5010/ 039 CORI OLI S PUMP- OFF CONTROLLER

>BACKGROUND OF THE | NVENTI ON 1. Field of the Invention
The present WRMERAB2n pertains to the field of control systenBPFS’USBZu'Pr%S
units that lift oil well production fluids fromrock formations

_beneath the earth's surface. Mre pUMP-OFFGONTROLLERI Yy, the control system
(s a pum:) of control l'er for a beamtype punping unit 5 that ceases
'__"-produc i on‘when® prioduction fl ui BACKGROUMND DEJ%HEH‘MENMvant ageously
2. Statenment of the Problem Ol is produced from
well e ‘hol es that reach deep beneath the surface of the earth to

drain productlo f,i: odﬁftﬁé Wrally occurring reservoirs or structural
_traps in. 10 roc forrratlons e reservoirs characteristically have

porosity" ( voi d spacesThe pnésentlisvention pemmn;: talﬂnb fieldefgantsal §Y§t§ﬂt3a§9§mm9
known . the. o tu&fi,‘senﬁ’e‘”lﬁéﬁﬁe i eoBtpliG S frof s touuaidif Pehegy Bie parins
it al. fpideam Aty hs eaatragsistem i8lenpuimp-off eantfblfer foxi a bbam-
to-24 pascal S) o per toot (- ‘meters) of depth; howeyer, vari t| on
are knowito ®c ctypeq:wnpsug uniti tbat ceases production when production fluids in ?I bore
are dlsadvantageously low.
2. Statement ef the Problem
Oilis produoed from well bore holes that reach deep beneath the surface of
‘the earth to drain productlon fluids from naturaity occurring reservoirs or structural
o 10 tra_ps in rock f_o_rmat_l_ens. The reservoirs charqmeristlcally have porosity (void
 spaces within the rock) and permeability (a capacity to flow fluids). The pressure
et=-ihe reservo,ir_;i'rji_é spacific well is known in the art as the bottom hole pressure.
Virgm res'erveii's ztybically have an initial bottom hole pressure ranging from about
. 04t005ps|perfootofdepm however, variations are known to occur outside this
o - 18 range Bottom hole pressure continually declines over the life of a producing well
| ' because productlen fluids are constantly being removed from the reservoir.
Production ﬂuxdg ;yp_ncally contain oit, water, and natural gas.

Producing well bottom hole pressures are difficult to predict and control
b_e’_c:eus_e-ma_n;ié@iiéﬁable’s are involved. A very:general explanation of pressure
drawdown is Ethet' ":-the’ bottom hole pressure of a well differs from an average
pnessure in the reservonr according to a mathematical flow relatlonshlp known as
Da'cy's law, reservo‘_r__ geometry, material balance considerations, production fluid
properties (e g., eornpress:bnllty and vsscosrty), and rock properties (e.g.,

| eempressublllty;'__poroslty and permeability). A nonlinear pressure gradient exists
25 aleng a radnus taken from the well bore out mto the reservoir. The pressure
; gradlent mereases wnth the rate of productlon from the well. Proximity to other
wells and to geolognc features deﬁmng reservoir: beundanes also increase the rate

Ure: ¢ own fora partlcu!ar well. o
Pressure-deplebon of an oil reservoir is oﬂen a significant problem that must
be carefully ma : ":ged to eptamlze the economuc performance of an oil reservoir.
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15 range. Bottom hole pressure continually declines over the life of a

pr oduci ng wel | because production fluids are constantly being renoved
fromthe Pr oduction- fluids typically contain oil vvater
and nat ure&?a‘;;’)‘s(&H Produci ng wel | bottom hol e pr ESHUSYe63

diff I bl | ved.
A very gener af NERSPEISES FERe £ a8 AT RpIn hatarPble KRR TR Gh S FRle

pressur e of .athitlis retjuifedd © dvercome thediydssstatie headdinithe Wel 5&&6 de?'dxample.

raccordi. hg to a mat hemat i cal “fl-ow'rel’ati onshi p known -as Darcy

reservoir. - . 8wejkthabis gighkthausand feet daep C@Brha\@ea M@ﬁsholpmasnrecnf 3000 d

o0 conoy RS YYhers prodURIGH Hlils bridindlih YoRE 3 éh nef e P LR u°
pr essur e .gb adeambinedipressuné gratientof Q.4 psi pércioot obdepthc a\bation? holesressare of
o oduc on 530 ok (Hodd ot “ﬂmpgxéﬁ’s B3 PY doRGrwald bﬁartﬁé‘uﬁré%;&%ggcme
Lo UTeS e OREcPAGIENS the srdes ‘?‘F‘“@mm Aliebl¥ regdiyoif bneroy,
an oil reser vor pressurefis enlyaade tonlift Mu:ds)tmlﬁﬂﬁﬁ&hmm divided by prafpérl y
o opi em ar i 5clool e wal Srkiet Rkt s BafiPolbiesyrda o, Aad el e apanconede
}:gft e;:mp?% %ﬂ\;‘\gbrm masprﬁ??‘e#e?ﬁﬁusanyd:eet ( fggaaﬁg%d(gf*sl ' gggmgan
have a bott orsurface. pAataﬂmldlttade\seee ae ilnStalleliStD.L(ﬁmate falling production rates,
and permit the addmonal reoovery of large amounts cf oil reserves from partially
' depleted reservoirs. - . :
. Beam type pumprng umts are the most oommonly used type of artificial lift
: 15 device. In beam pumpmg umts a beam is connected to a drive mechanism, a
| fulcrum and a counterwerght system aswell as a subsurface rod and plunger
assembly that reaches to the producrng reservotr The rod and plunger assembly
fits within a productron tublng strmg that is used to cerry production fluids to the
surface. Rockrng of the beam at the fulcrum causes the subsurface rod and
20 plunger assembly to shlft up and down over a path: that typically ranges up to about
n eight feet or more. Near the bottom of the well bore a valve system in the plunger
closes on the upstroke to lrft a-column of fluid towards the surface. The valve
system opens on the :downstroke to permit addrtlonal fluid entry into the tubing
strrng column for Ilfb i fand agam closes on _the"subsequent upstroke to seal
25 productron flurds in: the tubmg strrng during lrftrng'. The valves that cooperate to
- perform this openmg ; nd. seahng functions are respectrvely known inthe art as a
standmg valve, a trave |ng§valve and a check valve
A problem that rs known as 'pump-off’ cften ocours when beam pumping
units - are installed ‘in- sub 'E"antrally depleted reservorrs Pressure depleted
'_ 30 reservorrs and those fh\_ very low permeabllltles are often incapable of
| supplymg production fluid ate thatis suff' crent to meet or exceed the rate at
which a beam pumplng unlt wrthdraws productlon flurds from the well bore. Thus,
the volume of flurd rn::the well bore steadrly declrnes until the plunger on its
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(144 kil opascal s). Were production fluids originating fromthe well have a
density . yi el ding a conbi ned pressure gradient of 0.4 psi per foot of
depth (63 pasve)93/3se7 meter), a bottom hole pressure of RBEDUSHHISES1
(153 kil opascal s; cal culated as depth tines gradi ent) would be

reqw red.to brinypstrokerisdstpi pastithe lenet 0b fluidthat thearesen@ir iscapableof supplying

TP o 7550l Ve nd o 67 M oS ARl o
natur aI I y.occurr 'U%ﬁausé’tﬂe fyTapable of ASHINLPIESIE by basﬁmgrbrﬁﬂ'te dowhstroke
lift devi.ce can be installed to br| ngnmroductlon flui'ds to

surface. Artifi cittmoughta colemn offluide pumped-aftpiuspey Qﬁdtsedmsm cannot fill

B o1 T aver vet oAt acgif il bt Wil Bord BRGNS Aottt Bighig s

type punpi ng uni waskécby i‘&l#ﬁéﬁhﬂ%ﬁ‘ﬁﬂﬁﬂﬂbﬁﬂ@iﬁmﬂ’\ afreduced ratedf fluid fecovery at

devi ce. “lih "‘beam purrpl ng units, a _beamis, connected to.a drive nmechanism a

fulcrum -~ A bﬁ-wéh% fiting,efficiency, of the pump ‘19‘3'09&95‘ a consequenne of

ol unger Ziiiﬂ?li fi v TOCPERGEr B St B BRECLE e, AORP i fler

to carry product mmmmw pouhdirgysffaot ravling up ghe rod assémblycaric tothe surface

;lrigc&g\rpncg\ulzre the subsurface rm@% assenbl' to shi ftppgsgagmeﬂuld
LS et o 5 A et e T g
the surface. The Ireepeeteq/evm praiosged petied.dberpounding mecttmdmmswfatngue with the
el L oS e b i Serabent, i berotRdoed BEniSRn e
- tubing string durdu?ﬂ?b rods in'the rod and plunger assembly are espeolally vuinerable to fatigue
' .- 15 failure induced by pump-off.

* - Detection of a pumped-off condition is difficult because the rod and plunger
assemblies reach down for great distances, e.g., five to nine thousand feet. At
these distances significant elastic stretching occurs in the pump rod string due to
the modulus of elasticity in the materials that form the pump rods. The rate of

20 surface re_ciproee'tio'n must, accordingly, be tlmed to afford the pump rods an
opportunity to deliver an optimal reciprocating strOKe as the rods stretch over great
distances. In. practice, this timing procedure ns fine tuned by trial and error by
expenenced field personnel. The pump rods also contact the sides of the

production tubmg string. Thus, a pumped-off oondmon cannot always be detected

25 bymere surface vibrations.

Problems arising froma pumped-off condmon are resolved by shutting the

- pump off for a temporary ‘cessation in productaon from the well, i.e., according to
industry tenmnology, the well is 'shut-in’ or nd!ed The shut-in well builds bottom
hole pressure as fluids flow wuthm the reservoir to substantrally reduce the pressure

30 gradient between average reservoir pressure and the bottom hole pressure of the
well. Production ldeally commencss at a tlme after the increased bottom hole
pressure ranses the fluid level in the well to a- level above the uppermost point of
travel for the__ plunger assembly. The well is e_gam shut-in after a time to avoid
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\The val ves that cooperate to performthis opening and sealing functions are
‘respectively known in the art as a standing valve, a traveling valve, and a

check val A problemthat is known as 'punp- :
occurs when DERM T punpi ng units 25 are installed in substan?l al Fy%ﬁ et ed
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efiliing it é'eﬂ o he et Lok Lht el o pae pce o
fluid. The paipEwGRMge 9%@%@%05%% PP 01, 1t B ks B e SRIKIEE £
until it agaiagy Sﬁ?‘f}%ﬁéc. b?p%b&oh@ﬁoﬁbh'dﬂl@ﬁﬁhpmdasmﬂhmy

energy i s was rocatlng a colum of d with a reduced rate
2 5010/ 0@8 the pollshed)fod lii@. .olmenpparmstapump uMeagyremeets argiplotted enng

efficiency O]::arJ]se eppu % ’lsheg fod'foad on the vertical axis and polished rod position on
10 the honzontal axis. These cards are known in the art as dynamometer cards. FiG.

1 deprcts a conventlonal dynamometer card of this type. Variations of FIG. 1 exist

in which the data is: plotted as a system of dimensionless numbers. The FIG. 1

curve has a weli-d_e_velqp__ed substantially rhomboid shape with good separation

between its upper and lower limits showing that the pump is operating very well.

-186 FIG.2 depncts a seeond dynamometer card showung the effects of fluid pound due

' tothe estabhshment of a pumped-off condition in the well bore. The upper and
fower q;rves are no longer well separated. The lower curve has a sharp 90° bend
at 70%of the downstroke indicating fluid pound.

K Many problems are associated with the use of dynamometers to detect fluid
zb pound. Several vaﬁabl'es affect the loading of the polished rod or walking beam,
. and their effects eannullrfy or add to one another. The effects can also be shifted
_timewiée due to etre_tening of the pump rod-assembly. Therefore, dynamometer
readinis sometimes eennot be interpreted to identify when pump-off has occurred.

_ Addmonally, the strain gauges load celis, and electronic systems that support them

_' 25 sometimes fail rendermg the dynamometer system useless.

. An attempt has been made to detect the pump-off problem through the use
of volumetric measurements An extremely complicated apparatus is required, and
at the present time volumetric measurements are not commonly used for pump-off

| control in actual production situations.  Rhoads, U.S. 4,854,164, shows a dual

30 tank structure wherein dual tanks are connected by diverter lines. Flow between
~ thetanksis govemed by electronically controlied, pneumatically actuated valves.
Electronic level indipators- or float switches in the respective tanks provide signals

that represent the vel_ume in the tanks. An electronic controller uses the valves to
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consequence of punp-off . The plunger on its downstroke al so inpacts the
fluid with a water hanmmer or fluid pounding effect traveling up the
rod assenbl y WO@7B807he surface beam punping unit. The poRBGEU$Y7/05651

ef fect becones progressively worse as the 5 fluid |evel continues to

fall because thefmthegespe:pwedanke angsatadimehelhe tanksmam@e@wmulate production

cpeated v s GUELEAR ke MEYRR kR T ARIARIE e

the -
et vieen éé&vwaignars from trredrevbn iridicatop Withirs! aorannmsr meﬂmﬂyﬂw& and

Irnkagese
ue failure induced

especi al.ly- vul nerable to Tati. : unp-o
Det ection of a poayses allytcontrol edenwmetmllymgetee \raﬂ\ees mharmvener lines

pl unger e A
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an 15 opportunr
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resol ved: by shuttr punp or a tenporary cessation in
producti on from t he vr&'herelreme:ns adoue veed fora reliable volumetric method @ndigpparatus

well is "shut-in ‘idled. . The shut:i n tom hol e ssur
e 1t ds 11 ow vioroeplita bertpinpa. o avod e Biindd o§acsof ppdliion
gradi ent bet weenip prod GiPWell€ser voir pressure and the bottom hol e
pressure of the well. Pr duct lon ideally

15 SOLUTION

The prewnt invention overcomes the above-rdentrﬁed problems by providing

-method and- apparatus for controlling a beam pumprng unit through the use of a

Cenehs flow. meter to avoid establishrng a pumped-off condition in a producing oil

~ well. The COnons ﬂew meter is particularly well-sunted to the task because it has

20 an exeepnenal sensrtmty to flow rate, which is used to detect a drop in volumetric
pump stroke efﬂcaency corresponding to a pumped-off condition in a well bore.

