and
"gas flow control devices,"- it -i's contemplated that fluids',- |
having relatzvely lower dens:Lty than the format:Lon flu:.ds to be
lif:ed, can be :|.n3ected through ‘the flow control device into the
_product:Lon tubing to decrease the density of the m:thure_ to
._imp::ove life. ._ -

The foregoing has outlined the features and t:'echnic'al
adviintages of the present invention s0 that: those .skilled :|.n the
-art may better understand the deta:Lled descr:.pt:.on of the
J.nvwnt:l.on that follows. | Features and advantages of the 1nvent:|.on' '.
tha: are described above and hereinafter form the subject of the
claims of the invention. Those | skille& in the art "shoul'd'
appreciate - that they may read:.ly use the concept:.on and the
spe:ific embod::.ment d:l.sclosed as a bas:.s for modlfy:.ng or
. designing other structures_ for carry:.ng out the same purposes of

~ the present invention.
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In order that the 1nvention may be jmore fully
understood. embodiments thereof (and the prior art) will
now be described by way of illustration only, with reference
to the accompanying drawings, wherein: ' _

FIG. 1 shows a ‘graph which 111ustrates orifice gas
'injection rate performance in a typical, prior art high
pressure gas lift system. The graph is a plot of gas flow
rate (ordinate) and tubing pressure in psi (absc1ssa). where
the cas1ng pressure is held constant at 1600_p81. The
region A 1s the critical flow regime. |

FIG. 2 shows a graph which illustrates orifice gas
injection rate performance in a typical, prior art low

_pressure gas lift system. The'graph is a plot of gas_flow

" rate (ordinate) and tubidg_pressure in psi (abscissa), where
the casing pressure is held'constaht at 1000 psi. The
region A is the critical flow regime. : |

FIG. 3 shows a'graph which illustrates the desired
gas inJection rate performance in a gas flow control device
to eliminate instability in a continuous- flow gas lift well.
The graph is a plot of gas flow rate (ordinate) and tubing

- pressure in psi'(abscissa), ﬁhere the casing_pressure'is
"held constant at 1000 psi. The region A is the critical
flow regime. ' ' _ _ | . |

~ FIG. & illustrates a cross-sectional, side-
elevational, diagrammatic view of the environment of a gas
injection control device; - _ |

FIG. 5 illustrates a cross-sectional view of a
standard'orifice gas injection'control device having a
square-edged orifice; _.' ' ' _

FIGS. 6A and 6B illustrate a cross-sectional view '
of an exemplary orifice gas flow control devxce of the '
present invention including a nozzlerenturi orifice;

" FIG. 6C illustrates a cross-sectional view of a
nozzle-Venturi orifice_assehbiy that is iociuded Qithin.a

- gas flow control device of the present invention;

' FIGS. 7A and 7B illustrate a cross-sectional view



VO 96/07813 | o ' PCT/GB95/02079

- 16 -

of .an exemplary gas lift valve of the present invention
including a nozzle-Venturi orifice; - ' .

FIG. 8 shows a graph which illustrates the dynamic
performance of an exemplary nozzle-Venturi gas flow control
dev1ce of the present invention at three separate upstream
pressures, and also prov1des a comparison to the dynamic
performance of a prior art gas flow control dev;ce employing
a square-edged orifice, shown in FIG.hZ; ‘The graph is plots
of gas injection rate:(MCF/D) (ordinate)'and downstream
pressure in psi (abscissa) at upstream pressures of 400 psi
(line D), 900 psi (line E), 900 psi (line F) and 1400 psi
(line G). | * | B

' ' FIG 9 shows a graph which compares a pressure
profile for a square- edged orifice housed 1n a prior art gas
flow control device and a pressure profile for an exemplary
nozzle-Venturi orifice housed in a gas%flow control device
of the.present invention. In the graph the left-hand .
'ordinate is the upstream pressure in psi and the rightfhand
ordinate is the downstream pressure in psi. ‘The abscissa is
the distance. Line P is prior art and line Q is according
to the invention.. _ :

To illustrate the influence of a prior art'souare-_
edged orifice used in a gas flow control device. FIG. 1
shows a typical performance thereof. 'The casin; pressure of
the wellbore, at the depth of gas injection through the
device, is a constant 1600 psig. and the desired tubing
pressure is 1450 psig. The casing pressure is defined as
the upstream pressure of the orifice, and the tubing
pressure is defined as the downstream pressure of the.

~orifice. As the tubing pressure 1ncreases. the gas
1nJection rate through the orifice decreases. Conversely,
as the tubing pressure decreases, the gas 1njection rate '

through the orifice increases. '
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. fIé. 2 also illustrates the_effect of.the prior art orifice
used‘in a gas. flow control device. _In_this,illustration, the
prior art orifice.is provided in an_environment.at lower casing
and.tubing pressures of 1000 psig and 850 psig, respectively.

Typically the de51red pressure drop across the prior art
orifice is between 100 and 200 psi. However, at pressure drops
 of 150 to 200 p51,' high injection. pressures are required,
resulting in high gas compression costs. Where the pressure drop'
is under 100 psi, the gas injection rate becomes :more
unpredictable. Thus, a pressure drop of under_ioo psi is usually
‘not considered due to the lack of accurate data and the potential
| of designing'an.inefficient gashlift system. Accordingly, a
pressure drop in excess of iOO'psi across the prior art orifice
is typically deSired and used as a safety factor in deSigning the_
gas lift system. .