‘The present invention invoives a pump: contml system for use in avoiding

actuation of a beam pumping unit while ﬂuud levels in a well bore are

dnsadvantageously low. The control system mcludes a flow meter (preferably a

.25 Coriolis flow meter) for measuring a productron fluid volume produced by each

upstroke of a beam pumprng unit, or by averagrng these volumes over time. The

meter prevrdes production signals representmg the production fluid amount

eorrespondmg te the volumes produced by the' pumprng unit, and transmits these

productron signals to a eentrei processing umt. The central processing unit

.30 receives the '_ _" uctron signals and compares therr corresponding representative

production aniounts -against one another to |dentrfy a reduction in volumetric pump

stroke efﬁcrency mduced by the establishment ef a pumped-off condition in the well

bore. The pumped-o condmon occurs when an upper timit of production fluids in
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25 commences at a tinme after the increased bottom hole pressure raises the

fluid level in the well to a | evel above the uppernost point of .travel
for the plwod9ssgssenbly. The well is again shut-in aft ' to
avoi d %ﬂﬁsﬁhﬂ%

97/ 38207

PCT] Uso 7/ 0565 e well bore has fallen below a plunger assembly attached to the beam pumping
Co it m turn, the central:processing unit transmits.a signal indicating that the
h pumped-off condition exists. A system controller acts upon receipt of this signal
from the central processing unit to stop surface production from the beam pumping
- unit an__d.pennit buildup of bottom hole pressure in the well bore.
| ln preferred embodiments, the control system stops production from the
pumping unit by selecting one of two options. As a preferred option, the control
system,_f ceases actuation of the pumping unit. In other circumstances, it is
~ sometimes not practical to cease actuation of the pumping unit when the well is
10 producing significant amounts of sediment in combination with the production fuids
because the sediments tend to settie out of the production fiuids and deposit in
jocations that cause damage to the pumping '_systém. An expensive work-over
operation could be required to overcome the effects of sediments settling out of the
production fluids because the sediments can cause binding or scratching of the
15 downhole pumping system components. in this {atter circumstancs, the control
| system preferably continues to permit actuation of the pump, but diverts surface
production back into the well bore. Thus, fluid racirculanon keeps sediments
suspended in the production fiuids until the fluids can be proauced for market.
_ 1t is particularly preferred to use a Coriolis flow meter for conducting flow
20 measurements. Coriolis fliow meters can detect both forward and reverse flow.
Reverse flow indicates that certain valves, namely, the check valve and standing
valve, have failed. Additionally, the volume (corrected for temperature and
pressure variations) that is produced by each pump stroke under normal operating
condifions should equal the diameter of the pro‘due_iion tubing string surface area
25 of the pump plunger. if the produced fluid volume is less than this amount, the
reduced volume indicates either a tubing leak or a leak in the traveling vaive. The
use of a Coriolis flow meter permits these determinations to be programmed into
the central processmg unit. In contrast, a simple dynamometer pumping system,
which requires very complex manipulations of the pump apparatus to reach the
.30 same detemminations that are readily available from Coriolis data. Regular turbine
meters and positive displacémént meters will not work as wel! in place of Coriolis
flow meters because the disp!éé"emnt meters t'end to clog {especially on reverse
flow) and lack the sensitivity and reliability of Coriolis flow meters. Some turbine
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establishing a punped-off condition. Significant differences in production
.rates can be obtained by changing the parameters of the s - | e
and the prod¥e7es07 cycle, i.e., by varying the rate at WI’]P%"'{SRy%g*T‘p

- beam reci procates, by varying the | engt h of t| rre t!h)? p

" operating, and b;etersra}sm@ﬂd‘te ciog on revesse flew.cand this meter 's(ﬁligpp very fragile

‘traditional rretho d

strai n gauge on 54 grsilyFiiop %ﬂ%ﬁ%ﬂ!ﬁgﬁﬁe@"ﬂﬂ*@ﬁd T orertifle MEeFs flso rely

‘beam i LA teh&gﬁ hheédfmaiebmt Wenkity that isasslimed to bOchnstanhf Thmaaumphon

rod assenbly kn the- pollshed rod, i t he u

\I\//g?tsurelrrents ar pmmm Q!ﬂp!ﬁjd%‘w&‘ﬂ] %’BQ@'“&DS{'&E"O
ical axigs a 0 é?"q?' B‘M}a

cards are kn%%ﬁ%ﬁgeg@ﬂﬁ neter car &b@ d(?‘fﬂvé@?tiﬁlheggil'dc‘duggﬁmid

con\\llﬁnt Iho'?ﬁl gytnarmmtlﬁer@agdnﬂfeatdmes objects, sndi adviantages: will kb appesent to those

in ic e data_is plotted as a s em d|.rren3|on 139)

1 curve ha§kdﬂ%l!u@e§@%8@§¥ﬂé’ﬂﬁﬁﬂ bpff"énu y W‘BB%@&G

separ ati on and | ower Ilmts showi ng that the pu S

~operating very \ﬁ%?{’%%’i'ﬁ%pl cts a second dynanoneter card shgvmrrﬁg

the effects of fluid pound duBRIEF DESCHETI@GQETH&ERAMNGSpunped of f

condition in the well_bore. The u per, and r curv s are,.no lon
vel | separatid. The IRIGURE J qepi QYG?FQPH‘QW[ nga%gor Aﬁ?‘ﬂ@f

wih (he use of T e odkitfitn of 2 beam pymp Bﬁ'ﬁﬁé"b'siUZr 2] “vart abl o5
affect the | oadi ng ofFIGhe2 depicts alpriotartdynaimicameten card showing:the effiests of fluid
Fi movi se. due 1 o PG RAERING et PR consiion s Sosh GRBb RN g Wellifde:
gggﬂ'r pgg Someti nes Ccg@0l &H’pndﬁb%ﬁﬁﬁ@nﬁ Bontfsl Byblelin ieRiding BRCoridlisfiow meter
15 and a computerized pump control unit aecordmg__to the present invention;
FIG. 4 depicts a bottom hole pump assembly in which a pumped-off
condition has been established;
FIG. 5 deplcts a pluralsty of voltage sngnals supplied by the Coriolis ﬂow
meter of FIG. 3 to the computerized pump control umt enabling the computerized
20 control unit to detect the pumped-off condition: of FIG. 4;
FIG. 6 depicts an alternative method by which the computerized pump
control unit of FIG. 3 can detect the pumped-off condition of FIG. 4;
FIG.7 deplcts an alternative pump contro! system according to the present
mventnon for use in:wells that produce heavily sedlmented production fluids;
25 FIG. 8 depicts yet another pump control system according to the present
invention for use’ |n wells that produce flulds to central gathering stations with
central measurement systems; and o
FIG. 9 depicts a schematic process control ﬂow chart diagram goveming the
operation of the pump control system aecordmg to the present invention.
30 DETA_IL__ED pEsc_RIPTION OF THE,PRgEERRED EMBODIMENT
Surface Featj:__i:es ©Of the Pump Control System
FIG. 3 depicis a pump control system 20 according to the present invention.
Control system 20 includes a conventional beéfrp pumping unit 22, a wellhead 24
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Additionally, the strain gauges, load cells, and el ectronic systens that
support them 25 sonetines fail rendering the dynanoneter system useless.

An att enpt Bbﬁl n nmade to detect the punp-off probl emthro ’
of vol unet‘;v??%neagurerrents An extrenely conplicated appar at {‘}sggi’g%g}ered

For purmp: o ff_ tmw 0B i PuipitS il 24 pRirHEE IR o s, 4 Yau ) fiBatoH 28 Yo
' - ' .ggaima@ced ga#mmmpmuwaﬁ nums@uaooﬁewwm@peae&t@d

by di ver:':t-er Ilnes :Fl'ow bet ween tanks i s governed

el ect roni cal | fincasitometed gontsakeanter 39@?' grvaras e ppetations °fy°°"ﬂ°é§¥$tem29

ot reprecant fofoph I8 mellrpliRps Pt Agaba PYTehR AU e 281 °F 0L 9P

valves to § Beam pumping unit 22 is a conventional pumping unit, and is schematically
Substitute sheet - Oct ober 1998 fill, the féspective tanks one at
PG4It N

a time. The t SARiste m@tvetvpﬁcﬂiﬁesmﬁhngm_. -
strokes of a BHPiEhBS tﬁa &m;&*&rﬁb&%ﬁtﬂ%f%tﬁﬁlhb%dn@z RIGHY BSwalking beam 32

connectmg a horse head 34 and an equalizer beanng 36. A pair of Pitman arms
38 oonnectthe equalzzer bearing 3Bwitha oounterwelghted crank 40. An A-frame

- 10 stnme46!mmvnasa Samsonpostsupportswalkingbeansz at center pivot 48.
A w:rellne hanger and casrier bar assembly 50 oouptes horse head 34 with polished
rod 52 A magnet 54 is mounted on crank 40, and sensor 56 is used to detect or
count the rotation of magnet 54. Aooelerometer 58i |s used to detect low frequency

_ vtbra'aons in Samson post 46, §

15 ‘In operation, crank 40 rotates to cause a oorresponding rotation of Pitman
arms 38. The rotatuon of Putman arms 38 recrprocates walking beam 32 up and
down usmg center pwot 48 as a fulcrum point. The: movement imparted to walking
beam 32 at equalizer: beanng 36'is reflected by oorrespondmg opposed movement
au'osswalkmg beam 32 at horse head 34. In tum, horse head 34 imparts vertical

20 reciprocating motlon_ to polished rod 52 thorough w_l_rehne hanger and carrier bar
assembly 50.

‘Wellhead 24 ns a oonventlonal wellhead mcludmg a sieeve 60 that receives
materials for packmg agamst polished rod 52 to ellmmate leaks between polished
rod 52 and siesve 60 SIeeve 60 is positioned above flow diverter 62 leading to

25 gas eliminator 26. Wetlhead 24 isboltedto a productuon tubing and casing hanger
64 that is used to hang i tens:on very iong stnngs of tubular goods inserted into
the well bore (not depnoted m FIG. 3).
- Gas eliminator 26 includes a baffled upngh_: cyhnder 66 having interior flow
spaoes connecting ﬂow dnverter 62 with meter llqold inflow line 68 and upper gas
30 loop 70 Liquid meter output line and upper gas |oop 70mergetoforma T 74 at
an elevation above COnohs flow meter 28. Prod _f
fluids from T 74 toa productxon fluid separator system (not depicted) in the
direction of arrow 78 Cheok valve 79 assures. that ﬂow through production line 76
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signals fromthe level indicator wwthin a tank as the tank is filled, and

.causes . el ectronically-controll ed pneunmatical |l y-actuated valves in the
di verterlinewdeo/ssai ch 5 the incomng fluid supply betweenPCT8IS97/05651
respective tanks, in order to purge the filled tank at an appropriate

tine. A go?dw t d&t hﬂPf‘Hrﬂ%ltlhﬁlhB“glr?ﬂ%ﬁrf]ﬁOfGW r?:ca. prha, (gasois separajed fr?m the
passage:bet ween the two tanks u e reason for XC i ear
The el.ectro pnetpmduetlﬂfhﬂl!lﬁﬁ flowing threugh divertardine éfbyéﬁgﬂgﬁpﬂ qagllje@pgnght
and the.::." eleg o

failure occur S, hn@&laéﬁ %&l{ hé th:%ridT?tffoWﬁﬁibrt% nuerq oHp?rt%'?L d "'IIEf\i/oe“ril line,
so, this remedi %n@géssys Wpassmetbe28¢hsugh&lppergashmp 78e val ves have

mechani sm haing  Cerials hov ropla: 28 17 rowalle PeBvonn mutdt B e 4 b and
connects the sprlgﬂmwn c&,&mﬂmh%gp??mmﬁﬁfmﬁanﬂbmmmb

needl e on the sc 1€S. a mntnmu vol unme. The contr ol
mechani sm shut s Coriolte flow metér, t suchs psi ihg- ELFER ModelnCMF100M323NUoaad Model

Toer e e no- o GHUESORHETRE} Wi, A pvefle e Mickd S BBGRIE; Geerac.
for controlling phdiep ﬂza{cwmé}g afe/ fnfacba?wm ot Opbifirg) a8 Odénsiermsters Thus, a

condi tion in-pro i ng oll
SOLUTION 10 volumeﬁmﬂweatatan be calculated byrdividing thedotal sass fiew rate byithe

probl ems by provi met ho: d e

Db g unt« Gt Bansiy, cabha ERRBIE bl kel 28] Gpdq pibkufcd Gignals to
establ i shing a pasfdnieafe with'Cofiblistrarsntitter 80 eweniin@8R. In tumytrahsmitter 80 uses
Coriolis flow meter is particularly well-suited to the task because it ha

25 an except i orelectrinad signals to cammupicatewith autemated;carter] cepterci evening
'n volumetric A preferred form of transmitter 80 is the ELITE Model RFT9738, which is available

15 from Micro Motnon of Bouider, Colorado. Meter 28 continuously measures the
amount of flow of hquxds through meter liquid inflow line 68, and transmits sngnals
representing the. ﬂow amounts to automated control center 30 through transmitter
80.

Automated control center 30 includes a high voltage power supply 86 and
20 anoperations control unit 88, which includes a central processing unit together with
program memory and drivers for electronicaliy controlling the operation of remote
systems. Control umt 88 is preferably the Model ROC306 from Fisher Industries
of Marshalltmn lowa. The central prooassmg unlt and program memory of control
unit 88 is pfogrammed ‘to facilitate the implementat:on of control instructions
25 through oontml umt 88 whxch transmits produetaon data signals to a central field
data gathenng;sy m (not depicted) on line 90 High voltage power supply 86
- receives pawer ove_ _poWer source line 91, and dlstnbutes this power as needed

to the components of system 20,09, t0 COrlohs fransmitter 80 on line 92.

Detailed Descrlptnon Of The Pumped-Off | COndition To Be Avoided

30 FIG. 4 deplcts a bottom hole assembly 100 that is connected to control
system 20. A well bore 102 has been dnlled through thousands of feet of geologic
strata formmg a pomon of the earth’s crust. ‘One of these strata includes a
producmg neservoar 104 havmg porosity that is filled with production fluids including
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punp stroke efficiency corresponding to a punped-off condition in a well

bor e. The present invention involves a punp control system for,
use in avoiplhggsgrey actuation of a beam punmping unit while &kﬂhﬂ?gevels in
a well bore are di sadvant ageously | ow. The control syst

pr oduct i on.- 1 | Ul Wil HEd g Nela) Bosita 478 s hade, bt Pluay of vskeanly saupted
unit, or:b fa\aﬁbasuﬁsaﬂéwmw:lwa 102" Chsifig: 108 ¥ises to theWuffach! &d A&Ags in
product|0n~5|gna S representl 8 t he production fluid anmount

Subst.i t ute shdensiondrom gasing hanger; 64.(506:ftiGng). t The spacabetween casing

duced. b
S central pr é?ﬂégég'#ﬁg'*aeﬁe OBt 102 | et 170 ) i S LA Frok?
product i on Si ghanneling behindzasing! 106 and tor isolaterabeneir $04.c Produdtiondubing 108

productlon angunt s -agai nst_ gone apot h o identify a reduction in
vol umetri ¢ purRANG ;ffgﬁqiiké”’@'ﬂ icasing: Sﬁn %éﬂg casing | hanges 4.1 Shaped

DhTmec o ook S i, bopfi%fed 16 basB°phrlly oo,
~ perforations 112 and 114, through casing 106 and cement 110 to permit production
fluids 116 from reservoir 104 to flow into casung 106. A packer 118 seals

10 production fluids 116 within casing 106 beneath perforations 112 and 114..
A plurality of threadably interconnected, elongated, cylindrical members form
a sucker rod string 120 connecting polished rod 52 {see FIG. 3) with plunger 122.
Hollow cylindrical plunger 122 is circumscribed by a plurality of elastomeric seals,
_ e.g., seal 124, that compressively engage the inner diameter of production tubing
15 108 with sufficient force to fift a column 126 of production fluids within production
tubing 108. The lower portion of plunger 122 includes a ball valve and seat
assembly 128 (i.e., the traveling valve) that seals under the weight of production
fluid column 126. Perforations 130 in the upper portion of plunger 122 permit the
~ flow of production fiuids between the hollow interior of plunger 122 and fluid column
20 126. The lower portion of production tubing 108 includes a ball valve and seat
assembly 132 (i.e., the standing valve) that seals under the compressive forces
created by the downstroke of plunger 122, and opens tc permit the entry of
production fluids 116 into production tubing 108 under the relative vacuum created

by the upstroke of plunger 122. :

25 As depicted in FIG. 4, a pumped-off condition has been established within
bottom hole assembly 100. An average pressure P exists within reservoir 104.
The flow of production fluids into casing 106 has created a pressure drawdown
gradient along arrow 134 in the portion of reservoir 104 surrounding well bore 102
such: that the volume of production fluids flowing into casing 106 through
30 perforations 112 and 114 is insufficient to meet the rate at which the reciprocation
of plunger 122 is removing fluids from within casing 106. Therefore, production
fluids 116 have an upper fiuid level 136. Plunger 122 reciprocates in the direction
of arrow 138 by the action of horse head 34 (see FIG. 3) upon polished rod 52

10
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through sucker rod string 120. Plunger 122 is depicted at the full extent of its

--upward travel. The upward travei of plunger 122 has exerted a relative vacuum on

fproduction fluids 116 to open ball valve and seat assembly 132 for the transfer of
production fluids 116 ir-ito production tubing 108'... The vacuum exerted by plunger
122-upon production fluids 116 has caused the production fluids to release or flash
gas, which creates a gas-filled space 139 between plunger 122 and fiuid level 136.

Gas also enters production tubing 108 to form gas-filled space 139 when the

upstroke of plunger 122 causes uppermost fluid level 136 to fall below ball vaive
and seat assembly 132. _
Plunger 122 is beginning to descend towards production fiuids 116 at fluid

level 136 through the gas-filled space 139. Ball vaive and seat assembly 128 is
sealed under the weight of fluid column 126 to prevent thé leakage of production
fluids in column 126 into gas-filied space 139. Plunger 122 travels downwardly
untii ball valve and seat assembly 128 siams into production fiuids 116 at fluid level
136 to create a fluid pound effect that is transferred up to pumping unit 22 (see
FIG. 3) through sucker rod string 120. Ball and seat valve assembly 132 seals
under the compressive forces created by the impact of plunger 122 against
production fluids 116 at level 136. The continued downward travel of plunger 122
opens ball valve and seat assembly 128 thrb_ugh the compressed fiuid forces
against ball vailve and seat assembly 132 to permit production fluids 116 to flow
across ball valve and seat assembly 128, through the hollow interior of plunger
122, through perforations 130, and into productiorj fluid column 126. A subsequent
upstroke of plunger 122 seals ball valve and seat assembly 128 and opens bail
valve and seat assembly 132 for repetition of the pumping cycle.

- The fluid pound of plunger 122 against production fluids 116 at fluid level
136 is extremely undesirable for several reasé_ns. Over time, a repeated fluid
pound effect of this type fatigues sucker rod string 120 to cause a mechanical
failure. This mechanical failure is very costly becausa the broken sucker rod string
must be fished out of well bore 102 and replaeeci_, The consequences of a sucker
rod string breakage may compound upon one another with the effect that the well

must be abandoned because repairs are no longer economically feasible. For

example, the collapsed sucker rod string 120 rﬁ__a_y cause a corresponding failure
in the production tubing 108, or sediments may settie from the production fluid

11
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- column 126 onto plunger 122 makmg it impossible to extract the collapsed sucker
" rod stnng during repalr operatlons Additionally, -the need for repair induces

" production downtime during which no revenues are derived from the well.
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Furthermore, : the operatlon of pumping unit 22 (see FIG. 3) becomes
moreasmgly less efrolent as the gas space 139 wnthm producuon tubing 108
increases. The volume of produotlon fluids 116 that should be dlsplaoed with every
pump upstroke equals the. surface aree of productlon tubing 108 taken across its
inner diameter in a direction per '_ "j sndicular o its axis of slongation times the length
of the upstroke for plunger 122 The presence of gas-f' illed space 139, however,
only permits the entry of produotlon fluids 116 into plunger 122 beginning at level
136. ‘When the gas—f lled space 139 occupies about half of the volume of

- production fluids 116 lhat should be entering plunger 122 on its downstroke,

volumetnc pump efﬁcsency falls to about one-half of its design output. Energy costs
remain constant because’ it req .r'es about the same amount of energy for pumping
unit 22 to reciprocate produeuon ﬂUld column 126 and sucker rod string 120 along
arrow 138. Thus, energy oosts remam constant while the amount of production
falls, and the amount of energy i.expended per unit production volume increases.
In marginal wells, the resultant efficiency and increased costs can necessitate.
abandonment of the well for economlc reasons if corrective action is not taken.
Avolding The Pumped-Off COndltlon

The solution to the pumped-off condition depicted in FIG. 4 is to cease
lifting of productnon ﬂunds 116 for a sufficient period of time to permit a reduction
or elimination of the pressure drawdown gradient within reservoir 104 along arrow
134, i.e., the well needs to be temporanly shut-in. When production is resumed,
the mcreased bottom hole press ure at well bore 102 is sufficient to raise level 136
to a posltlon above the upperlhost point of travel for plunger 122 Even 80,
production evenlually must agaln ‘-be shut-in because the available reservoir energy
is insufficient fo mest the pro f’ uction rate demands of plunger 122 at a given pump
reciprocation rate. Those skllled :'m the art are aware that the overall production
rate from well bore 102 can' b optlmlzed by attemptnng to fine-tune the operation
yrating it a rate that establishes a level 136 within

of pumplng unit 22 through
caslng 106 whlch oomes very ‘close to a pumped-off condition without actually
estabhshlng the condmon The exact nature of the adjustments to pumping unit

12
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-PCT/ US97/ 05651 the well bore has falten below a plunger assenbly
attached t o ywaa7Rsfm punpi ng unit. In turn, the central prPOTAISYTOSES1
unit- transmts a signal i nd| cating that the punped-of f condition

exists. A syst e%&gm ?i ﬂt; b Al Hbrifdly détefthineliy sKiethpersons i Itlmblwbsy

central .process op surface production fromthe beam pu
uni t -and.:per ni tab]ushdgppalfanhetet&mdludlegpﬁtassatﬁeoi recipeooation fopRlunger 122, the

! A b RS SR
g?pzzlrr(r)ristaneessywm%o" t.| ngguﬂg%hhgbmwmuemmm“mmm eg,
ctical to _cease act uaﬁl on of th

punpi ng unit 5mhmsnecﬁaaban @r PO"WMQJIUGMQ"% gditionc AR Spesification 11Es AR 'n@ﬁ“as

o settl o out oldamet BERE RiENCAan of Y8 Americdf Yol IngfgH Cit wapiifona

cause damage to g&i&&um aﬂmﬁ&ﬁsmﬁun/ar i@hains iy the/ wirimarretime of noometrprodaction
could be requir to overcone the effects of sedinents settlln out of the

production f| ui thatipernits the pumping unitioPreduca for subsianially saval ite whicl are
e 25 20 SBR BAR S4R BARBABH 1B i bt Sl 1o
punp, but diqgerts suByraay of exanipie, an operdtor mayprogram controliend@ to thange the
f|UId recircul ati on keeps sedi ifents;
idie time between pumpmg intervals from thirty minutes to fifteen minutes.
Following this program change the well may produce fifty barrels of oil and water
in a first productron mterval before it pumps off and must again be idled to allow
reservoir pressu_re to build up. A second pumping interval may produce forty
15 barrels before the well must be idied, and a third interval may produce thirty
barrels. In this example, the consistent decline in production is an indicator that
the idle time needstobe ih.t:reased,, or the rate of pump reciprocation needs to be
slowed. In praet'i:t:e}__jthes_e' changes are made according to field experience, with
initial guesses_'pein& ‘made according to analogies to nearby wells. In the event
20 that no nearby Wells"are' available, the operator may make an initial guess based
upon his or her axpenence, or the operator may follow guideiines suggested by API
or other standard engmeenng calculations.
FIG. 5 deptcts a preferred method that control unit 88 uses to monitor or
compare productlon volumes which are lifted to the surface by each reciprocation
25 cycleof plmger 122 for the purpose of determining when pumping operations have
established a ptmped-off condition similar to that depicted in FIG. 4. Coriolis flow
meter 28 (see FIG. 3) measures the'mass flow rate and density of production fluids
116 (see FIG. 4) that have been Irfted to the surface by the reciprocating action of
plunger 122. COnol""" flow meter. 28 transmrts slgnals representing of these mass
30 flow rates and. d' srttes ¢ riolis. transmttter 80 on fine 82. In turn, Coriolis
rocesses th srgna: s recewed from Coriolis flow meter 28 to obtain

a volumetric eelwlatron by drvrdrng the mass ﬂow rate by the coresponding density

et e
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suspended in the production fluids until the fluids can be produced for
mar ket It is particularly preferred to use a Coriolis flow

nmet er for (8 %"){ ng flow 20 neasurenents. Coriolis flow neters can det ect
both forwa everse f1 ow, Reverse flow indi cates tHcRUSE/E5E5

val ves, nanel heck ,val ve a standln val have fail ed.

Addi tional |y, %@?é"\' 3?9 voltage %esto confsplidrit, B8 over

vari ations) tigtad s produced by each punp stroke under normal operating
condi ti ons should ‘equal the diameter of the production tubing string

surface area 25 d‘ﬂG: Eaemmmbawguagepﬂlsesmmmdwssmbmpeyd“s
th t hi d I t t h t ubi I

2 ek i n  nd S Ak g 157 ER6R RS e ipBfxied < Bpraprandii AURR bpst
permts t@esqssenssrarw enpluh§ert22 (S5 RIGE4) arid Eorrespo ﬁdiﬁgﬂ@%%ﬁ’oke154

processing unit In contrast, a. S|nple dynanoret er punpi ng syst em
whi ch requi r 456,488 MMimmmmm uetmmwolumer.

Rogu ar ¢ ur bifgoprassiiied % P 6 Fiilein Yobigh i, o 87'5e ks Rl

as wel | in peanulafivélgingicate the volmvmmweé :ﬁ)aaahmmwﬂadpmh ﬁ@ﬁle as
meters tend to cl og (espeC| aII on reverse l-ow):-and | ack t

sensitivity magnet m@w 58/(see FIG; ﬁb Coriolis

6 10 meterZSandtransmntterBDrecordvoumetnc iction even during downstrokes,

- such as pulse 160 of downstroke 154, because bafﬂed cylinder 66 acts as an

accumulator dunng the upstrokes (e.g., upstroke 153) to retain additional volume

under hlgh flow rate condltnons that eventually passes through Coriolis meter 28

under low flow cond_x_t_lons. For example, FIG. 5 deplcts ghlrty-seven puises counted

‘15 in upstroke 153 followed by three pulses during dovirnéiroke 154 to provide a total

of forty pulses in recnprocabon cyc!e 150. Similarly, reaprocatnon cycie 151 counts

twenty-nine pulses, and reclprocatlon cycle 152 counts twenty-three. Each puise

represents a predetermined: amount_ of volume, e.g., _0_.2 galions. Thus, controller

88 compares the. sequential drop in efficiency -éﬁainst the volumetric flow

20 corresponding to the initial upstroke 153, i.e., a twenty-eight percent drop from
cycle 150 to cycle 151, and forty-three percent from cycle 150 to cycle 152.

Control unit 88 is programmed to cease actbatibh of pumping unit 22 when

the pump effi clency falls below a threshold level or value The operator selects this

level, and enters it asa cutoff value that is stored by controlier 88. InFIG. 5, the

25 cutoff value is ﬁﬂy percent efﬁclency Thus, a dechne to fifty percent or less lifting

efficiency causes conﬂ‘ol unrt to shut-in well bore 102 by depriving prime mover 42

of power. Control. unit 88 has a timer, and resupphes prime mover 42 with power

after an acceptable shut-m penod The duratnon ef--shut-m time can be calculated

by conventional mathematmal algonthms stored as: Mmm information in control

30 unit 88, or the operator can anter a manual override inan attempt to optimize the

production ratse. Snmxlarly. control umt 88 accepts __the recnprocatlon rate of pump

unit22 as a control input feature. o
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-PCT/ US97/ 05651 meters also tend to clog on reverse flow, and this
cl ass of neteoemsadrso very fragile and easi |y damaged unBET/USPTOSE51
operating conditions. Turbine neters also rely upon an estimte of

fluid density thal | @5 aBiciPaRiep Marr bylWhihacomtr Linit8s can qomplrecsr

i nherent error because actual fluid density changes from stroke to 5
punp stroke depemahitar prostuction: trmeuauaeagﬂd velumasqthad ase 'Ff%q Suface by a

;L;e?ent_ fo thowraﬂtyq’?r Saleléggpr{egﬁt%%&%rea méa‘g%/@%a%cusél on

bel ow i n conbin s haveegtatilishad g plmiped:glf. condition similar to that
BRI EF DESCRI PTI g&@ yHb feffon:

Ear d represer@ i dgpicted imﬂcamwmre&ml\gsgﬁ%gﬁgésc%ﬁgﬂ%%éﬁ&&d-
t
how hg ¢ he e 1 4R FIG S ang averageS g e Bhgiriif RiodietBhiylREE 16 s Biuahtyof

condi tion has b%&{:ﬁi’daﬁbh as over time. \Forlexampie, asmgle point 16Fiof cuBveld fRctan
a punping unit con

conput eri zed pur® o m&@ﬁnﬁé&%%&%ﬁ‘péﬁﬁﬁ@éh%’ ﬁtﬁéﬂ&iﬁﬁsee FIG. 5)
G P L BB, Mg, P ATRrASEA il R euBhdn yplumos may
vol tage signgd s simphy mduinuldtw o%‘erltwhe wiftoutvaveraging.t Thisoims+ameraging method
ot bet 1 he: punp@MatEaRav aisidt Suighe shers EBntioiler 85 sy fieihp el 1 dud
alternative met ipgyByg M&dﬁﬁb&ﬁiﬁt ﬁl&??é&ﬂffré’rﬁ abBHERt produotlon conditions, such as the
expansion of a gas bubble |n the production tubing 108 (see FIG. 4). Thus,
controller 80 does not compare the volume of individual strokes, but compares
15 average volumes or accumulated volumes over a number of reciprocation cycles,
as detected by magnet 54 and sensor 56. Periods of production 164, 166, 168,
and 170 (i.e., when pwnpnng unit 22 is reciprocating) are interspersed with periods
when the well is shut-ln or ndledfor prassure build-up 172, 174, and 176 {i.e., when
pumping unit 22 i is not reciprooetlng) Asin productlon cycie 166, each production
20 cycle begins at the hlghest average rate, and controller 88 initiates shut-in when
the average productnon rate falls below a selected threshold value at rate 180,
e.g., mnety-fuve percent of rate 178.
Altemnative Embodlment For Use In Wells That Produce Heavily Sedimented
Fluids
25 FIG. 7 depucts an alternative embodiment of pump control system 20,
namely, pump oontml system 200 for use in wells where it is undesirable to cease
the rec:procatlon of pumplng ‘unit 22. Identical numbering has been retained for
features of the system 200 m FIG. 7 that are identical with respect to the features
. of pump oontrol system 20 |n F IGS 3and 4. The main differance between control
30 system20 and eontrol system 200 isthe addmon of three-way vaive 202 in diverter
line 62. Th_re_e .wey valve' ,202 has two alternative configurations. In normal
production operations, three-way valve 202 receives production fluids from flow
diverter line 62, ?'at__'_\_a;j_-transfers all of the fluids so received to gas eliminator 26
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control unit of FIG 3 can detect the punped-off condition of- FIG 4;
FIG 7 depicts an alternative punp control systemaccording to the present,
i nvention %Br”}ﬁz%&l n wells that produce heavily sedi nented production
fluids; 25 |G 8 depicts yet another punp control sy SKCHUSTO86%8 ng

to the et helhmyot e 255" Hersecond caraligtion.sr dfve r%?‘ééfyaéé%sstamwe
FIG 9 depi Ctm SATG RIS PORCASE &oa&éph dél'GQV‘aﬁ@Qféns%raﬂl! g eahe

oper ati on -of punp control. system according to the present |nve |
DETA! LED. DESCHiroagtONetarn wmmmmmmw casing mmﬂ:pnﬂm:llun@ﬁbi@

accor 0o Lo 308 SPERcH uids predused ot vl RRCI02 G ipoe e ot era o

conventiongl peg ondroffi 'vbel?Boream@' Wreasktivély, only a portlon of the produced
7 WD 97/ 38207