' As evidenced by.FIGS.Il and 2, and as known in the art, the
‘gas injection rate through the prior art orifice continues to
increase until the tubing-pressure declines to a value that is
about 54% of the constant casing pressure. Thereafter, the gas
injection.rate through the orifice remains constant-as the tuhing
pressure is lowered The industry properly understands that'
critical flow through the - prior art square edged orifice is _.
established when the tubing pressure is about 54% of the casing
pressure. When the'tubing preéssure drops to the critical flow
regime (i.e., the tubing'pressure is 54% of the casing'pressure),
the gas injection rate through the orifice remains constant and

independent of the tubing pressure.
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EstabliShing:the critical flow'regime through the orifice_.
acts to'eliminate.flow instability ) For example, for the well
-operating at a tubing pressure of 1450 pSig, establishing
critical flow through the prior art, square-edged gas flow.

control device could be established by increasing the casing

pressure from 1600 pSlg to 2700 psig or above However, creating -

sucn a high pressure drop across the orifice is not economically_
feasible due to the additional cost “in gas compression.
Fur-hermore, this practice is not practical due to the increased.
lik:lihood of mechanical problems

It is an object of the present invention.to provide an
oriiice valve that seeks to reduce and erfectively eliminate flow

ins1ability under normal conditions _ Specifically, it is an

objoct of the present invention to provide a'flow control device .

which has the performance characteristics that are illustrated
in FIG. 3,' where the critical flow' regime and. a constant _
injvdtion rate are reached when the tubing pressure is
app:oximately 90% 95% or less of the caSing pressure, as opposed
to the industry standard of 54% for the prior art, square edged |
oriiice. j | -

FIG. 3 is a graph'which illustrates the desired flow rate
periormance in a gas c'ontrol | ldevice of t'h'e present invention
where the Constant casing.pressure is iooolpsig. Therefore, if
'the'tubing pressure declines'below approximately 900 psig the
gas injeCtion rate. through the control.device'remains fixed.
Thus , for a typical pressure drop of 100 to 200 psi across the.
'gas flow control deVice, a constant gas injection rate can be-

“achieved resulting in a stabilized well and improved economics..
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Another advantage of the orifi_f:e valve 6f the present
inventién is the capaﬁi_lity of controlling the _i_njection gas ra_té
through the gas flow control device, without causing .instabi-'lit_y,
by simply contrcllir_xg.the surface inj ection pressure. Typically,
this also has the effect of controlling the i:roduction rate of
the liqgids .from the .we'I_L]_._bore. ‘Thus, by using the orifice vélve
- of the present invention dqwnhole, the operator can increase the
pressure of the gas at the surface to increase the injection
pressure | (casing or ppst_reaﬁ pressure) at the. gas .flc.aw contxol
device, which, in turn, increases the differential pressure
across the gas flow control device and, therefore, the rate 6f.
.gas injeccion through the gas flow control device. .This,' in
turn, decreases the density of the fluid in the production tubing
strihg, which allows more fluidé from the reservoir to enter the _
wellbo;é and be produced. I_néreasing the pressure of the
injected gas im;rea_ses the density of the gas such that, for the
same restriction in 'the gas flow control device,. the gas
injection raté_ is increaééd. |

The present invention is emﬁ:‘ldjred in. an exemplary
environment that is shown in FIG. 4. A gas lift well system 10
extends from above ground G, .wher'e system 10 is connected to a
pressurized gas source (not shown) and to petroleum recovery
'équipment _(not'"__ shown') , and a subterranean petroleum reservoir P_. _
Pe't_x'bl'eum r:_i.sies-_'in, production tubing 12. .Pressurized gas is .
introduced into annulus 14, which .exists between the'productioﬁ
tubing 12 and. outer steel c_asifxg 16. Annulus 14 is sealed atl'_the
bottom of casing 16 by a.packer 18.. Pressurized gas is supplied

fz"o.m. a séu::fce:, such as a compressor (not shown). The gas -
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. pressure in the annulus 14 is regulated by a pressure control

device_ 9, namély either an adjustﬁble"choke or a regulatcr, .at
the surface. .The ..pr'ess'uri'.z'ed gas, _repreSented by arrows 2'0,_ |
flovs from the comnresscr; _through the 'pres"s_ure: control device
9, and through the ann'ulus 14 into ' t;ubing 12 via a 'gas flow

coni:xrol device 22. - Gas injected into "production__tubi'ng 12

dec:reases the density of petroleum rising"" to the SurfaCe and

enables natural reservoir pressure to malntaln this flow. The .

'pres.sure control device 9 is ut:.l:l.zed at the surface to control _

the pressure in the annulus 14, wh:.ch in turn, establlshes the '
injection pressure (also referred to as the cas:.ng pressure or
upst.ream pressure). at the gas flow control device _22, the
differential pressure across the gas fl‘ow.eontroi' de\}iee, and, |
thus, t:he rate_'ef injection t;hrough the gas flow -cen,t:rol device
- . : .. _ _ , g
Whiie the pressure .co_ntrol device 9 i__sl shown st the surface

in FIG. 4, it is contemplated that a pressure control device can

‘be installed within the annulus at a depth more proximate the gas

flow control device 22. In this situation, a certain amount of

‘annulus is isolated to form a chamber for injection gas whereby

the gas to be injected is delivered to the chamber, and the gas

pressure regulated by the pressure control device which, in turn,

is controlled from the surface via a- hydrsulic or electric -

control line.

Furthermore, a single well bore will often times":intersect
a nuiber of producing formations and, for economic reasons, these
formations, referred to as production zones, are isolated by

installing packoff devices so that the individual zones can be
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produ;ed ihdependéntl?. A plurality of tubing_strings are thus
empioyed to produce the specific forﬁations. The_limitationsfof

thé_-ipfior art gas flow' cdntro.l device, namely its .Id_.ynamic
performaince-, -exacerbatl:es the flow instability in well completions

with a plurality.bf production'tﬁbing stringé. In such a well,

instability is more likely to 6¢cur in eaqh of the individual

:production tubing strings of the gas lift_éystem because the
. common ar’uﬁulus supplies the injéction gas to ea_ch' gaS- flow
contfol_device and the injection rate_ﬁhrough each_pripr art gas

flow control device is_completely unpredictable and independent. -
The present iﬁvention.p;qvides a constant gas injeﬁtion rate:into_
each tubing string and will, _;herefore, diminish the flow
instability cqmﬁon in wells'having a plurality of productiéh
strihgs. |

A prior art gas flow contrdl'device 22 having a square-edged

orifice is illustrated in FIG. 5}l'The'direction of the gas flow

through the gas flow control déviceﬂis_indicated by arrows 26.