'PCT/ US97/ 0565fluids may bwewghdxmwpmduagomrﬁte from the wall still pecite sLBicient
fluids, a gas,gldditd'BLAG uplo’ dVercome the pump-off problem.
The advantage in estabhshmg continuous motton in the production fluids
while obtalmng no :net production is that the continuous motion maintains
10 sedsments within the productnon fluids 116 in suspensnon without affording the
sediments a chance to settle. Without the continuous motion, sand or other
mineral particles cdi_lld'-_s'_e'ttle around the plunger seals 124 (see FIG. 4) within
tubing 108. inthat pb_s,ition; the deposited mineral particles could necessitate a
costly repair by locl_{i'n'_'g' p’l’_ilnge‘r 4122 in place or by se'ering seal 124 as well as the
15  portion of production tubing 108:proximal o seal 124.
~ An Alternative Embodiment - The Manifold Control System
Oil fieids are often located in isolated rural areas, and can have an areal
extont covering tens of square miles. An in-field pipeline system is often instalied
to gather produiction fluids from a plurality of widely dispersed well sites. In the
20 gathering system, 'ajeti:bing string connects a producing well to a manifold. Other
| wells are also connected to the rnan'ifeld by other tubing strings. The manifold is
used to selectively-combine the production from-.varioué wells, and deliver the
production to preéeale broee"séing facilities, such as a gas-oil separation plant.
Thus, the manifold is !ocated at a centralized sale facility that is regularly
25 maintained and vusxted by eperatlons personnel. On the other hand, the remote
well sites recsive less attentton because costs would be greatly increased if it were
necessary to employ operatmg personnel at each well site. Costwise, it is better
to conduct as many operatlons as possnble at the oentrahzed pre-sale proeessmg
center proximal tothe mamfold
30 ' FIG. 8 depicts a thirt ””'_bodlment of the: present invention, i.e., control
system 300, which partlally___ ' a manifold valve to provide a pressure signal
commencing shut-m of a selected'well In FIG. 8 identical numbering has been

THIS SHEET fiag

REPLACED

hns Sheet Has Been Re laced
ﬂ BEEN

|I|I|IlHI|I|||l||I I| *




separating produced gas fromthe production fluids, a Coriolis flow neter
28, and an automated control center 30 that governs the operations of
contr ol systmﬁﬂ;szm in response to measurenents conduct ed bwcmmsmoiscsx
flow nmeter 28. Beam punping unit 22 is a conventional punping

unit, and is SC“F‘:?{EH&PH% ystem cMPOABAI that aee iderdival tsysterecomponents of the
reci procatl ng surface punp unit. In industry parl ance, the nmmjor

conponent s of puFtBGng control: %teme?pude a wal ki ng beam 32 connecting a

et oo CH s S0 PSR STV Pk a it

-3¢ a count er wel ¢ran
A-frame 10 str ugf gleéirdric dohtrolled aimpmumaﬁcalmuatee valvés B§4b3@ﬁ.1&nd308
center pivot 48. - A wireline hanger and cg‘%rrl er:

enb 0 c gil
s s AR
?mb%nﬁ@gﬂ Soi'tdh{a%%gef X aow i‘oﬂnﬁnthhgaéerﬁb' valveSt304:308, a

54. Accel eronete requency: - rations in :
Samson post 46. gBrrespondihg stffacetubing string816,818)tort320 mnnantsmamrfold 302 with

36 1 ocl procat r°§§$&s%%g8§e§ﬁé£%mna "Rl 2, Fady R0 CAES i3 pivided it a
reci procates

ful crum poi nt. %ﬁm%ﬁ A

bearing 36 is reﬁmgferrespon I Ng oppb?g ﬁonegﬁzsnmgib@gg?ggésgﬁ line,
wal ki ng beam182 328hH@30¢ o332, 8dnnectsteach, pressure transmitteri 322,r324, \arr 326,awith a

carr | or bar " "Loffesheging e i dad, Soepri 2 HA S BRAUGHRASfodt'a two-

wel I'head i ncl udi Phase Sfdr 308 Withgsredlietion fluidsTRFdightubulaine330. "Manifold
agai nst polished'ro gft'oe 1mnate |I'eaks between .pol |gshed rod 52 and

sl eeve 60. Sl eeVSOBmlsmfepds mairoprodugtion separator332 through 2 gathering rail 334, which
includes a pturahty of tubular lines (e.g., iine 336) corresponding to each vaive on
15 the mamfotd '

Test separator 328 preferably moludes a gas bleed line 338 and a liquid
drain line 340 A Conohs flow meter 28 is mounted in liquid drain line 340 for
volumetric measurement of liquid production ﬂutds including oil and water flowing
through liquid dram lrne 340. Gas bleed line 338 and liquid drain line 340 combine

20 into line 342.to'fe ed gathering rail 334 going mto main production separator 332.
Main production eparator 332isa conventlonal three phase (gas, oil, and water)
separator that'dehvers salable fluids to a saies and delivery system 344.

inthe operatlon of system 300, control umt 88 configures manifold 302 to

flow all of the productton fluids received from a single well corresponding to a

25 single valve (e g, valve 306) to test separator 328 through line 330. The remaining
flow streams from valves 304-308 that are not ﬂowung to test separator 328 are
either shut-m or configured to fiow into gathenng rail 334 into main production
Asin other embodlments Coriolis ﬂow meter 28 provides mass flow rate

30 and density measurement signals to Coriolis transmntter 80 in line 350. Control unit
88 receives volumetnc signals from Coriolis transmrtter 80 on line 352. Contro! unit

28 monitors and compares these s:gnals to 1dent|fy an appropriate shut-in time for
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25 gas elimnator 26. Wellh °°Eio a production tubing and

- casi ng hanger 64 that is ﬂ u n tension very long strings of,
t ubul ar 'gogfl%ﬁ%%grted into - re (not depicted in FIG 3).
’ B565hr

Gas elinmin T ncludes a baffled upr| ght cylinder 66 havPREUSAT
fl ow spaces connecting:fl ow.di verter 62 wth meter liquid inflow line

68 and upper d¢he well W‘otﬂ%?%ﬂ ‘prepredsnia shul.dewnta seigstachane sidhegespective
70 nerge to f Ievatlon above Coriolis flow neter 28.
Pr oduct i on. |I35 i}@ngarrles pro ecﬁllﬁ{bcp fluids fromT 74 to a production
fluid separator syscmdlrsyﬂedew&dm}sﬁnmb\herembodlrmentsnnhomm\inmd\
Check val ve 79 ass reseéhat. :f | 0} througﬂgproductlon li.ne 76

8 5010/ 03¢Fontro vept $hutin Bhidiefespectivepumping: Wiits; MVhen Gorigjis;
i's separategl frhggy lag%ﬁagolgaw_m the Well ésnééﬁamsg ttbrtQHﬁQ elh‘har 876 Rag'€

62 by the action o ri-ght_ cyl i nder 384
Coriolis fl owemulsmaapumpyd; _.cenditloqumntrolmmw& camsesavalvg do paytiallys

T 28 e e PSS it By B g4 e rd he¥oFBLRe ubing
string 316. Pressure transmntter 322 detects this pressure rise, and transmits the
measurement to. trmer 334. T“rmer 334 |s programmed to deny power to the

10 corresponding prime--nlover 42 when the pressure at transmitter 322 exceeds a
maximum threshold value or maximum. pressure rise rate, e.g., 200 psi. Thus, the
increased pressure caused by the restriction of valve 304 operates as a signal
causing timer 334 to shut-m productnon Timer 334 reestablishes production by
supplying power to the pnme mover 42 after a predetermined amount of bottom

15 hole pressure build-up tlme Control umt 88 stores the elapsed pumping time to
shut-in as program oontrol data that will be used to operate the selected well when
it is no longer on test. -

Additional Advantages of Using A Corlolis Fiow Meter
System leaks sometlmes cause problems in pumping operations. The use

20 ofa Coriolis flow meter advanlageously faorlntates the diagnosis of these problems.
Specifically, a oombmed fallure or leak in the surface check vaive 79 (see FIG. 3)
and the ball valve an_ seat assembly 132 (the standing vaive) causes a backflow
of production flunds from the surfaoe to reservolr 104 under the force of gravity.
Coriolis flow meter 28 detects this backflow of production fluids, which typically

25 ocoursonthe downstroke of plunger 122 or during idle time. Thus, control unit 88
is programmed to alert the operator whenever a backfiow exists.

Other leaks can'develop m the tubmg or ball valve and seat assembly 128
(the traveling valve).: :._ln, thls crroumstance pump efficiency may not change from
stroke to stroke (as would mdlcate e pumped—off condition), but pump efficiency is

30 Jess than opt:mal; “As ,"__dnmted-i’_bove the volume of production fluids delivered
by a pump upstroke : should equal the cross-sectxonal area across the inner
diameter of productlen tubmg 108 tlmes the length of travel on the upstroke of
plunger 122 (see FIG. 4).'1 Dehvery of fluid amounts less than this volume indicates
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output line 72. Coriolis flow nmeter 28 is preferably a comercially

-avai l able Coriolis flow neter, such as the ELITE Mbdel CMF100MB29NU
and Model WNU whi ch are available from M cro Mtecanusyhosest
Boul der, Col orado. These flow neters are al so capabl e of operating as

Gens L0t 1. T8\ ot B in, 3 74y SRt Foatliia| 9o ocoraingl,

Coriolis flow Nesetrot Gnit 883s pragrammed to alsrtithe operatortora patential lelak@dnenavles a
transmtter .80 over il.ine: 82 Intu,rn rans tt r 80 uses electrla b
signal s to.conmuadsced efficiency of th é??"&l?ﬁa ﬁt@? S{yemANts provided by

A preferred formgﬁ%ﬁéﬁeb 80 i's the ELI TE Model RFT9739, which

is available fr Ton_of Boul der, Colorado. 15 Mter 28
conti nuousl y SeaFhe #cdelerometert of flow of i qui ds through meter 1iquid

inflow line 68, and transnmiits signals representi ro u 0

aut omat ed cont r ol na@@ﬂ@%ﬁ"ﬂ'@ﬂﬁ?@ﬁgﬁﬁ PVMBPH@G"W a8 of FIGS: 5and6,
Aut omat ed contro n
operations contr unlﬁﬁ%g@ aﬁac | nc uigg%é{eﬂentn?rag] B%égg%%ﬁ?sﬁ'ﬁe 3

together with 20Aeeeleg1metemsmueteetsdleulv fnequencpmbraeons thatcierive fromt fluidipound
the operation of rempte

| 88
Mbdel ROC306 fr oRsaciated ‘l’l‘l&l&‘é%/ Focip °gt&owgh§| ‘1'%?2 i Po{l):i S%?'tgﬁ‘?‘?iﬂ?"'
processing ugpt ?Hﬁs PIHROAGBI SFOTtEr Gaté & available fér use ast back-RipCtREIBICOL the

facilitate the i enment atf-on of control Tnstructions through control
unit 88, which tnead rtot shytrincproductionidm zheieyent dhatotubing inaks or pther machanical

el 0o oo aihobsabiRer e g e Y ishay LRt BIORRT B, 838l fow
power as needed pyatdrE8 ﬁPi&ﬁf Nt existined ol pumpedafbiconditiortor i ol i s
transmtter 80 on |ine " Detailed Descrlptlon O The Punped- O f
Condi ti on To Be Ppagram Features ofContrel Unit 80
15 FIG. 9 schematlcally depicts program oontrol features of control unit 88.
These features govem the operatren of control systems 20, 200 and 300. In step
P400, oentrel umt'88 causes pumprng unit 22 (see FIG. 3) to begin recuprecetnng
plunger 122. Thls recrprocation lifts production fluids to the surface in the
cenvent:onal manner of all reclprocatmg pump units. Coriolis flow meter 28
20 measures the produetron volumes that are associated with each stroke cycle
detscted by magnetxc sensor 56. Coriolis transmitter 80 processes these
measurement slgnals and: transmlts then to control unit 88.
In step P402, control unit 88 calculates the volumetric pump stroke efficiency
indicated by ¢ the |§nals reeewed from COﬂOlls transmltter 80. This calculation is
25 preferably perfomtéd as ‘a percentage difference calculation in the manner
described above m assocratien with FIG. Sor FlG 6. The percentage difference
uses an rmtral or mexrmum pump stroke volume as the basis of comparison. The
initial volume wn_ be selected as the first volume but is more preferably calculated
asan average of lhe several cycles, eg., the first five stroke cycles. Alternatively,
30 the initial value can be selected asa maxlmum value for each pumping session.

This averagmg techmque or the selection of a maxlmum value is useful because

systematic leaks in the productxon system may necessitate the filling of the
pumping syste_m thproduct:on fiuids before a maximum pumping volume can be

19




FIG 4 depicts a bottom hole assenbly 100 that is connected to control
'system 30 20. A well bore 102 has been drilled through thousands of feet or

nmeters of__geol o strata forning a portion of the earth's crust. One
of these {3399 "ncl udes a produci ng reservoi r 104 havPRd/YRIvRsEsLy
that is filled with productlon fl ui ds including

9 WO 9pbtained: In step P404, control unit 88 compares the stroke efficiency of the most

glcl-/r gﬁgt?gfog? eaggggy&ygd\ﬁédon%%w es | nsertie : =r ﬁf’w%rﬁ?’ ngéd@?ue

Casi ng ﬁoes r lotg'? ?et th? aGlpsﬁ‘akes andcthram;mstrokes) apainst arthfeshold vhléngthlafld
casi ng hanger see e between casl n 106
bore 102 i g fs preferably Weﬂz'ﬂmffgm ?%9@Emmmpahb¥mﬁﬁﬂeﬁ%&m g

e e

hanger 64. Shandstep P402 ealculates anew efficiency. A declinein stroke efﬁc:ency md‘cates
that a pumped-off condltton has been established i m the well. Accordingly, when
step P404 diagnoses th|s condition as an efﬁclency ‘below the threshold value,
control unit 88 causes pumping unit 22 to terminate recxpmcatlon in step P4086, i.e.,

10 the well is shut-in..

In step P408, Coriolis flow meter 28 continues to measure production mass
flow rates even though there is no positive flow of producuon fluids originating from
the reciprocation of - pumpmg unit 22. Step P408 alerts the operator that a check

- valve and standing velve leak exists if Coriolis meter 28 detects a backflow of

15 producuor_t fluids during the shut-in period.

In step P410, a timer in control unit 88 (or a timer unit associated with
control unit 88) determines whether a period of time has elapsed to permit a
sufficient pressure buildup in reservoir 104. The bgildup time can be calculated
according to a variety of conventional engineering methods including exponential

20 integral calculations, type curve analysis, procedures established by the American
Petroleum Institute, or eperator input data. If the timer indicates that the pressure
buildup period is not sufficient, Coriolis flow meter oontlnues to monitor for backflow
in step%P408 When the-buildup period has elapsad, controi unit again causes
pumping unit 22 to rectprocate in step P400.

25 Those skiled in the art will understand that the preferred embodiments, as
hereinabove descnbed may be subjected to apparent modifications without
departing from the true scope and spirit of the mvent:on The inventor, accordingly,
hereby states his intention to rely upon the Doctnne of Equivalents, in order to
protect their full rights in.the- mventron
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epr05|ve charges have been used to blast a pIuraI| y of perforations,

e.g. , perforations 112 and 11 Ahis 106 and cenent 110 to
permt produgié9sysgzey fluids 116 frH 04 to flow i ngSr/B8Fidses:
106. "A packer 118 seals 10 producti Wlthl n casing 106 beneath

perforations 112 g - A pI uraI ity of threadably _
I nt erconnect ed, Q cylindrical nenbers form a sucker rod

sHt)lr: ng 12|0 cgnneclt i n|g1pol | Nipdnpz wbrﬂﬁ:l(systerﬁgzg) or- use :in pb:}mtgatmgwuaﬂon of a
ow cylindrica unger s girc cri he ura|

el ast OITE?’/I c seal gum%lnggyng ﬁﬂ%ﬁ“\%a’?"%’énﬁ% p é S’é"? h&102), are
di anet er of proda EH?IQHH*PBQIXQ %ﬁ &E%Hdrﬁirtﬁ“ force to lift a

colum 126 of pro uc uctron tubi ng 108. The
| ower porti on of pl ungwans2(28) for méasum@alproda&mﬂudmﬂme correspsadmgtpthe

128 (i.e., tra\(el i ng _valyve) that .eal s -undef. the wei roduct
fluid col um1 26" H@%&Pl R rﬁ@'@"q‘# Bdgnit, said %u Psl'ﬂﬁi“%'ng a
permt the Fbﬂm Qi‘loWrﬁdf% éﬁq flui ds bet ween the hollow interior of

2

pl unger 122 and |UI col 6. The | ower portion of production
t ubi ng 108 i ncl udes amniesns (28, 8% &)&Bpwducmg slgnalsmaplgeseatat(ve of said production

downat roke of i THEYORBS cbSerdfo T8 RaeT Bt $Bid SRS crptes. VbRnslth pfe

fluids 116 into ghipet tlé‘éhﬂ&cigﬂzﬂﬂ the rel ative vacuum created
by the upstroke of plunger 122. %delctedln FIG 4, a

punped-of f c®@diti on maansee'ao)esesmmmem wacuph of saidbsignels far oompaangl said

100. A t.Qi. Dy, eserv I 104,
S odueti on o BrEiEdop flid yobites oidefiuk B@dRbn iR gime stopi e Hicitncy,
gradient along arrow pibans! asmrgeniéramigafsi rﬁmpresénta% of said.redusiioryi pump

bore 102 such that the voI unme “of product lon fluids flow ng into casing
106 t hrough stroke efficiency; an

means (42) responswe to said generanon of said signal representative of
15 said reduction in pump stroke efﬁcnency for stopping surface production from said

pumping unit. -

2. The systemas set forth in Claim' 1 wherein said stopping means
inchudes means (334, 336, or 338) for delaying actuation of said pumping unit over
a sufficient period of tiqu_;ta{fpertnit"bottom hole pressure to build up in said well
bore.

3. The system as set forth in Cla|m 1 wherein said stopping means
includes means (200) for remtroducmg surfaoe production to said well bore to
prevent deposition of sedlment on dwnhole pump system components.

4, The syste’n:\ ""asj ‘set forth in Cla__i'_lf__r_‘t:_1 wherein said stopping means
includes a mamfold (302)
flow line.

widing means for:ncreasmg pressure on said well's
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1 d
30 perforatlons 112 and 114“? nRe “u neet the rate at which the
reci procation of pl unger g f|UI ds fromw thin casing .
106. Ther r oduction- ave an upper fluid |evel 136.

.
Pl unger 13&8%%& es in the d| rect i on of . arrow 138 RATUBYNS6SE on
of horse head 34 (see FIG 3) upon polished rod 52

10 WO 97/ 3820%. The. system as set-forth in Claim 4 wherem said stopping means
PCT/ US97/ 0565; HE ~Syac

depi cted at tﬂ{'chf 30-;\...-..0- ---|-.|3%4 %}%%@J 354&%%%“%9@%?}’%3?’
of pl unger 12@eﬂﬁagmatmdmfsa@dpt1mpingam.um on production fluids 116

to open .ball valve and seat:assenbly 132 for the transfer of
production fluids 116 into’ productlon tubi ng 108. The vacuum exerted by

pl unger 5 122 ugon p Q‘%H@lﬂﬁqmm m E,stng

fluids to release or flas whi-ch ‘creates.a."gas-

el gas
bet ween pl ungpunpnpemtmparametmoeleotﬁdﬂ'oma list mssismg)om:npstmkedwmit

t ubi ng 108 to f or i | Fed, space139.when the " upstroke of plungér
122 causes upl/® né&aﬁ'!ﬂ‘ﬁ' ?@/Bﬁmﬂﬂg D8 a1 | bel ow bal | val ve and
seat assenbly 132 10 ; PI unger 122 is begi nni ng to descend towards

production fluids 116 at fluid
7 The system as set forth in Clalm 1 mcludlng means (28, 88) for

detecting a pmblem seleoted from a group oonsnstmg of a check valve leak and a
standmg valve Ieak

8. The: system as set forth'in Claim 7 whereln said detecting means
includes means (28 88) for producmg signals representatwe of a backflow of
produced fluids lnto said well bore

9. The system as setforth in CIanm 1 andudmg means (88) for analyzmg
said signals to ldenhfy a problem seleeted froma group consisting of a tubing leak
and a traveling vaive leak.

10. The system as set’ forth in Claim 1 wherem said measuring means
includes means (28 80) for caloulatmg sald produotxon volume by dividing a mass
flowrate by a denslty va!ue_oor.respondn_n_g_:to said mass flow rate.

1. The system as set forth in-Claim 1 wherem said comparing means
includes means (88) for oalculatmg a d:fferenoe between successive ones of said
signals. L ‘

12. A method of oontroillng a pumpung umt (22) to avoid actuation of the
pumping unit whnle ﬂu:d levels ( 136) m -a.:well bore are dssadvantageously low, said
method compnsmg the step sof:” B

measunng a productnon ﬂund volume produced by a pumping unit through

5 theuseofa Conolls fl__ }'meter {28); and

e e
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Eld val ve and seat assenbly

| evel 136 through the gas-fill ef
128 i.s . seal ed under the vvel :m olum 126 to prevent the
| eakage of pryweYsisR? fl UI 6 into gas-fill epctPRonusksP.

‘Plunger 122 travels downwar dIy unt|I ball valve and seat assenbly 128

sl ams into production Hw@ @nﬁts f}éﬁrgssrﬁ%f‘f\ta 15 %%g tsﬁ.oa[,gﬁ&ﬁlzptgd “Y&ume '

pound effect that is rans punpl ng

t hrough sucker rwmsmgmwmﬂmhd(asmsaanu tﬂ)eoﬁsb;d parApingauinit, wherein

under the conpressjve forces created. by the inpact of plunger 122 agai nst
production fl ui d§aidimethod: ischaraeterizedtb¥ ont i nued downward travel of

pl unger 122 Openéoﬁ%méaééf& @8@5\@%%%?@8?% Yanbter! {4 ity % reduction in

conpressed fluid forces gal ns val've and seat asse
pernmit produdQi ovoi.inetxbpﬂxhﬁ stroké- btﬁcsency induced by an Upper limit ehprodetion fluids in

mbly 128, th he hol | f . pl
SZ?? ora%ll ons 130rsg£\’!°fl 0 Bﬁﬂg\évcfl? r O ’ guﬂr}% b'ﬁaéﬂéggé%ﬁpﬁppumpmg

upstroke of plunggg. 122 seal s bal valve and seat assembly 128 and opens
bal | val ve ané seat assenbly 132 for repetition of the punping cycle.
25 The fluid pommpgwgnalmmmtammsﬂdcondmmt ands 116 at

fluid I evel 136 i extre undesitable fot: ;several reasons.

time, a repeated fl ui (§ PPINg ﬁb‘ffﬁéeeﬂrpgﬂg Qo rom sa ngglwg PEER bqilﬂﬂ'pof

string 120 t qscapsfom mg:ﬁgég@b in said Wwail befe: - This mechanical failure is
the b [

very costly because en sucker rod string must be fished out of
wel | bore 102 and repl aced. The consequences of a sucker 30 rod string

mist be- abandoned becddee. RparRURd B, bt Hahdf Cleificls WiRrein Ealsiopping, tep
exanpl e, the col irchwde$ &stelyof defaying actuatibhA ©f said mmgmmbows@snﬁidm period

failure inthe production tubing:108, or se ts may settle fromthe
production fl ui doftlmetopermnt bottom hoepressuretobutld up in said'well bore.

14. ‘The f'?me_thod as set f_drth in Claim 12 wherein said stopping step
includes a step.of reintroducing surface prsducﬁon to said well bore to prevent
deposition of sediment on downhole pump system components.

15. - The.method as set forth in Claim 12 wherein said stopping step
includes a step _p,f'-u:fst'ng_ a manifold to incre‘___qse pressure on said well's flow line.

16. The method as set forth in CIatm 15 wherein said stopping step
includes a step of respondtng to said mcreased pressure by ceasing actuation of
said pumptng umt

17. The method as set forth in CIalrn 12 mc!udmg a step of adjusting
pump operatlon o f rameter s selected froma Ilst consustmg of pump strokes per unit
time, shut-in. tlme and pumpmg time. e

18. The method as set forth in Clalm 12 including a step of detecting a
problem setected from a group conststmg of a check valve leak and a standlng
vaive teak.

23 THIS SHEET HAS BEEN

5-->|_'!!I|ltjftllllj " _IlIIj m




WO 97/ 38207 This Sheet Has Been Replaced
PCT/ US97/ 05651 col urm 126 ﬂ“u ““ﬂ Eﬁum 2 making it inpossible to
extract t sed sucker . r| ng repair o rations’

Addi ti ona%?cg%”k@gneed for repair 1nduces producti on doé)ﬂ' 08651 ng
whi ch no revenues are derived fromthe wel | Furtherrmre t he

operati.on of punpi 7§ unithemethed gs sst i?)"hb'é’cgm 1%“%8@%!@‘?&5@9'09&&99

The vol uneof s SBRE plrccihd HoPallSpivabilyd e BAplich of prock 851 ™

punp upst r oke intousalid welldoarer f ace area of production tubing 108 taken across
Its I nner dianeter .in a direction perpendicular to its axis of
el ongation tinmes the | ength of the upstroke for plunger 122. The

presence of gas-fildoed IpRGRethdd assuttort in CRim mmétﬁémﬁﬂyiihgs%iﬁ\%nﬂfs

production fluids 116 into plunger 122 begi nning at | evel

the gas-fill edo dgentlly s groRjenyselectash fromal group cansistingueicadubing leak and a
production fl waqawg w%eihoul d be entering plunger 122 on its
r

downst r oke, punp ‘efficiency falls to about one-half of its
desi gn out put. Energy costs - remai n constant because it requires about

t he sanme anount of _ener for punping 15 unit 22 to recjprocate production
fluid colum 126 agd-sug%@rm%?ﬁlﬁﬂj forth in, Claig 12 wherein said measuring step

includes calculating a volumetric flow rate by dividing a mass flow rate by a density
value corresponding to said mass flow rate.

22. The system as set forth in Claim 12 wherein said comparing step
includes a step of calculating a difference between successive ones of said signals.

*

THIS SHEET HAS BEEN
REPLACED

24



arrow 138. Thus, energy costs remain constant while the anmount of

producti on falls, and the anmount of energy expended per unit

producti on vONOMR/3810" €ASES. In marginal wells, the result pgtraseroses:
i nefficiency and increased costs can necessitate abandonment of the
wel | for economic reasons if corrective actigpgi s not taken. 20 Avoiding
The Punped-Of Condition The solution to the punped-off
condition depicted in FIG 4 is to cease lifting of production fluids
116 for a sufficient period of tine to permit a reduction or
elimnation of the pressure drawdown gradient within reservoir 1pP4 al ong
arrow 134, i.e., the well needs to_bg=tenporarily shut-in. en
production is resuned, 25 the increge &l e pres et | wel | bore
102 is sufficient to raise | guel & upper nost
point of travel for plunggr 2. »Upl |y nust
again be.shut-in because@h¢ javg
insufficient to neet theprpdus
punp reci procation t
overall production 30 r3kenf

122 pt a given
wmrethatthe
zed b

attenpting to fine-tune theZdpera on—_~ 6? pY 22 t hfough
operating it a rate thatcnéa bl i shes arkéﬁel 136 W casi ng 106
whi ch comes very close t&a pumped- g ondi ticonwiibout a \
est abl i shing the condition. The exact nature t he ad|ustnents 0_punpi ng
uni t 12°
POLISHED ROD POSITION
FIG. 1
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Q
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S
Q
Q
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5010/ 039 operational paraneters are normally determ ned by skilled

persons in the field by -  .adjusting paraneters including the rate of .
reci procati unger 122, the - duration of shut-in d the
duration ofgga%g#%QJtine. Desi gn and operati onal considkkgﬁwgﬁ
punpi ng units have been the subject of ex?? gsive literature, e.g., 5 API
Specification for Punping Units, 12th edition, APl Spegification IIE API,
Dal | as (Jan. 1982) (a publication of the A LkgaqlPetroleum
Institute). In traditional practice, the o shut-in or idle tine

is the mninmumtime of no net preduction t hat pef}
unit to produce for substantially equal intervals whic
i nterspersed between each period of idle tinme wthout
By way of exanple, an operator may program controller

idle time between punping intervals fromthirty m nut EgRd
Fol  owi ng this program change, the well may pr-duce f|l

ts the punping
dr e
yrppi ng of f. 10
4t 0 change t he
o fifteen m nutes.
barrel s of oi

and wat er in a first production interval punps of f and nust
again be idled to allow reservoir pressurg [ up. A second
punping interval may produce forty 15 Dbarrelpg 3; fers) before the

well must be idled, and a third interval may hirty barrels
(4700 liters). In this exanple, the consistentlde uhne i Foduction is
an indicator that the idle time needs to behJQC Paged, o ne rate of punp
reci procation needs to be slowed. Inp ! 5 are nade
accordi ng to field experience, ei Nng nmade
according to anal ogies to

o_—
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20 nearby wells. In the event that no nearby wells are avail able, the
oper ator may maeke an-initial guess based upon his or her experience,
or the operat woom3s26l | ow ~gui del i nes suggested by API or q;(‘hﬁ?

st andar d engi neering cal cul ati ons. FIG 5 depicts a pre erreas
met hod that control unit 88 uses to monitor 6 conpare production

vol umes which are lifted to the surface by each reciprocation 25 cycle of
pl unger 122 for the purpose. of 'determ' ni ng when punpi ng operations have

establ i shed a punped-off cg "SI mlar t 88 depicted in FIG 4.
Coriolis flow nmet er ée | G agures the mass flow rate and
density of productlon flui ds .- 116 see LG /.} that have been lifted to

plunger 122. Coriolis flow

the surface by the reciprocating acti
02 30 flow rates and

meter 28 transmits signals representing

dehsities to Coriolis transnitter 80 on n nturg Coriolis
transmtter 80 processes the signals rec 2 m Coyi P?S flow neter 28
to obtain a volunetric cal cul ayg X n he mass flow rate by
t he correspondi ng density' - 122 13
5010/ 039 val ue, and transr?tla“t CHfs tiaon res?l.qg.;as vol t age
purses to control unig_88 over 1 114 /

. . . . . - 5 > .t~ - . . . . .

R f334- T 128,

Po '_.= — R ' . . - .