Pressurized gas at injection préssure enters the ptior art flow
control deviqé 22_through inléts 24 and flows through a sduare-

edgéd orifice 29; cohtaining passage 29a and seal 29b. Gas thén.
passes through passageway 28a ofran.orifice holder'zé and past
the 6heck.valve 30. Gas is thén discharged through outlet 32 at
the nose 'end 21, ét  production 'pressuré, and ]passes' into
prodﬁction tubing 12 (FIG. 4). The passage 29a aﬁd paQSageway i
28$ typically have circular prosé-sections, when considering'
those croés-sections.are takén along'plahés perpendicular to the

longitudinal axis of the gas flow cqntfol device.
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FIGS 6A and 6B 1llustrates an exemplary gas flow control
deVLce 60 of the present 1nventzon The gas flow control dev;cel’
60 has generally the same ‘dimensions and components as those of
the prior art gas flow control devzce 22 (1llustrated in FIG. 5).
inc.uding a dummy tall-sectzon 62,'1n1et3ports 54 and nose  end
61 vith a check valve 65 and'outlet.ports 64: the check vaIVe_GS
includes a dart 67,'a spring.69, and a check'seal'7l;' However,
the gas flow control device Gd of the present invention includes
a nczzle-Ventnri.orifice 34,-instead'of the'sqnareQedged orifice
29 found in the prior art. | o

The dlrectlon of the gas flow through the gas flow control
device of ‘the present invention is 1nd1cated by- arrow_s_ 26.
Pressurized gas at injection preSSure (casing pressure)_enters
the inlet ports 54 and flows_through the-nozzle-venturi orifice
34 &nd past the check valve 65. .The gas"is then'discharged
through the outlet ports 64,'at production pressure (downStrean
pressure or'tubing'pressurel, and passes into'theiproduction'
tubiag. - | | |

An exemplary nozzle-Venturi_orifice 34 is illustrated in
detail intFIG.pGC'and may'comprise, for example; a circular arc
Venturi, and lncludes a nozzle. portlon 34a and a Venturl portlon :
34b.. Nozzle portlon 34a 11es above a throat 36 and Venturz'
 portion 34b lies below throat 36. o

Nozzle portion 34a :.ncludes s:l.dewalls 38 wh:Lch offer m:.n:.mal:
resistance to the flow of fluid (gas or 11qu1d) as the fluid
' appruaches throat 36. Sidewalls 38 are progress1vely'restrlctlve

to throat 36. The.cross-sect;onal area of throat 36 is less_than |
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the _cro'ss-sectional' are_a of nozzle portion 3_4a_l and Venturi
portion.34b. | .. | _ _

Sidewalls 38 are'curved,'or curvilinear,.such.that the
slopes of tangent lines measured at each polnt along the curue_
42 of nozzle portlon 34a, slope belng con51dered in the
mathemat;cal sense,.are greater at tangent points approachlng
throat 36. 'Also, the curvature of nozzle portion 34a ls_such_
that there is a radius of curvature 44 which is greater than a
diameter 46 of the throat 36 by'a factor between 1.5land 2.5,_a
preferred value being 1.9.

Below_throat 36,'Venturi 34b increases in cross-sectional
area at a rate such that vertical walls 48 thereof form an angle
S0 to a vertical, or longitudinal, direction 52. Angle 50 lies
within a range of four to fifteen degrees, a preferred ﬁalue
being six degrees. | ~

The ratio of the cross sectlonal area at the dlameter 46 of'
throat 36 to the cross- sectlonal area at. the w1dest point of_.a
nozzle portion 34a, as measured at the mouth 54, is equal to or
less than 0.4.

Cross-sections of nozzle-Venturi orifice 34, including
cross-sections of the nozzle portion and the Venturi portion,_
considering those cross-sections. taken along' planes perpendicular_ |
to the Venturi axis, are generally'represented.as being clrcular.
This is due to the expectatlon that manufacturlng processes for
forming nozzle-Ventur1 orlflce 34, or for formlng a die or mold
to manufacture the same will be centered around cutt:.ng a
rotatzng plece of stock, as exemp11f1ed by a lathe operatlon;

However, it is contemplated that other manufacturlng processes
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are possihle,.and that other geometries for the'crossfSections'
of the nozzle“portion and Venturi portiOn are thus'possible. For-
exdmple, correspondlng cross- sectlons of nozzle-Ventur1 or1f1ce
34 may be rectangular, elllptlcal polygonal hypergeometrzc
el: 1pt1cal or even of other conflguratlons.

Gas flow1ng w1th1n nozzle portlon 34a of nozzle-Ventur1
-or.flce 34 flows at a hlgh veloclty and a low pressure. The gas -
flowing through Venturi portion ’4b decreases in velocity and
increases. in pressure such that the gas exiting the valve 22 has -
pressure recovered with a mlnlmal amount of energy or pressure
losis. | | d |

.For optimum performance, the'nozzle portion 34a and the_l
Venturi portion 34b of the nozzle-Venturl.orifice 34 should be
macle of low-"friction materials, such as ceramics, highly polished-.
metals and plastics. 'Thus,_the frlctlonal losses ‘across the
norzle?Venturi are minileed The mater1a1 used in ths orifice
valve that was tested was made of 17-ph stalnless.'