N i, & 3?_- 136 .
o = 2

E st ~
= [t -_
g |
i} TIME

w e
3 |
T a2 | 174 176
g |
<

S L > TIME
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i ne 84. FIG 5 depicts these voltage pulses for a plurality

‘'of successive punp cycles . 150, 151, and 152. Each punp cycle includes
a correspo upstroke 153, 5 155, or 157, of plung 122 ee
FIG 4) an&gggngéggndlng downst roke 154, , 156, 158. Eacﬁca é%% is
associated wth the greatest productlcn14/l une which is represented
by a plurality of uniformvoltage pul se 159, which

currul atively indicate the vol une ﬁguﬂaced in each punp reciprocation cycle
as " indicated to controller 88 gnet 54 and detector 56 (see FIG
1). Coriolis 10 neter 28 and trans er 80 record volunetric production
even during downstrokes, such ul se 160 of downstroke 154, because

baffl ed cylinder 66 acts as an

urmul at or during the upstrokes

(e.g., upstroke 153) to retain adg tishpl vol une under high flow rate

conditions that eventually passeshtt

flow conditions. For exanple, FIG
i n upstroke 153 fol
t ot al of fort
reci procation cycle] 151 counts.
cycle 152 count £ nty thregy

h Coriolis nmeter 28 under | ow
efpicts thirty-seven pul ses counted 15
| seq duri ng downstroke 154 to provide a
~Qn cycle 150. Simlarly,
ty-ni ne pul ses, and reciprocation
represents a predeterm ned

I
anount of vol une, e 80.2 @EN-—&n ot 1 LN terg Thus, controller 88
conpares the sequen I drop |qg jci y nst the volunetric flow 20
corresponding to the i ' i.e., a twenty-eight percent

~drop from - cycl b0 to cycle
150 to cycle 152.

actuation of punpi mnl tQ

t hreshol d | evel oﬁ°va|ue

it as a cutoff value t hat }i s st

151, dfforty-three percent fromcycle
t |88 is programmed to cease
the [punp efficiency falls bel ow a
gts this. | evel , and enters
d by cantjrjpller 88. In FIG 5, the
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25 cutoff value is fifty percent efficiency. Thus, a decline to fifty
‘percent, pr. less lifting efficiency causes control unit to shut-in well
bore 102 by &apoigen prine nover 42 of power. Control unipcTAGsRs6s
timer, and resupplies prime nover 42 with wer after an acceptable
shut-in period. The duration of shut-in ti can be cal cul ated by
conventional mathematical algorithnms stored as programinformation in
control 30 wunit 88, or the operator can enter a nanual override in an

attenpt to optimze the production ratl Sinmilarly, control unit 88
accepts the reciprocation rate of punp {unit 22 as a control input
feature. - 7 WO 97/ 38207

PCT/ US97/ 05651 CFIG p pi cts anot her manner py which control
unit 88 can conpare or nmoni t pr froduction tine-averagpd vol unes t hat
are lifted to the surface by a plurality of plunger 1pP2 reciprocation
cycles for the purpose of determ hi ng /A punpi er a\i ons have

establ i shed a punped-off conditiop si to that 5 deRictgd in FIG
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in FIG 5, and averages the correspondi ng production volunes for a
plurality of reci procation cycles over tine. For exanple, a single, .
poi nt 161 o 62 can be the production vol une of rggl rLon
cycl es 150, 165{“3?\% 152 (see FIG 5) di vi ded by three. iﬁmﬁg’%‘%y,
the respective cyclic production vol unes 10 sinply accunul ated over
time without averaging. This tine-averagi ng nethod - advant ageousl y
avoi ds si-tuations where controller 80 may idle the well in due to

spurious readings that may result from geflgan® production conditions, such
as the - expansion of a gas bubble in the production tubing 108 (see
FIG 4). Thus, controller 80 does not conpare the vol une of

i ndi vi dual strokes, but conpares 15 aver age vol unes or accunul at ed vol unes
‘over a nunber of reciprocation cygres: as—cretegpt ed by nmagnet 54 and
sensor 56. Periods of production g64, 166, 168 ~and 170 (i.e., when
punmpi ng unit 22 i g« are RER Esed P ods when
the well is shut-fn or ided for pressRUNPINGUNE- up L72, , and 176 (i.e
when punpi ngl unit 22 is not eC|procat|ng) Asjin production cycle

166, each productfon 20 cycle be ghest average rate, and
controller 88 iniftiates shut-in when he average production rate falls
bel ow a sel ected jthreshold value at rate 140, - e.g9., ninety-five

percent of rate 178. Al ternafive Enbodi ment Fo} Use In Wells That
Produce Heavily Hedi nmented Fl ui ds GAMCULATE FId 7 deplcts an

al ternative enbodi nent of ht r ol PUMRSEROKEO, |~ -rpqod y. punp control
system 200 for use in welfl s where] it i SERFIGIBNENT abl e} t o cease t he

reci procation of jpunping Junit 22.bLldentical nuaberibhg has been retained for
features of the gystem2d0 in FIG 7 that gre identical wth respect to the
features -

P404
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10 Wi t 501008 production fluids 116 in suspension wthout affording the
sedi nents a chance to settle. Wthout the continuypus noti'on, sand or
ot her mneral particles could settle around the ptunger seals.124
(see FIG 4) wthin tubing.lCORIOLISPUMP-OFF GOANTROLLERNe deposi‘ted
m neral particles could necessitate a costly repair by | ocking

plunger 122 in place or by sEKCRGROONDLOF THEMRVENTIONe portion of

production 15 tubing 108 proxinal to seal 124. An Alternative
Enbodi:ment - The Manifold Control System Ol fields are often
| ocated in isaqlate ural areas, and can have an areal ext ent
covering t erfs Fdﬁ’déﬁtté? g"’tﬁ"?}% (kilonmeters). An in-field pipeline systemis

often install ed tgigidight RVEhLH detairs WitHe fiblchor conions pteins fof puingirigrunits
di spersed well 20 sites. In the gatheri nf% system a tubing stri nrg%:conriects
a produci ng tmet lift gilovell productionfivids flomaoei-formetions beneath the easttyesyriace: Mere.

Conbi ne. t ho spegdaly.dhe EpBirl AR is aauP-ofiank8Iér F aitkain-hbe il i
to pre-sge tﬁg@fg%gé%, ?Gc?dmbh hetsprodustiorifiuids intheoiéll Biecdreldisatvantagadusiyt .

Thus, the mani ocated at a centralized sale facility that is
regul arly 2%wimai nt ai ned and visited by operations personnel. On the other

hand, the re | Sites receive |less attention because costs woul d
be greatly iﬂéé&%’@ﬂ"‘&*’?’\%@b M necessary to enpl oy operating
personnel at eachoyVal pro8iiéet frémskeM I5éte Holes thabyelath deep benbaththe durfacesf theny
operations as possible at the centralized Pre-sal e processing center

proxi mal t o eanth townain @radudsion fluids fronF naturaliydegsuFing egsgmqirg qmq@magﬁ in

e P S ok aloon 76 bR omter sy forol) B it e

shut-in of 2,89/ &td permeabiiity' (@ dapacitPto flewTiuids) Trepressire dtithereservoir in a

specific well is known in the art as the bottom holé pressure. Virgin reservoirs typically

have an initial bottom:hole pressure ranging from about 0.4 to 0.5 psi (19 to 24 pascals)

per foot (0.3 métér_s) of depth; however, variations are known to occur outside this

15 range. Bottom hole pressure continually declines over the life of a producing well

because productionfﬂuids are constantly being removed from the reservoir. Production
fluids typically contain oil, water, and natural gas.

Producing well bottom hole pressures are difficult to predict and control because

many variables are involved. A very general explanation of pressure drawdown is that

20 the bottom hole pressure of a well differs from an average pressure in the reservoir

according io a mathematical flow relationship known as Darcy's law, reservoir

geometry, materiéi balance considerations, production -fluid properties (e.g.,

compressibility and viscosity), and rock properties (e.g., compressibility, porosity and

permeability). A nonlinear pressure gradient exists along a radius taken from the well

N
APy

25 bore out into the reservoir. The pressure gradient increases with the rate of production
from the well. Proximity to other wells and to geologic features defining reservoir
boundaries also increase the rate of pressure drawdown for a particular well.

Pressure depletion of an oil reservoir is often a significant problem that must be
carefully managed t6 optimize the economic performance of an oil reservoir. The

30 problem arises when the available bottom hole pressure falls below a value that is
required to overcom‘é the hydrostatic head in the well bore. For example, a well that
is eight thousand fee’f;(2438 meters) deep can have a bottom hole pressure of 3000 psi
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PCT/ US97/ 05651 retai ned for syst em conponent s th’at are i dent ical to
system conponents of the cont rol stem

s?/st em 300 64 kilepascalsi é/Vh%l'ﬁl F\“’GF’H“HQS‘Z luigg, |QE!9¥ @BQJE@@ the rW‘ﬂ'r haye @ de ‘?Ons'tyof
el ectroni ca

Son o condISlinGTH poiphedicedits e %‘5@??% 045t Bl B Wpi i3 paBCalsaRt
el ect ][I ca: Peten) & bottom rtdamssmreem 3200 Ipsid 53 Kilopastaiss salculatéd as depth times
O v e b et Be semirgion bang ?h”eix'ar” g%ééé%&s”&g%;%b@ Bate oger
Each t ubj

ransm ¢ Por habh, e sichiiesERAirnefoyor pressuidid 637 28 ‘Pﬁg%%ﬁ'ﬂé%@%&“
332, conngc(z.zatmmetarsgzss'ﬂgeeweﬂ aumrmt pméd?’ngéh r&mf alllprocEangv\ﬂd)w and must be
correspondi n i mer unjt Ma f b).

P PO ofandenad UBless AR ESHoR AT A avieaastine SIS0 @ RIDa PIPGUGHR TNGRdP
|ine 330. %&&#& Actifici) ff de9iBed BRERstEbA (P FHRBIPRIME RO tion Ffes, and

through a g ering rail
permit the additional recovery of large amounts of oil reserves from partially depleted

10 reservoirs.

Beam type pumping units are the most commonly used type of artificial lift
device. In beam pumping units, a beam is connected to a drive mechanism, a fulcrum,
and a counterweight system, as well as a subsurface rod and plunger assembly that
reaches to the producing reservoir. The rod and plunger assembly fits within a

15 production tubing string that is used to carry production fluids to the surface. Rocking
of the beam at the fulcrum causes the subsurface rod and plunger assembly to shift up
and down over a path that typically ranges up to about eight feet (2.4 meters) or more.
Near the bottom of the well bore, a valve system in the plunger closes on the upstroke
to lift a column of fluid towards the surface. The valve system opens on the downstroke

20 to permit additional fluid entry into the tubing string column for lifting, and again closes
on the subsequent upstroke to seal production fluids in the tubing string during lifting.
The valves that cooperate to perform this opening and sealing functions are
respectively known in the art as a standing valve, a traveling valve, and a check valve.

5 - A problem that is known as ‘pump-off' often occurs when beam pumping units

25 are installed in substantially depleted reservoirs. Pressure depleted reservoirs and
those having very low permeabilities are often incapable of supplying production fluids
at a rate that is sufficient to meet or exceed the rate at which a beam pumping unit
withdraws production fluids from the well bore. Thus, the volume of fluid in the well
bore steadily declinés until the plunger on its upstroke rises up past the level of fluid

30 that the reservoir is capable of supplying to the well bore. In this state, the well is said
to be at least partially 'pumped-off' because the plunger is only capable of refilling itself
by passing on the downstroke through a column of fluid. The pumped-off plunger on
its downstroke cannot fill itself until it again passes beneath the well bore fluid level.
Accordingly, energy is wasted by reciprocating a column of liquid with a reduced rate
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i_ncl udezo“aplg?%ral ity of tubular lines (e.g., line 336) ,corresponding to
each val ve on 15 the mani fol d. Test separ at or' .328:preferably -

i ncl udes a gas bleed |ine 338 ratn 340 riolls.
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oper ation syst contro unit 8 ures nanif
flow al | of if fepegatedover anpfdlarigesd peried,the poxmdlrag effact mduees faitgueewpibrtmng

330" The T cqRiTaRPRGUING filird ghsxterd SoERenshiR, din b esiRdBnRAgesihen BRR i nirh®
flowing to fast, ﬁg%g% rpl&?g%rﬁ&@emblg ar@b&ﬂ?@éuaanérle@fto etigLie 9ainpe nﬁdmcéh ow
al intd main pr

into gatheringr duction separ at or .
i n ot her enthopumproft, COI’IO|IS flow neter 28 provides nass flow rate 30 and

it 10758 ccBptedion A pumrediof sanaibf I8 Bl pBtaydh. e fo i sftiler©

line 352. %&%bh%ne%%hch downzf%r ﬁPé”Httdiét&néési &6/THRE 26 e thoushag Jéet (1624 to

Identify an appropriate shut-in"tinme for

17 2743 meters). At these distances significant elastic stretching occurs in the pump rod

: string due to the modulus of elasticity in the materials that form the pump rods. The
rate of surface reciprocation must, accordingly, be timed to afford the pump rods an

15 opportunity to deliver an optimal reciprocating stroke as the rods stretch over great
distances. In practice, this timing procedure is fine tuned by trial and error by
experienced field personnel. The pump rods also contact the sides of the production
tubing string. Thus, a pumped-off condition cannot always be detected by mere surface
vibrations. _

20 Problems arising from a pumped-off condition are resolved by shutting the pump
off for a temporary cessation in production from the well, i.e., according to industry
terminology, the well is 'shut-in’ or ‘idled.” The shut-in well buiids bottom hole pressure
és fluids flow within the reservoir to substantially reduce the pressure gradient between

J average reservoir pressure and the bottom hole pressure of the well. Production ideally

25 commences at atime afterthe increased bottom hole pressure raises the fluid level in

the well to a level aboﬁe"_ tl':_gzuppermost point of travel for the plunger assembly. The

well is again shut-in after a time to avoid

3
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5010/ 035010/039 the well on test, and proceeds to shut down a sel ected
one of the respective punping . uni'ts 22 as required. - '
Control system 300 differs, from ot her (?Hbo'gl ments in thle manner 'i'n which
control uni OCOYS; eRlY diniha direstian ofArAw YRe Thuspaas is/sepAiARoEemihe Prodyrdion

Cori ol i . STl ) , : ;
Qor oS 16 ARiesRRHGCRlG LR ihe! Ry e Hih SO6LASE UGN I hddi g0
causes val veigiids gotacotiols flow mletere8 thivighimetentiquid inflow el Bnd gassesbypmss04

i nduces a pressure rise or surge in tubing string 316. Pressure
transnitt er meter B threughupper gaeloop .1 i se, and transnits the nmeasurenent

cor  espoRi ng_pr GR0ON YR maf e AMBEWoEA 1t 1A Tipdcing 18 ang iuia

exceeds a npyipitiing M2esOoticlis/Adw enater 8BS preferably a ciraerdiatly BvaiabletCoriolis
t he increased pressure cause

e.g., 200 psi (9.5 kil ogpascals). Thus, d

by he r e AWMEIRr.FUGHES estl TE MPdeuSME OAVEZORL abd Anciey CMIREIORSRINY
shut-in —  \whidl QUdiaBie Ebrﬁ%@@ﬂ&tﬁﬁ%f%&dl@é}e&oﬂraﬂ Ctri@Be %}SMFMER%%'A?Q
power to the prine nover arter a predeterm ned anount of bottom
hol e pr essuaisobcapgable pf topeeatingoas rdensitometers.5 THLS, | volamettie flowaratedan be

TR I oy S PREN -
Advant ages hrifil it tetel 28°Lises Sletiticiiéihals to communicate with Coriolis transmitter
80 over line 82. In turn, transmitter 80 uses electrical signals to communicate with
- ' automated control center 30 over line 84. A preferred form of transmitter 80 is the
ELITE Model RFT9739, which is available from Micro Motion of Boulder, Colorado.
15 Meter 28 continuously measures the amount of flow of liquids through meter liquid

inflow line 68, and transmits signals representing the flow amounts to automated control
center 30 through transmitter 80.
Automated control center 30 includes a high voltage power supply 86 and an
operations control unit 88, which includes a central processing unit together with
20 program memory and drivers for electronically controlling the operation of remote
systems. Control unit 88 is preferably the ' Model ROC306 from Fisher Industries of
Marshalltown, lowa. The central processing unit and program memory of control unit
- 88 is programmed to facilitate the implementation of control instructions through control
w unit 88,_which transmits production data signals to a central field data gathering system
25 (not depicted) on line 90. High voltage power supply 86 receives power over power
source line 91, and distributes this power as needed to the components of system 20,
e.g., to Coriolis transmitter 80 on line 92. _'
Detailed Description Of The Pumped-Off Condition To Be Avoided
FiG. 4 depicts' a bottom hole assembly 100 that is' connected to control system
30 20. A well bore 102 has been drilled through thousands of feet or meters of geologic
strata forming a portion of the earth's crust. One of these strata includes a producing
reservoir 104 having porosity that is filled with production fluids inciuding

9 |
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System I 33119’%3c?neu nmes-cause problens in punping operations. The use of

a Coriolis flow neter advantageously facilitates the dlagh05|s of t.hese. .
e surface, check

ficall mbi ned f
Val ve 75 (scopRraiong b etears%?ewb%auv%sé‘rbﬁ st ovaied namons,n 188 Teld By

standi ng val y ?lrvg@%?{)%“ '@W"ﬁ%ﬁﬁ% raf grg@% QfBE@iéﬁ‘gsfgur?é@rt q??mxpe

surface to re

neter 28 det @Q?@tldmoﬁsmﬂﬁﬁilh@Naﬁﬂ the AUvEtiorPof Plrmpl ttrﬂ@' désig}Fﬁbﬁé' rﬂ?&dﬂls

on the - downst r oke of plunger 122 or during idle tine ontr ol
unit 88 is pcongMmrlsdo:zwmaing%mtsmamdmb elu}mewmml \ogexﬁemt litblr.'%ﬁlueeglesgs.
t al |, val ve and seat asse
(ne 85 4Pl Srectration for Pimbln Dfles. A edioe, Aguﬁpegmpamnﬁ,wynayas
k 0
Chare {1 oM B X104 (o pubH of e a6, JREE)S o

above, the VpiameOiheDbpﬁimI steat-ihl oriidle tﬂ'ﬁé'lyﬁi@ﬁlﬁhtﬂnﬁﬁ@oﬁﬁoq{é‘i#ﬁ%ﬁcﬂon

shoul d equal the cross-sectional area across the inner dianeter o

producti on that pepmits the pgmpinggnit toepnodnge rioro&ubstantcally@quahmtewats okhictoare
uid_anmounts | ess than this

\F/JL:JL\gngr i ﬁéizc @%pglrsed bgtween eatlz?'? perlod of idle tlme without pumping off. 13

10 By way of example, an operator may program controller 88 to change the

idle time between pumping intervals from thirty minutes to fifteen minutes.