FIGS. 7A and 7B 1llustrate another preferred ‘embodiment of
a qas flow control device of the present 1nventlon, where a
nonzle-Venturl or1f1ce is housednw1th1n.an.artlflclal lift valve,
alsio commonly referred to as a gas llft valve. Referrlng now to
FI(S. 7A and 7B, an exemplary art:.f:.c:.al lift valve 200 is
' 11]ustrated 1n.deta11 which is representatlve of art1f1c1al llft
valves enclosed within a side pocket' mandrel included in
prmductlon tubing. - It should be - understood ‘that the
conflguratlon descrlbed for this art1f1c1al llft valve is for .
purposes of explanatlon only and is not 1ntended to 11m1t the

1nventlon to a partlcular constructlon of art1f1c1a1 llft valve.
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-Although the construct:.on and general operat:.on of art:.f:.c:.al
lift valves and the:.r components are well known, this will be
descr:.bed in some deta:Ll to provide background and to aid the
reader 1n an understand:.ng of the invention.

As 1llustrated in FIGS. 7A- '7B, in a preferred embod:.ment of
‘the invention the art1fic1al lift valve 200 is made up of a valve
hous:.ng, indicated generally at 202, which is shaped and s:.zed
to res:Lde within the bore 204 of a side pocket mandrel in
product:.on tubing. It is noted that the bore 204 of the side
pocket mandrel :tncludes_ a number of generally radially outward
facing lateral ports 206 which permit £luid communication between
the _interior of the bore .204 and the wellbore annulus 14 (a_s
shown in FIG. 4);_ The lower portion of the bore 204 also-
featuresl one or more radially inward-facing apertures (not shown)
| which will permit fZ_L_u_id communication between the interior of the
~bore 204 and the flowbore within th_e_.tub_ing 'string 12 (as shown .
in FIG. .4) . Side _pocket_ mandrel designs of this nature are
widely knovin

The valve hous:Lng 202 itself :.ncludes an upper dome sub 208
which is threadedly connected at 210 to a bellows hous:.ng 212
below. The upper end of the upper _dome sub 203 features a
threa_ded _portion 214 which p_ermite the valve housing '20.2 to be
engaged _w_ith-_a la_tchable member 216 '_(Iatchable portion not shown)
for secure faeteni-ng of the valve 200 within thel bore 204 of the
side pocket mandrel. 'I‘he bellowe housing 212 is threadedly
engaged at 218 at 1ts lower end to a connector sub 220 which, in
turn, is threadedly attached to a main valve hous:.ng 224. The

main valve hous:Lng 224 carries an outer annular elastomeric
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packing.226 which,'wheh'the valve 296'is-dlsposed.within the bore
204, effeots a fluid seal against the inher surface of the bore
204. The main 'valve “housing 224 also_ .'bre'_"sent's' o'n_e' or more
latural ports 228 which permit fluidftrahsﬁission'through the
main valve hous;ng 224, - Aﬁvalve seat retalher 235 is affiied by
threaded connectlon 232 to the lower end of the main valve
housiing 224. A nozzle- Venturl hous1ng 234 is threaded at 236 to
the valve'seat retainer 230 and carries an outer annular packlng
238 about its circumference which, when the valve 200 is dlsposed
w1tt1n the bore 204, effects a fluld seal agalnst the 1nner:
suriace of the bore 204. Flnally, a tapered nose piece 240 is
threaded at 242 to the nozzle-Ventur1 housxng 234 _

A nltrogen charged- chamber or "dome" chamber 244 is located'
near the top of the valve 200 A £i11 valve-246 and a removable
threaded main seal plug 248 are located thereabove |
| Below the dome chamber 244, a main valve assembly 250 1s_
reclorocally-dlsposed within a bellows chamber 252 and a maln_
valv: chamber 253 whlch is deflned.by the maln valve hou31ng 224
A reiuced dzameter neck 254 is located at the upper portlon of
the bellows chamber 252 and separates the.bellows chamber 252
from the dome chamber 244 above The'hain{valve assembly 250 is
_made up of upper, central and lower stem sectlons 256, 258 and
260, respectively, which are threadedly ‘connected to each'other ”
in an end-to;end relation as shown. The main valve assembly 250
also features a valve plug 262 v:.th a downwardly presented
spherlcally-shaped closure._member, or ball,' 264_ threadedly'

engacred to the bottom of the lower stem section 260. Below the
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valve-plug 262, a valve seat 266 is maintained in place within
the main valve chamber 253 by the wvalve seat. retalner 230.

The upper stem sectlon 256 of the maln valve assembly 250
is dlsposed through the reduced diameter neck 254. A series of
-small annular baffles 268 clrcumferentlally surround portions of
the upper stem section 256 whlch are sized and shaped tolrecelve
sﬁall amounts of viscous'fluid and thus, during movement of the
main?valve.assemblyizso, serve to dampen vibration,

" Within the hellows chamber 252, and generally radially
'surrounding the central stem section 258, is an accordion-like
bellows 270 which Qill_arlally extend and retract withinlthe
bellows chamber 252. The bellows évo is made of a flexible,
waterproof materlal.. A.compression.spring_zss is located within
the bellows chamber above the main valve assembly 250 to limit
excessive upward trave,l of the main valve assem_bly 250 and
overcompression of the bellows 270.

Two mutuallv:opposing fluid pressure conducting.passages.
separated.by the bellows: 270, ‘are used to control the openlng'and
clos;ng of the main valve assembly 250 due to the fluld seals
created between the bore 204 of,the_surroundlng s;de pocket
mandrel and packings 226 and 238. The first presSure'Conducting
passage, generally at 272, includes the dome chamber 244 and'the'
bellows chamber 252. _Pressure 'uithin this Efirst pressure
conducting paSSage is'maintalned radially outside-of the bellows
270. The?first pressureﬁconducting passage 272 is pressurized
prior to.disposal of the artiflcial lift valve 200'intoethe
wellbore. The bellows chamber 252 is filled with a v1scous fluid

until the fluld covers the reduced dlameter neck 254 and .reaches
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a level 274'within the dome chamber 244; The domeﬂchamber 244
i3 then charged with‘nitrogen throuéh the fill vaiwe 246 prior
ftn belng run into the wellbore so as to prov1de a fluld spring
by remov1ng the plug 248 and forc1ng nltrogen through the lel'
velve 246 under pressure '_ _ '

The second.pressure conductlng'passage 276 1nc1udes the main
valve chamber 253. Fluld and fluld.pressure from the wellbore
annuluSIBéo'enters'the'main_Valve chamberhvié.Ports 225. Fluid
~en:ering the main valve-ohamber 253 is maihtained radiallyrwithin.
- the bellows 270.

Resultant presSure within the'seeond'pressure couduotiug,
passage 276 acts upou the main valve asseﬁbly 256 in counterpoint -
to that provided by the'fluid'spring'of the_first pressure_
corducting passage 272. When the pressure within the second
pressure'oonducting_passage 276 overcomes.that provided by the
fluid spring, the oloSure member 264 (bail)awill-he lifted from.
the seat 266 to permit flow of fluid eutering ports 228 to flow
dowuward past the seat 266 and into and through the nozzle-
Veniiuri orifice 34 def:.ned w:.th:m the nozzle-VenturJ. hous:.ng 234.
The nozzle-Venturi orifice 34 (as shown 1n detall in FIG. 6C)
extends downward to ‘and past a check valve assembly 280 at the
lower end of the iralve 200. Therefore,' fluid enter:.ng _the‘
nozzle-Ventur1 orlflce 34 downward past the valve seat 266 can
move downward through the nozzlefventurl orlflce 34, out of the
lower end of the Vaive'zoo and into.the lower'portionfof the bore
.204 where it may enter the product::.on tub:.ng strlng through

aper:ures 1n the mandrel below



WO 96/07813 | | - PCTIGBYS/02079
29

'=A.nozzie-véntdfi-orifice”34 is maintainedﬁwithinlthe.nqzzle?.
Venturi housing 23; and aligned so that the .gés will pass
downward throﬁgh the nozzle-Venturi orifice_34 and out of the
1o§ér end df'ﬁhejvalve 200. The arrangement of the nozzle-
Venturi is best Seén by'referring once again to FIG. 6C.
| in a typical gas 1lift valve, the'combination of éhe movable
stem and seat defines a'pressure-adjustable orifice_and, in'§riQr
art gas lift valves, the larger the ball_and seat éize} the more
that.the tubing pfes#ure affecﬁs tﬁe openihg_and ciosing of the
valve. Fluctuating tubing.pressures can cause the valve to open
aﬁd close erratically,'causing erfatic injection rates that may ’
further aggravate the fluctuating .tubing pressures.
Additionally; prior art gas lift valves are subjedt to all of the
limitations déscribed_ above that are related to pressure recovéfy
through.the assembly. In comparison, a'gaé lift valve of the
preseﬁ; invention will have iﬁproved pressure recovery and an
increased gas.injection rate due.to lower fficéional losses
across the gas lift valﬁe, thefeby increasing the efficiency'of
the gas lif;”system. Fﬁtthermore, the gas.lift valve of the
present invention will also be less sﬁscép;ible to fluctuations
in the injection rate. 1In the gas 1ift valve of the preSgnt
invention, a converéing-diverging('or nozzie-Venturi; orifice
downstream of the ball and seat wiil resﬁlt in a const:anf
pressure below the ball and seat and injection of the gas at a
constant critical flow rate which”is determined.by the physical
geometry of the valve and orifice.._édmpafed té the prior art gas

1ift valve, a gas lift #alve of'the.present invention will have -
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a Joner differentia] éressure at which critical flow across the_
gas: lift valve will occur. | |
FIG. 8 is a graph which illustrates test-resnlts showing'the
dyramic performance'of an exemplarv,nozzlefyenturi orifice gas.
flcw control'device of the present invention; as-Shown in FIGS.
6A and €B, and the dynamic performance of a conventional gas flow.
cortrol device having a sgquare- edged orifice, as shown in FIG. 5.
A y;as flow control dev:.ce - of the _present-. _in_vention, which'
included a nozzle-Venturi.orifice 34 having a throat_diameter,
(itent'4é of FIG. 6C) of '0.332 inches, wasfltestedf at three
. Sseparate .constant npstream- (injection. or caSing1 'pressnres,
namaly 400 psi, 900 psi and 1400 psi. Further, test results of
the dynamic performance of'the injection'gas flow control_dev1ce;
of the present invention.'having_ the foresent nozzle-Venturi
oriEice-34iat a constant'upstream pressure'of 900 psi; which.is
reptesented'by the curve including point a,_is compared to test_
.'results of the dynamic performance-of a prior art injection gas
flow control dev1ce, namely a standard orifice valve, hav1ng a
 squire- edged orifice 29 (as shown in FIG. 5) The test results.
for the prior art, square edged orifice valve are indicated by
the curve including pOint B. Both of the gas flow control
devices had the same diameter of 0.322 inches,_and both were
tesi:ed at.aICOnstant upstream pressure_of 960 psi. The-sOnic.
(critical) £low rate regime is that portion of each'curve that
is horizontal. By operating a gas 1n3ection flow control dev1ce:
in tthe sonic flow regime,_a stable gas llft system is achieved._
It is readily apprec1ated that the broad flat portion.between the

vertical axis and point A, representing stable performance of a
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gas flostontrel deviee of the present_invention including a
nozzle-venturi orifice 34,.is'much wider than the corresponding
flat portion between the vertieal aris and point B, representing
stable performance;of a'prior art ges?COntrol device, namely a |
conventional orifice wvalve including a sqﬁere-edged,orifice.
Moreover, at similar'production,pressures, more gas flows through
a gas flow control device with a-nozile-veﬂturi.orifice 34 than
~through a gas flow sontrol_device with a square-edged srifice
having the same throat size. | |