Following this prbgram change, the well may produce fifty barrels of oil and water

in a first production interval before it pumps off and must again be idled to allow

reservoir pressure to build up. A second pumping interval may produce forty

15 barrels (6400 iiters) before the well must be idled, and a third interval may produce

thirty barrels (4700 liters_); In this example, the consistent decline in production is

an indicator that the idle time needs to be increased, or the rate of pump

reciprocation needs to be slowed. In practice, these changes are made according

to field experience, with initial guesses being made according to analogies to

20 nearby wells. In the event that no nearby wells are available, the operator may

make an initial guess based upon his or her experience, or the operator may follow
guidelines suggested by API or other standard engineering calculations.

h FIG. 5 depicﬁs a preferréd method that control unit 88 uses to monitor or

compare production volumes which are lifted to the surface by each reciprocation

25 cycle of plunger 122 for the purpose of determining when pumping operations have

" established a pumped-off condition similar to that depi_cted in FIG. 4. Coriolis flow

meter 28 (see‘ FIG. 3) measures the mass flow rate and density of production fluids

116.(see FIG. 4) that have been lift_é;d to the surface by the reciprocating action of

plunger 122. Coriolis flow meter 28 transmits signals representing of these mass

30 flow rates and densities to Coriolis transmitter 80 on line 82. In turn, Coriolis

transmitter 80 processes the signals received from Coriolis flow meter 28 to obtain

a volumetric calculation by dividing the mass flow rate by the corresponding density

13
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PCT/ US97/ 05651 a leak in production tubing 108 or: ball val ve and seat
assenbly 128. Accordingly, - control unit 88 irs prograrmed 'to alert the
oper at or t ovalugygadttransritsthertalogiation sesults as volfagaipelSes & caatfolasnit B8 over
type is deduced fromthe nmeasurenents provi ded by Coriolis flow neter
28. 5 Theline®4.eronet er In addition to the use of the

ff detect
Pkt des |t or mtiGh qepictsdhese itade BEeS for o pyrg i ks BuficCydes.
58 detects hgy §5¢%ads52V ERchlpuphs cydlaindiedéy 8 cofreepbhding ;mmpildpstroke 153,

associated wth the reciprocation of punping unit 22 In a punped- of f
condi ti ob. 165, 8hdS7, ofplungeel22 (saa E Gd@landt somespobading dawnstsekend 54, 156,

back- up |nd| cator of the need,to sh roduct| i.n t event that
Pubi ng | cakd58r *BasbrUnRitelisca8sociated i Hihaheatast BrREUGHEN YlLIDE:

g‘ifiﬁéﬁc”‘énéréé*’e%&ﬁﬁ%%# Bt B uitorf’ 0"59‘525@%%? WA A 4%1 &F

80 15 cﬁhﬁtaﬁvéiy hﬁ@i%hté the Yollpie Prédikdetd frhBaeRBUmMmp rééi tatratﬁ:rpéycte as
control unit- 88 hese features govern the operation of control

systens 20, uﬁmamddtoeoontrolterss&;by magnatl56 and dietedton 66t (see Fi&ists feonidlisy
act pr o281 Betes 28 ShgltEamee8 Fedhs Rhirbeicampbelbif fver fhiing BoRmstrokes,
such as pulse 160 of downstroke 154, because baffled cylinder 66 acts as an
accumulator during the upstrokes (e.g., upstroke 153) to retain additional volume
under high flow rate _conditions that eventually passes through Coriolis meter 28
under low flow conditions. For example, FIG. 5 depicts thirty-seven pulses counted
15 in upstroke 153 followed by three pulses during downstroke 154 to provide a total
of forty pulses in reciprocation cycle 150. Similarly, reciprocation cycle 151 counts
twenty-nine pulses, and reciprocation cycle 152 counts twenty-three. Each puise
represents a predetermined amount of volume, e.g., 0.2 gallons (0.8 liters). Thus,
controller 88 compares the 'sequentialldrop in efficiency against the volumetric flow
20 corresponding to the initial upstroke 153, i.e., a twenty-eight percent drop from
cycle 150 to cycle 151, and forty-three percent from cycle 150 to cycle 152.
| Cdntrcl unit 88 is programmed to cease actuation of pumping unit 22 when
the pump:efficiency falls below a threshold level or value. The operator selects this
level, and enters it as a cutoff value that is stored by controller 88. In FIG. 5, the
25 cutoff value is fifty percent efficiency. Thus, a decline to fifty percent or fess lifting
efficiency causes control unit to shut-in well bore 102 by depriving prime mover 42
of power. Control unit 88 has a timer, and resupplies prime mover 42 with power
after an acceptable shut-in period. The duration of shut-in time can be calculated

o

by conventional mathematical algorithms stored as program information in control
30 unit 88, or the operator can enter a manual override in an attempt to optimize the
production rate. Similarly, control unit 88 accepts the reciprocation rate of pump

unit 22 as a control input feature.

14
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~convent isgﬂg{oq%nner of all reciprocating punp units. Coriolis f|low nmeter 28
20 neasures the production volunmes that are associ-atee w th each stroke

cycl e detected by _magnetic sensor 56. Coriolis:transm+ier «80 - o
processes t itesgh tubed@ay JMC@%%%U@W of Hiresrway veve f@ ISl fegeive’

Ut 98, e Rpelan S o AR B g gt efoe Hl et BB AR R ¢
pecom o dFRem e 208 Y s Bawsareasnd 100 pemicgen fuing 108
associ at i on Thius) dfi ffuids prodtt&d fiom Well henectd? age recydied sodhat therels e net
initial or maxi mum punp stroke volune as the basis of conparison. The |
initial Yol preductionortwvel bore 192 ltenativelyopriiea pertion; of the proguesd fbids,
cal cul ated, pay 3 BNAKE P B Bt WARATEUH Phe KT ot Bihid St
T o oSSl 0918 MBSAAE i oump o probmt) 20,7, ecinaue, o | 1e
production syst eflThevadvantags irmestablishingl contimuoust metion in theprodustion @aids
with production fluids before a maxinum E){Jhrrpi ng, vol une ganmbﬁ\tai s sedimen
19 5010mbdie obtaining no net production is that the continuous motion maintains sediments
| 10 within the production fluids 116 in suspension without affording the sediments a
chance_fo settle. Without the continuops motion, sand or other mineral particles
could settle around the plunger seals 124 (see FIG. 4) within tubing 108. In that
position, the deposited mineral particles could necessitate a costly repair by locking
plunger 122 in place or by scoring seal 124 as well as the portion of production
15 tubing 108 proximal to seal 124.
An Alternative Embodiment ~ The Manifold Control System
Oil fields are often located in isolated rural areas, and can have an areal
extent covering tens of square miles (kilometers). An in-field pipeline system is
often installed to gather, production fluids from a plurality of widely dispersed well
20 sites. In the gatheﬁng system, a tubing string connects a producing well to a
manifold. Other wells are also connected to the manifold by other tubing strings.
_ The manifold is used to selectively combine the production from various wells, and
~E deliver the’ producﬁon to pre-sale processing facilities, such as a gas-oil separation
plant. Thus, the manifold is located at a centralized sale facility that is regularly
25 maintained and visited by operations personnel. On the other hand, the remote
well sites receive less attention because costs would be greatly increased if it were
necessary to employ'operating personnel at each well site. Costwise, it is better
to conduct as many bp'_erations as possible at the centralized pre-sale processing
center proximal to the manifold. '
30 FIG. 8 depicts a third embodiment of the present invention, i.e., control
. system 300, which partially closes a manifold valve to provide a pressure signal

commencing shut-in of a selected well. In FIG. 8, identical numbering has been

16
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6btafned50ﬂqmg¥%p-P404, control unit 88 conpares the stroke efficiency of
t he nost recent stroke cycle (e.g., one upstroke and one ‘downstroke or

an average val ue of the |ast three upstrokes and three downstrokes) -
agai nst a t htheswel en test.and preceeds to shut gpwneat selegtedianerofithe cespaciive MyMpiag

as program da } ..t he operator. If the 5 efficiency has not fallen
bel ow t he th}"é@%g‘?%g&gﬁ%éé,&punp reci procation conti nues, and step P402

cal cul ates a new gontiol epstem 300akifféradrom dthéroEMbetiimdrite i the Askriwrés which
that & punped-off condition has been established in the well. Accordingly,

when - st epntralunitdBB gmplementaisbut-tnef theoiesasctive pempirigewits. b¥Yhse Qesiolis
reci procad ofneepuremantERBidath P e gl CHARBNAHGLS Uil bing 516 hab Seibeighé

step P408, Capufiped-dff condiisng Eom¥ol LPANBBIdaeBes 0alve 304 16 phrtiafly elosen ThHassosing
flow rates even though there is no positive flow of production fluids

ori gi nati ng &ctigm of valve 304 iRdugasce AFeSSHrOfise GMFUFAE imiubingystring & 6p4Bressure

't “Cori ol s Raaite 4R e@et ikbressrs ik, AheRihshR o PibeSBteffert g Sk 5345
shut-in peripgher 334 is programmed te e powentd therdoriazpeAting Primen irioveB 42axhen
timer unit associated wth control unit 88) determ nes whether a

peri od o010t ithe pressuneaplstansmpities 322t excesedsfa maximum threghald yalue BUMaNIHUM

vari ety of cumoeiBrih et R e A b RRieeElsh i 166 Ben prazeifs Bayrey
20 cal cul atpypmse réstrction iof valvea 394 i cperstes casl ar signaistausing tinteri334 e shut-in
Aneri can Petroleum Institute, or operator input data. |f the tinmer

i ndi cat es t HrPdueHon Timer p3¢ reestabljshespiodyetiaroy sUPRIYIRG BEWEF i tBR PriME,MOYES
flow meter conbguesrddetdmithtd amidtint Bﬁﬁ&ft&rﬂ‘ﬁole pressure build-up time. Control unit

15 88 stores the elapsed pumping time to shut-in as program control data that will be used
~ to operate the selected well when it is no longer on tésf.
Additional Advantages of Using A Coriolis Fiow Meter

System leaks sometimes cause problems in pumping operations. The use of

a Coriolis flow meter advantageously facilitates the diagnosis of these problems.
20 Specifically, a combined failure or leak in the surface check valve 79 (see FIG. 3) and

the ball valve and seat assembly 132 (the standing valve) causes a backflow of

production fluids from the surface to reservoir 104 under the force of gravity. Coriolis

flow meter 28 detects this backflow of production fluids, which typically occurs on the

downstroke of plunger 122 or during idle time. Thus, control unit 88 is programmed to
25 alertthe eperator.whenever a backflow exists.

Other leaks cah develop in the tubing or ball valve and seat assembly 128 (the
traveling valve). In this circumstance, pump efficiency may not change from stroke to
stroke (as would indicate a pumped-off condition), but pump efficiency is less than
optimal. As indicatéd above, the volume of production fluids delivered by a pump

30 upstroke should equal the cross-sectional area across the inner diameter of production
tubing 108 times the'!e_ngth of travél on the upstroke of plunger 122 (see FIG. 4).
Delivery of fiuid amounts less than this volume indicates

18 :
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I n steps@h@@wmhen the buildup period has el apsed, control unit again .

- causes

20

»

10

15

20

punping unit 22 to reciprocate in step P40€) Lo
obtained. In step P404, control unit 88 compares the strbke efﬁcie}ié;l bf the riost
recent stroke cycle (e.g., one upstroke and one downstroke or an average value of
the last three upstrokes and three downstrokes) against a threshold value that is
preférably given to control unit 88 as program data input by the operator. If the
efficiency has not fallen below the threshold value, pump reciprocation continues,
and step P402 calculates a new efficiency. A decline in stroke efficiency indica.tes

- that a pumped-off condition has been established in the wéll. Accordingly, when

step P404 diagnoses this condition as an efficiency below the threshold value,
control unit 88 causes pumping unit 22 to terminate reciprocation in step P406, i.e.,
the well is shut-in.

In step P408, Coriolis flow meter 28 continues to measure production mass
flow rates even though there is no positive flow of production fluids originating from
the reciprocation of pumping unit 22. Step P408 alerts the operator that a check
valve and standing valve leak exists if Coriolis meter 28 detects a backflow of
production fluids dunng the shut-in period. X

In step P410, a timer in control unit 88 (or a timer unit associated with control
unit 88) determines whether a period of time has elapsed to permit a sufficient
pressure buildup in reservoir 104. The buildup time can be calcutated according
to a variety of conventional engineering methods including exponential integral
calculations, type curve analysis, procedures established by the American
Petroleum Institute, or operator input data. If the timer indicates that the pressure.
buildup period is not sufficient, Coriolis flow meter continues to monitor for backflow
in step P408. When the buildup period has elapsed, control unit again causes
pumping unit 22 to reciprocate in step P400.

20
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subst i t GHUMRS: - 5 otober 1998 CLAI MB: 1.. A punp

control system (20) for use in termnating actuat’ion of a punpi ng -uni t
(22) while fluid |evels (136) in a well bore (102) are. d|sadvantageousry
| ow, said sy@lt-AiMﬁhar acterized by: 5 means (28) for nmeasuring a

producti on {1119 Y01 UTh 6055 R8I sl (4 fr e BT oChadn o

Coriolis fl %,ﬂﬁeﬁq )mewmv(e%gs%@)n & Well%rég‘l@?) ae cﬁgadbamegemsl?“

fluid - y dividing a nass flow rate by a density val ue
correspondl ngwtea@spbtmcharacteﬂzeﬂb)ﬁte 10 - means (28) for

produci ng el ectronic si IS representati of a_production
vol ume cdres pondﬂ'\ﬁ?nﬁo&&g dar measusng,a P@‘?H ction, fugid alrme; ?ﬁﬂﬁ?dﬁﬂ fo the
(7o saia ndareroehtN B 4 TRt ERB0 TR, b 22 i Me<RlRbiARRGs HdlGng =

production fééhagyﬂbwrmgtép(za;% fﬁéans (%ag r&OZ%thR:ﬁldt oy pﬁ'bﬂ%ﬁon fluid

lifting efficlency; enerat 1 ng si gnal

repr esent at ivoluraé b;edl\ildmgia_anasmﬂow ratmlpy a density value edrfesponding toasaid mass
means (42) responsive to generation of a signal representative of said
reduction i rﬂ%lﬁiei;t roke efficiency for stopping surface production froma

punpi ng 10 uni tm&%ﬁ%' (28, 80, 82) for,_-producing electronic signals representative of a
production fluid volume corresponding to each stroke cycle of a reciprocating pump
unit (22); _

means (30) responsive to re_ceipt of said electronic signals for comparing
said production fluid volumes tojdentify a reduction in pump stroke lifting efficiency;

15 means (88) for genéraﬁng a signal representative of said reduction in pump

stroke efficiency; and
means (42) responsive to said generation of said signal representative of

said reduction in pump stroke efficiency for stopping surface production from said

~ pumping unit.

2.  The system as set forth in Claim 1 wherein said stopping means
includes means (334, 336, or 3:{8) for delaying actuation of said pumping unit over
- - a sufficient period of:t_ir_ne to permit bottom hole pressure to b_uild up in a well bore

(102).

3. The system as set forth in Claim 1 wherein said stopping means
includes means (200) for reintrg_'_f:ducing surface production to a well bore (102) to
prevent deposition of sediment-on downhole pump system components.

4. The system as set forth in Claim 1 wherein said stopping means
includes a manifold. (302) providing means for increasing pressure on a well flow
line (316, 318, 320).
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2. The5g§/Q/10§m as set-forth in Caim1 wherein said stoppi ng reans .
i'ncl udes neans (334, 336, or 338) for delaying actuati bn of a.punping unit

(22) over a sufficjent riod-of time.ta,.pernit, bot.tom hdle pressure. -
to build up in a well J'l'?le g@i@nw(q@”_t %oﬁheln %lglmwwhg%m said. S lg%lﬁéé@%t
 forth in Caim1l | .- & On i N ré% s | SRS S&ref

. reintroduci n_@%ﬁ&%o@dﬁ%og‘tagﬁ grngwfltfgf%tﬁg%r prgent re!
- deposi tion ofes&HbTEMatich 8psaAEMPINGUN St em conponent s. 4.

The system aEs; ‘set bf orth in dai % 1 e/herei n said stoppi ng neans

i ncludes a manifold (302) providing nmeans for increasing pressure on a well

fl li 316, 318, 320). A -
2 5OW ! n_e ( 6. lﬁre sys%m as set forth in Claim 1 including means (30) for adjusting
pump operation parameters selected from a list consisting of pump strokes per unit

time, sl'iut-in time, and pumping time.

7i.. The system as set forth in Claim 1 including means (28, 88) for
detecting a problem selected from a group consisting of a check valve leak and a

standing valve leak.

8. The system as set forth in Cl'aim 7 wherein said detecting means
includes means (28, 88) for producing signals representative of a backflow of
produced fluids into a well bore (102).

9. The system as set forth in Claim 1 including means (88) for analyzing
electronic signals from said measuring means to identify a problem selected from
a group consisting of a tubing leak and a traveling valve leak. |

10. The system as set forth in Claim 1 wherein said comparing means
includes means (88) for calculating a difference between successive ones of said

¥

L electronic signals.

11. A method of controlling a pumping unit (22) to avoid actuation of the

" pumping unit while fluid levels (136) in a well bore are disadvantageously low, said
method characterized by the steps of:

5 measuring a production fluid volume produced by a pumping unit through the

use of a Coriolis flow meter (28), wherein said measuririg.step includes calculating

a volumetric flow rate by dividing a mass flow rate by a density value corresponding

to said mass flow rate.
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;Sub:st'itut‘s@‘@l%,@ -. 5 October 1998 5. The system.as set .
forth in Caim4 wherein said stoppi hg neans i ncl udes nmeans (88, 322,

324, 326) responsive to said increased pressure for tceasi ng, .actuation
of a punping unit Rredycing electronic signals reprasentstive-ef sald'predectiomfluid @lime

froma |1 CoresepnAine sambuBbaRe  150F 18R: 58! Pooy SRt BUFGRG it " and
. t- . . R I 1 . .
nohudi g moans (SEMRAING Rid GEGRORKCSHIRAS BelyeeHl he, BnliTLd, identty, o

consi sti ng. ofredudtisit in Wadlumetdalpump stroke efficierty dndated Byeain upper limit of
8 The system as set forth in Caim7 wherein said detecting neans

i ncl udes neapsodudiondRids i said yelthorg havingifallendielew apitingerassemblyatiadhes
of produ?ed fJ uids.into.a well bore (102).
1o said pumping unit;
15 transmitting a signal representative of said condition; and

stopping surface production from said pumping unit to permit buildup of

bottom hole pressure in said well bore.

12. The method as set forth in Claim 11 wherein said stopping step
- includes a step of delaying actuation of said pumping unit over a sufficient period
- of time to permit bottom hole pressure to build up in said well bore.

13. The method as set forth in Claim 11 wherein said stopping step
includes a step of reintroducing surface production to said well bore to prevent
deposition of sediment on downhole pump system components.

14. The method as set forth iﬁ Claim 11 wherein said stopping step
includes a step of using a manifold to increase pressure on said well's flow line.

15. The method as set forth in Claim 14 wherein said stopping step
sl " includes a step of responding to said increased pressure by ceasing actuation of

.
Ny

said pumping unit.

16. The method as set forth in Claim 11 including a step of adjusting
pump operation parameters selected from a list consisting of pump strokes per unit

time, shut-in time, and pumping time.

17. The method as set forth in Claim 11 including a step of detecting a
problem selected from a group consisting of a check valve leak and a standing

valve leak. ‘
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‘9 . Th&%%@@n as.set forth in daim1 including means (88) for anal yzing
‘el ectronic signals fromsaid measuring means to identify a problem sel ected

from a group consisting of a tubing |leak and.a traveling val ve | eak.
10. The system at8set Ther method @saset fortthin Slaim di7awbereinr saig” detesting step

'el”SLi’?ﬁﬁ. - ncluges astePicl BriTan RERAL TeRropraatvs L2 BRSPS Braiped duids
A et hq%ﬁ@q&%&gé}% ng a punping unit (22) to avoid actuation of the

punplng uni-t ‘evels (136) in a well bore are disadvant ageously
low, said . nethod characterized by the steps of: 5 measuring a
production fluid vol une produced by a punpi ng unit through the use of a

Coriolis flow nettd. (28he methed ras set forthsin iGlgintth a rstenchanalyzmgatqal@
ioﬁf'egggtng: G Ovﬁlégﬁqaig tpgfg\éh&‘yﬁpfqﬂas Ssefltlec(:)t\évdrf?c}nex ab ro%pdceorr]\%%stt%g oafa teubmg
26

-

leak and a traveling valve leak.

_ 20. The syste‘_rjtj as set forth in Claim 11 wherein said comparing step
-includes astep of c_alculagﬁng- a difference between successive ones of said signals.

D
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sSubsti-tute sheet - 5 October 1998 ' pr oduci ng %p&'&?r%ﬂ
- signals representative of said production-fluid volune 10 correspondlng to
.each upstroke (150, 152, 154, 156) of said punpi

ng..unit
conparing said el ectronic signals between on§u§ﬁ8g r r\egt oﬁeF&ﬁt?Qe’awgs
reduction in volunmetric punp stroke efficiency induced by an upper Iim't of

B tached |t ISP ASSRRFUVR AT are 363 tiie. ThedAG: PR goarEgiR.produCton

representative Qlghfésfrémntlitigiestio@adfa pur {)mg umt ﬁb@l&&tﬂ&ﬁl&ﬂnﬁ@ﬂ& receives
production fromsaid punping unit to perm bott om hol e

pressure in sai $igrals fee} the level indicator within 2 tankl'ﬁ? ﬂ’étﬁ@!& ig filled; and caHses
Caimill wherei r]aéé&x‘o‘ilnc%hg Eﬁﬂgfbﬁeééﬁ&matxca %ﬂdé%a%e%ﬂ%e‘&ive@@kﬁ%ﬁg syitch

actuation of sai icren eriod
permt bott ong hdahe inpoedisg fluid sopgiy betvegn the rssped:twetahkb,on erder to purge the ﬂlled

tank at an appropriate time. A conduit connects the two tanks to permit production
gas passage between the two tanks, but the reason for this exchange is unclear.
The electro-pneumatic valves and level mdscators are subject to failure, and the '
electronic controller is instructed to open ail valves lf faﬂure occurs, in order that the
10 well may continue to produce. Even so, this reme_ql__al action may not be possible
when the valves have failed. .
U.S. patent No. 4,859,151 describes a pumpbff control mechanism having
a spring-biased flow indicator. A mechanical iinkégé connects the spring-biased
flow indicator with a scale. An indicator needle ori.'t_he scale identifies a minimum
15 flow volume. The control mechanism shuts in the well if the spring-biased flow
indicator does'not meet the minimum flow volume ide_f\ﬁﬂed by the indicator needle.
There remains a true need for a refiable vnltiiﬁetric method and apparatus
for controlfing a beam pumping unit to avoid establishing a pumped-off condition
-  in producing oil wells. | |
20 - : SOLUTION
The presentinvention overcomes the above-identified problems by providing
method and apparatus for controlling a beam pumping unit through the use of a
Coriolis flow meter to avoid establishing a pumped—dff condition in a producing oil
well. The Conohs flow meter is particularly well-sunted to the task because it has
25 an exceptional sensitivity to flow rate, which is used to detect a drop in volumetric
pump stroke efficiency corresponding to a pumped-._gﬁ condition in a well bare.
The present invention involves a pump control system for use in avoiding
actuation of a beam pumping unit while ﬂuid' Iévels in a well bore are
dlsadvantageously low. The control system mcludes a flow meter (preferably a
30 Coriolis flow meter) for measuring a production ﬂUId volume praduced by each
upstroke of a beam pumping unit, or by averaging these volumes over time. The

meter provides production signals_represeniing. t!j_g production fluid amount

REPLAGEMENT SHEET

06 0CT 198




3. The nethod as set forth in Claim1l wherein said stopping step
includes a step of reintroducing surface production to said well bore to
pr event deposition of sedi ment on downhol e punp system conponents.

14. The method as set forth in Caim 11 whehstitylg sheqtopHi Qﬁ}ng?éﬂggs

i ncludes a step of using a mani fold to increase pressure on said well'’

flow line. ! The nethod as set fqorth in Caim14 V\/nereln

sai d stoppi ng cSfregponding F%@Pd’d’lé{i“%ﬁ Rrpdyrask by e RURAING unit. ang ERnsitsdhesyy

pressure by CeasiidionCsidRalsaB £ central proRb WHitNI THBI dentral processing unit 16-
‘The net hod as%ggt fOI’thgl n-C aé’rﬁenra %c u%slln a'step o‘%enadj L?S ting g unt pu

oper ation par Ml\ﬂ%ﬂwr@éﬂmnﬁm&@ﬂd eamparas theil gagraspopding represkeiatiyeer

mothod as set BrRaor e padiitoBl gRoml: 1 @aty aredpstionin ojurhérrc iy

pr obl em sels:ctstdké effiviency llm:lmped bythesdstabiisivhent ﬁb@ﬁmp&d-uﬁcd:mﬂirorﬂmmauen

standi n
g bore. The pumped-off condition occurs when an upper limit of production fluids in
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Substitute sheet - 5 Cctober 1998 18." The method as set forth in
.Clai.m 17 wherein said detecting step includes a step of producing signals
representative of a backfl ow of produced fl uiSibstitite sheet -v@Qctbber 1998
19. The nethod as set forth in Claiml1ll a step of analyzing said
electronic signals to identify a problemselected froma group consisting
of a tubing | S AIMS 3 travel i ng val ve | eak.

R B A pump control system (20) for use in terminating actuation of a
purhp_ing unit (22) while fluid levels (136) in a well bore (102) are disadvantageously
‘low, said system characterized by:

5 means (28) for measuring a production fluid volume corresponding to the
recipracation of a reciprocating pump unit (22), said measuring means including a
Coriolis flow meter (28) and means (28, 80) for caiéulating said production fluid
volume by dividing a mass flow rate by a density value corresponding to said mass
ﬂoﬁ rate; _

10 means (28) for producing electronic signals representative of a production
fluid volume corresponding to each stroke cycle of a reciprocating pump unit (22);
means (30) responsive to receipt of electronic signals from said means for
producing electronic signals for comparing said production fluid volumes to identify
a reduction in pump stroke lifting efficiency;
15 means (88) for generating a signal representative of said reduction in pump
stroke efficiency; and _ |
means (42) responsive to generation of a signal representative of said
reduction in pump stroke efficiency for stopping surface production from a pumping
unit (22).

2. The system as set forth in Claim 1 wherein said Stopping means
includes means (334, 336, or 338) for delaying actuation of a pumping unit (22)

over a sufficient period of time to permit bottom hole pressure to build up in a well
bore (102).

3. The system as set forth in Claim 1 wherein said stopping means
includes means (200) for reintroducing surface production to a well bore (102) to
prevent deposition of sediment on downhole pump system components.

4, The system as set forth in Claim 1 wherein said stopping means
includes a manifold (302) providing means for increasing pressure on a well flow
line (316, 318, 320).
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20. The systemas set forth in Claim 11 wherein said conparing step

I ncl udes a step of calculating a difference between successive ones of said
signal s. ' _ .
Substitute sheet - 5 October 1998

.5, The system as set forth in Claim 4 wherein said stopping means
includes means (88, 322, 324, 326) responsive to said increased pressure for
ceasing actuation of a pumping unit (22).

6. The system as set forth in Claim 1 including means (30) for adjusting
pump operation parameters selected from a list consisting of pump strokes per unit
time, shut-in time, and pumping time.

7. The system as set forth in Claim 1 including means (28, 88) for
detecting a problem selected from a group consisting of a check valve leak and a
standing vaive leak.

8. The system as set forth in Claim 7 wherein said detecting means
includes means (28, 88) for producing signals representative of a backflow of
produced fluids into a well bore (102).

9. The system as set forth in Claim 1 including means (88) for analyzing
electronic signals from said measuring means to identify a problem selected from
a group consisting of a tubing leak and a traveling valve leak.

10. The system as set forth in Claim 1 wherein said comparing means
includes means (88) for calculating a difference between successive electronic
signals from said means for producing electronic signals.

11. A method of controlling a pumping unit (22) to avoid actuation of the
pumping unit while fluid levels (136) in a well bore are disadvantageously low, said
method characterized by the steps of: |

5 measuring a production fluid volume produced by a pumping unit through the
use of a Coriolis flow meter (28), wherein said measuring step includes calculating
a volumetric flow rate by dividing a mass flow rate by a density value corresponding
to said mass flow rate.
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Substitute sheet - 5 October 1998

producing electronic signals representative of said production fluid volume
correspondlng to each upstroke (150, 152, 154, 156) of said pumping unit;
* . comparing said - electronic signals between one another to identify a

-'reductton in volumetric pump stroke eff'c:ency mduced by an upper limit of
_ productlan fluids in said well bore having fallen below a plunger assembly attached
" to said pumping unit;

transmitting a signal representative of said condition; and
- stopping surface productien from said pumping unit to permit buildup of

bottom hole pressure in said well bore.

12. The method as set forth in Claim 11 wherein said stopping step
includes a step of delaying actuation of said pumping unit over a sufficient period
of time to permit bottom hole pressure to build up in said well bore.

13. The method as set forth in Claim 11 wherein said stopping step
mcludes a step of reintroducing surface production to said well bore to prevent
deposition of sediment on downhole pump system components.

: 1'4. The method as set forth in Claim 11 wherein said stopping step
includes a step of using a manifold to increase pressure on said well’s flow line.

15. “The method as set forth in Claim 14 wherein said stopping step
mc!udes a step of responding to said increased pressure by ceasing actuation of
said pumping unit.

16. The method as set forth in Claim 11 mcluding a step of adjusting
pump operation parameters selected from a list cons:stmg of pump strokes per unit
time, shut-in time, and pumping time. :

17.  The method as set forth in Claim 11 including a step of detecting a

problem selected from a group consisting of a check valve leak and a standing
valve leak. |
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Substitute sheet - 5 October 1998

18. - The method as set forth in Claim 17 whéréjn;_said detecting step

includes a is,;tt_é__p_ of producing signals representative of a baé:kflqw of produced fluids

into said well bore,

19;.";_' __.-;The method as set forth in Claim 11 a .s'_'t_eg.‘z'of analyzing said

electroniqj-'sign_.éls' to identify a problem selected froma group;_'q_;c':nsisting of a tubing
leak and a traveling vaive leak. A

- 20 The system as set forth in Claim 11 wherein said comparing step
includes a step of calculating a difference between successive ones of said signals,
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(54) Title: PUMP-OFF CONTROLLER
(57) Abstract

The operation of an cil well pumping unit control system (20, 200) is governed by a computerized automated control unit (88) that
receives flow rate measurements from a Coriolis flow meter (28). The control unit causes production from a beam pumping unit (22) to
cease when measurements from the Coriolis low meter indicate a decline in the pump efficiency. The decline in pump efficiency indicates
that a production fluid level (136) in the production tubing (108) has fallen below the uppermost point of travel for the pump plunger (122).
Production from the well is, accordingly, shut-in to afford the reservoir sufficient time to build the pressure and comspondmg ﬂm:l level

that is required to recommence production operations.
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