Listed below are the test results achieved for'various-Sizea'
flow control devices of the present.invention,'namely orifice
valves lncludlng certaln sized nozzle-Venturl orifices, _at
.various upstream (1nject10n) pressures. The results listed are
the downstream pressures, in terms of percentages of the upstream
pressure, at which crltlcal flow across the flow cqntrol devices
' was reached, which_ is designated as Point A in FIG. 8.
Alternatively, -the resu_it:ing differential pressu_re at which
critical flow.across the flow control devices was reeched in the
‘tests is readily calculated as a percentage of the injection
pressure by subtracting a given downstream pressure;'iisted as
a percehﬁege.of theiinjecﬁion_éressure, from 100%.

- Downstream Pressure As A
Persentage of Injection Pressure
- At which Criticei'Flow Is Reached

'Ubstream |
(Injectlon)

Pressure (PSIG)
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400 |  92.8%  92.8% °5.2%  92.8%  93.2%
900 |  94.5%  94.5%  95.6% - 93.4%  92.3%
1400 | . 94.7% . 94.7% 95.1% 90.1%  92.2%
;
0.204 0.266 ‘0.314 0. 326  0.332

Orlf:.ce Throat Size In Inches
(See Item 46, FIG GC)

The gas flow control dev:.ce of the present lnvent:.on

:.ncl iding the nozzle- Ventur:. orifice 34 prov1des for a lower_

presi3ure drop in achieving sonic, or cr:.t:.cal, flow. Squ_are-

edged orifices typically require a pre"ssdre"drop of 46 pereent

of upstream pressure to produce son:Lc veloczty flow therethrough

In contrast, as :Lllustrated by the table above, the gas control_

device of the present J.nvent:Lon 1nclud1ng a nozzle-VenturJ.

or:Lf .ce typically requ:Lres less than a ten percent pressure drop

of upstream pressure, and then less than S.p_ercent pressure drop

" of upstream pressure to 'ach_ieve critical .f'low. The ability of

the ¢as flow control device to achieve critical flow at such a

low pressure drop causes the gas injec':tioin' rste Ithrough _the gas

flow control device to_ ‘be generally indepen_dent of the tubing -

| pressiure, effeetively'e'l'iminating flow instability as des_cribed
above. In a_dditidn_ to the gas injection rate being independent

of tke production tubing pressure', the gas injection rate through

'- the ¢«as flow control device can be controlled by adjus_t':"._Lng the

injection pressure at the surface, which acts to increase or -
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decrease the pressure and the density of ‘the inj_ected gas in the
annulus. R | _ o | | | .

In o-rder. to further explain the differe[hte in the flow
perfermanee of a prior art .gas flow cohtrel de_vice havihg a
- square-edged orifice and the flow perforfuance{ of an exemplary gas
flow control device of the present ‘invention having a nozzle-
Venturi orifice, FIG. 9 illustrates the pressure profiles of each
device. The upper portion of " FIG. 9 shows an overlay. of the
cross- sectlonal views of the two devices taken along the flow
- path of the 1n3ected gas, Wlth the dotted line representlng the
a square-edged ~orifice a_hd th_e_ solid line with hatching
representing.the nozzle-Venturi orifice. The arrow,ih the upper
port:l.on of FIG. 9 indicates the d:.rect:.on of the flow of injected
gas through the two dev:l.ces ‘

‘The lower portion of FIG. 9 is a graph that plots the gas
pressure within the devices as a function of t_:_he position_of the
gas as it flows through the devices. The dotted line represents
'the .pressure profile for the square-_edg'ed.orifice_ of the prior
art gas flow centrol d_.evice.a_nd the solid 1i:_1e represents the
'-press'ure profile of the lno_z'z_le-Venturi ori_fice of the gas flow
control device of Pthe present in\ientipn_.' _ For an injection
pressure of 1000 psia; the sonic flow at the throat (the critical
flow regime) is established for both devices. Fo'r air flow.this_
corresponds to a pressure of approx:.mately 540 psia at the
throat. ThlS flow cond:LtJ.on results in the maximum mass flow
rate as indicated by po:l.nts A and B in -fa.gure 8, for the no_zzle-
Ventur.i and the square edged orifice respect:.vely. After the

throat, where the greatest veloc:.ty and the lowest pressure
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occurs, the pressure increases (recovers)-.““ nd the velocity

decreases in the 'direction of the flow. For the nozzle-Ventur:L

a max:.mum pressure of 900 psia is atta:.ned at the ex:.t of the

d:.vergent section. The pressure recovery for the square-edged |
or:.flce is only sl:Lght, result:Lng in the ex:l.t pressure of, for
: example, 600 psia. Theref_ore, the son:.c flow for a nozzle- '.
Venturi 'Ifl-ow 'c-on'trol' device can be ach:.eved ‘at a much lower_
pressure dlfferentz.al resultlng in a hlgher ex:.t or product:.on
pPressure, as compared to a square edged or:.f:Lce flow control
devicze. | _ | |

it therefore can be seen that the present nozzle VenturJ.
prov1des for a gas flow control dev:.ce that m:l.nlm:l.zes ‘well
instabilities by extend:.ng the critical flow rate reg:Lme, and by
rend=r1ng lift operat:.ons :Lndependent of product:.on pressure.
The 3jas flow control device of the present 1nvent:.on thus acts |
to s:tabilize the flow of product:l.on in the product:.on tublng. |

The gas flow control dev:.ce of the present i'nvent.:.i.on
'ach:L aves cr:Lt:Lcal flow, that point where any add:l.t:.onal pressure
drop in the tubing w:.ll not result in an '1ncrease of flow through_'
the valve, with a pressure drop of approx:.mately 5% of the"
upst ream pressure or greater. ' Because stable flow through the
gas lift valve is establ:Lshed w:.th such a mlnlmum pressure drop,
ther= is no need to have a f:.n:.te control of the 1njectz.on gas
on t'1e surface. | | |

Although the present 1nventlon and its advantages have been B
descrlbed in detail, those sk:.lled in the art should understand'

that they can make var:.ous changes subst:.tut:.ons and alterat:Lons .
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CLAIMS:
1. -.A gae flow cbntroi device for injecting

pressur1zed gas into a production tubing string, which :
device comprises a housing including at least one inlet port
and at least one outlet port: and an orifice comprising a
nozzle portion and a Venturi portion° said nozzle portion
jncluding a nozzle first end, a npzzle'second end, and a
nozzle flow path'between said nozzle first end and said
nozzle second end, said nozzle flow path converging from
satd first nozzle end;to said second nozzle end: and said
.Venturi portion including a first end and a second end, and
a Venturi flow path therebetween; said Venturi flow path -
diverging from Seid Venturi first end to said Venturi second
end, said Venturi first end being disposed adjaeent said
nozzle-éecond end said Venturi flow bath being aligned with
said nozzle flow path to provide a continuous flow path;
whereby in use pressurized gas flows into said at least one
inlet port of said gas flow control device, through said
continupus flow path. end_but through said at least one
outlet port into said production tubingrstring. '

2. A device aecording.te cleim 1, wherein said nozzle
portion includes curvilinear sidewalls extending from said
nozzle first end to said nozzle second end.

3. A devieetaccording to claih 1 or 2, wherein the
diameter of the nozzle first end is greater than the
diameter of the nozzle secbnd end; and the diameter_of said
Venturi first end is eQual to the diameter of the nozzle
second end;rthe diameter of the.Venturi'seeond end being
.5reater than the diameter of the Venturi first end.

4, : Aﬁdevice aceording to claimﬂl.'Z or:3. wherein the
cross-sectional area of the_qozzle first end is greater than

the cross-sectional area of the nozzle second end; and the

This Sheet Has Been RTlaced
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cross-sectional area of the Venturi-first end is equal to
the cross-sectional area of the nozzle;second end, said _
cross-sectional area of tﬁe Yenturi second;end'being greater
than said cross-Sectional erea'of_said”ﬁenturi first end.

5. A device according'to'claiﬁ'l '2 3 or a' wherein
the ratio of the cross sectional’ area of the nozzle second
end to the cross- sectional area of said nozzle flrst end is

approxlmately 0.4,

6. - A device accordlng to claim 1 2,~3.:or 4 wherein
the ratio of the cross sectional area. of said nozzle second
end to the cross- sectional area of said nozzle first end is
less than 0.4. N | - '

7. A device accordins to any of claims 1 to 6,
wherein in use gas flowing therethrough achieves critical
-flow across the device at a different1a1 pressure of less

than 46% of the gas injection pressure.'

8. . - A device according to. claim 7, wherein 1n use gas
flowxng through the device achieves critical flow across the
device at a differential pressure of between 5% and 461 of
the gas 1njection pressure.

9. A device according to claih.7 _wherein in use gas
"flowing through the device achieves critical flow across the
device at a differential pressure of between approx1mate1y

4% and 10% of the gas injection pressure.

10. A device according_io_claim'7..vherein'in use gas
flowing through the device achieves critical'flow ecross_the
device at a differential pressure of approximately 5% of the
gas injection pressure. ' '

11. A device according to claim 7, wherein in use gas

| This Sheet Has Been Re laced
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flowing through the device achieves critical flow across the
device at a differential pressure of less than 10% of the
gas inJection pressure. '

12. A dev1ce according to claim 3, wherein said nozzle
portion includes curvilinear sidewalls - extending from said
nozzle first end to said nozzle second end said sidewalls
having a radius of curvature greater than said diameter of .
said nozzle second end.

13. A device according to claim 3, wherein said nozzle

- portion includes curvilinear sidewalls extending from said
nozzle first end to said nozzle second end, said sidewalls
having a radius of curvature equal:to about 1.5 to about 2.5
times said diameter of said nozzle second end.

14, A device according to claim 3 wherein said nozzle
portion includes curvilinear sidewalls extending from said
nozzle first end to said nozzle second end, said sidewalls
having a radius of curvature equal to about 1.9 times said
diameter_of said nozzle second end.

15. . A device'according to claim 1, wherein the
‘diameter of said Venturi first end is equal to said diameter
of said-nozzle second end and the diameter of said Venturi
second ‘end is greater than said diameter of said Venturi
first end; and wherein said Venturi portion includes
Venturi walls extending from said Venturi first end to said
Venturi second end, said Venturi walls forming an angle with
respect to a longitudinal axis of said Venturi flow path
said angle being about 4 degrees to about 15 degrees._

16. “ A device'according to claim 15, nhereln said angle
is about 6 degrees. '

17. A device according to c1ain 2, wherein said

" This Sheet
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curvilinear sidewalls are circular in}éross-sectionr

18. A device according to claim"l?E wherein the
diameter of the Venturi first end is equal to the diameter
of the nozzle second end, the diameter of said Venturi
second end being greater than the diameter of the Venturi
first end; and the Venturi portion includes Venturi walls
extending from the Venturi first end to said Venturi second
end, said Venturi walls being circular. 1n cross section.

19. A method of controllinglthe nate of gas injected
into a production tubing string pos1tioned within a
continuous- flow gas lift well drilled into the earth and
lined with casing, the production string being concentric to
said casing, said casing and said concentric production
_tuhing string forming an annulus therebetween. said method _
comprising'the steps of' placing a gas flow control devxce
within said well at a predetermined location, said gas flow
control dev1ce comprising a housing including at least one
inlet port and at least one outlet port. ~and an orifice
comprising a nozzle portion ‘and a Venturi portion;' said
nozzle portion including a nozzle first end a nozzle second
end, and a nozzle flow path between said nozzle first end
and said nozzle second end, said nozzle flow path converzing
from said first nozzle end to said second nozzle end; ”and
said Venturi portion 1ncluding a first end and a second end,
and a Venturi flow path therebetween. said Venturi flow path
diverging from said Venturi'first end to said Venturi second
end. said Venturi first end being disposed adjacent said -
nozzle second end, said.Venturi flou path being aligned with
said nozzle flow path to provide a continuous flow path;
said gas flow control device.positioned for transmitting the
flow of injected gas from the annulus into the production
tubing string:' forcing compressed gas'in_to the annulus;
constraining the compressed'gas to flow through said gas
flow controlidevice to mix said gas with.reservoir fluids
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within the production tubing string. thereby reducing the
density of said reserv01r fluids° and controlling the
pressure of the gas forced into the annulus with a pressure
control device, thereby increasing the gas injection rate

" through the gas flow control device'by_ﬂncreasing the
pressure of the gas in the annulus, and decreasing the gas
injectioh rate through the gas flow control device by
decreasing the pre3sure of the gas in the annulus.

20. A method according to claim 19, wherein said

pressure control device is located at the surface.

21. A method according'to ciaim 19.or 20, wherein said
gas constrained to flow through said gas flon control device
achieves critical flow across said gas flow control deuice
at a differential pressure of less than 467 of the pressure
-within said annulus. '

22;'. A method*according to claim 21, wherein said gas
constrained to'fiow through said gas flow control device
achieves critical flow across said gas'flow control device
at a differential pressure of between 5% and 467 of the
pressure within said annulus. | | |

23.. A method according to claim 21, uherein said gas
constrained to flow through said gas flow control device
achieves critical flow across said gas flow control device
at a differential pressure of between approximately 4% and
107% of the pressure within said annulus. '

24, A method according to claim 21, wherein said gas

constrained to flow through said gas flow control device
achieves critical flow across said gas flow control device
at a differential pressure of less than 107% of the

pressure within said annulus.' )
i . _—______#________;__*
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| 25. | A method according to claim 21 ‘wherein said gas

”constrained to flow through said gas. fffw control device
achieves critical flow across said gas flow control device
at a differential pressure of approximately 5% of the

'pressure within said annulus.

26. " A method of eliminating instability in a.
production tubing string pos1tioned within a continuous- flow
gas lift well drilled into the earth and lined with casing,
the production tubing string being concentric with said _
casing, said casing and said concentric ‘production tubing
string forming an annulus therebetween, said method-

- comprising the steps of: placing a'gas'ﬁlow_control'device
‘within said well at a predetermined'location. said gas flow

':control.device comprising'a housing_includingiat least one
inlet port and at least one outlet port'. and an orifice
comprising a nozzle .portion and a Venturi portion. said
nozzle portion including a nozzle first end. a nozzle second-
end, and a nozzle flow path between said nozzle first end t
and'said nozzle second end said nozzle flow path converging v
from said first nozzle end to said second nozzle end; and
said Venturi portion including a first end and a second end,
and a Venturi flow path therebetween, said Venturi flow path
diverging from said Venturi first end to said Venturi second
end, said Venturi first end being disposed adjacent said
nozzle second end, said Venturi flow path being aligned with
said nozzle flow path to provide a. continuous flow path:;
said gas’ flow control device positioned for transmitting the
flow of injected gas from the annulus into the production
tubing-stringf forcing_compressed gas into the annulus:
constraining'the compressed gas_to_flow through said saspl
flow control_device to min said gas withireservoir fluids_
within the production-tubing string, thereby reducing'the
density of said reserVOir fluids: controlfing:the pressure
of the gas forced into the annulus with a pressure control
device to achieve critical flow through the gas flow
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- -control device. thereby maintaining a constant inJection
rate across said flow control device that is independent of
the pressure within the prdduction tubing string.

27. A method according to claim 26, wherein said
pressure control device is located at the surface.

28. A method according to claim 26 or 27, wherein said
gas constrained to flow throngn said gas flow control device
achieves critical flow across said gas flow control device
et_a differential pressure of less than 46% of the pressure
within said annulust -

29. A method according_to claim 28, wherein said gas
constrained to flow through said gas flow control deviee
achieves critical flpw across gas flow control device at a
differential pressure of between 5% and 46% of the pressure
within said annulus. | ' |

30. A method accnrding-to claim 28, wherein said gas
constrained to flow through said gas flow control device
achieves c;itical flow across said gas flow centrol device
at a differential pressure of between approximately'hz and
10% of the pressure within said annulus. | |

31. A method according to claim 28, wherein said gas
constrained to flow thriogh seid gas flow control device
achieves criticai flow across said gas flow control device
at .a differential pressure of less than 10% of the pressure
within said annulus.

32. A method according to claim 28, wherein ssid gas
constrained to flow through said ges flow cnntrol device
achieves critical flow across said gas flow control deyice
at a differential pressure of approximately 5% of the

pressure within said annulus. | T
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33. : A method according to claim 19 or 26. wherein the

gas flow control device is as claimed in any of claims 1 to

18.

Sheet Has Been Replaced

i



