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This invention relates to a simulator which is
2 mechanical analogue of a pumping system. In
one specific aspect it relates to a simulator which
is a mechanical analogue of the tubing, sucker
rod, oil column, and pump in a deep well pumping
unit.

A typical deep well pumping system includes
a series or “string” of metal rods, referred to in
the art as sucker rods, which extend through tub-
ing positioned in the well, the lower end of which
carries a pumping unit. The tubing, in turn, is
suspended within a well casing end, under some
conditions, the lower portion of the interspace
between the tubing and casing may contain a
column of oil. At the top of the well, the sucker
rod string extends through a stuffing box and
is driven by a prime mover, such as an electric
motor or an internal combustion engine, through.
5 flywheel or “bull wheel.” The flywheel, in turn,
drives a crank or counterbalance which is coupled
through a2 walking beam to the top end of the
sucker rod string.

As the pumping operatlon is earried out, a col-
umn of oil rises in the region between the tub-
ing and the sucker rod string, thus producing
a viscous drag upon both the tubing and sucker
rod string. ‘The weight and elasticity of the
sucker rod string, as well as the tubing and oil
column, produce elastic strains in the pumping
unit so that the sucker rod string and tubing
behave in a manner somewhat analogous to
elongated springs.

This elastic movement of the sucker rod string
and tubing oftentimes results in failure of one
or more sucker rods and, more often, in ineffi-
cient operation of the pumping system. It has
not been possible, in the past, to predict the
effect of changes in various operating variables
of the system with any degree of accuracy, ex-
cept by purely empirical or “cut and try” meth-
ods, for the obvious reason that the movement
of the sucker rod string several miles below the
surface of the earth cannot be observed nor is
it possible to observe the manner of operation of
the downhole pump.

Tt has been propesed to construct a mechani-
cal model of the pumping system so that adjust-
ments of various operating variables of the scale
model would produce effects thereon similar to
the effects of changes-in .corresponding vanables
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upon the actual pumping system. Unfortunate-
1y, to obtain any useful results by such a system,
it can be demonstrated mathematically that the
scale model itself would be of such large size and
prohibitive cost as to render construction there-
of entirely impractical. However, it has been
discovered in accordance with the present in-
vention that a mechanical analogue of a pump-
ing system can be established on a practical
scale. In this analogue system a series of bars
are connected in spaced relation between three
pair of lines representing, respectively, the oil
column, the tubing, and the sucker rod string.
The individual pairs of lines are coupled by
damping members which represent the viscous
drag of the oil column on both the tubing and
sucker rod string. The torques tending to ro-
tate the various bars from their normal posi-
tions represent stresses imposed upon corre-
sponding elements of the sucker rod string, tub-
ing and oil column, while the angular velocities
and rotations of the bars represent the velocities
and displacements of corresponding parts of the
pumping unit. In corresponding fashion, other
parameters of the analogue or mechanical sys-

‘ tem represent corresponding variables and con-

stants of the prototype pumping unit.
Accordingly, it is an object of this invention

to provide s mechanical system which is an

analogue of an actual well pumping unit, which

* gystem may be utilized to predict the effect of

changing various operating conditions of the
pumping system.

It is a further object to prov1de apparatus of
the type described which is simple to construct,
reliable in operation, and which employs a mini-
mum number of inexpensive components.

Various other objects, advantages and features
of the invention will become apparent from the
following detailed description taken in conjunc-
tion with the accompanying drawings, in which:

Figure 1 is a vertical sectional view, partially
in elevation, of a typical deep well pumping sys-
tem;

Figure 2 is a schematic view of the analogue

* system simulating the operation of the deep well

50

pumping unit;

Figures 3, 4, 5, and 6 are diagrammatic views
illustrating features of this invention;

Figure 7 illustrates apparatus - employed -to
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3
couple viscously the various lines of the analogue
system;

Pigure 8 illustrates apparatus simulating the
downhole pump; and

Figure 9 is a schematic representation of the
analogue surface pumping unit and indicating
system.

Referring now to Figure 1, there is illustrated,
in a schematic manner, a typical desp well
pumping system to which the simulator of this
invention is applicable, this system including =
driving mechanism {8 located at the surface and
a downhole pumping unit 1. Unit 1§ includes
the usual well casing 2 within which is mounted
a tubing 13 having a sucker rod string {4 sus-
pended therein, the latter including a number
of sucker rods % connected together by joints
16. The upper end of string {4 extends through
a stuffing box {7 in a casing head {8 and the
lower end is attached to a plunger {9 forming a
part of 2 pump 28 which includes an upper or
traveling valve 21 and a bofttom or stationary
valve 22. The uppermost sucker rod or “pol-
ished” rod 23 is driven by mechanism {0 which
includes a walking heam 24 secured at one end
to the polished rod and at its other end is se-
cured to a pitman 2§ which is driven by a erank
or counter-halance 28. Crank 28 is driven by a
flywheel 21, as through a chain drive 28; and
flywheel 27, in turn, is driven by a prime mover
29, as by a second chain drive 39. Prime mover
29 may be an electric motor, an internal com-
bustion engine, or any other suitable type of
engine.

In accordance with this invention, the opera-
tion of the downhole unit {1 is mechanically
simulated by the apparatus of Figure 2. The dis-
placement torques onh various members of the
analogue system represent stresses on corre<
sponding parts of the pumping unit, the rotations
of various members of the analogue system rep-
resent displacements of corresponding parts of
the actual pumping system, and angular veloci-
ties in the analogue system represent the veloci-
ties of corresponding parts of the mechanical
system, In order for the two systems to he
analogues of one another, it is necessary that the
equations describing the behavior of the analogus
system be similar to the equations describing the
behavicr of the actual pumping unit. There-
upon, by suitably adjusting the coefilcients of
various terms of the analogue system, as by
changing the parameters of various parts of the
analogue system, a condition is obtained whereby
the displacement torques, rotations, angular
velocities and other parameters of the analogue
system correspond to the stresses, displacements,
veleeities and other related variables of the
pumping unit. At this time, the two systems are
analogues of one another and further changes
in the parameters of the analogue system produce
effects thereon which enable accurate prediction
of the effects of corresponding changes in the
pumping unit.

In the simulator of Figure 2, a first pair of lines
T and T’ represents the tubing I3, a second pair
of lines O and O’ represents the oil column, and a
third pair of lines R and R’ represents the sucker
rod string 15. These letters are employed
throughout the following description as sub-
seripts to represent the line to which they are
applicable, such as the tubing, oil or rod line.
The following notation is used in the equations to
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be derived which define
systems:

the motion of the two

Pumping System

Analogue System |

I—length of suckerrod, oil col-
umn or tubing segment.

Tny Uny 2n—displacement of
sucker rod, oil column, and
tubing sigment, respectively.

Wy, Wo, we—weight per unit
length of sucker rod, oil coi-
umn and. tubing segments,
respectively.

Un, Un, un—velocity of sucker

rod, oil eolumn ant tubing
segments, respectively.

@, bn, cn—acceleration of sucker
rod, oil eolamn, and tubing
segments, respeetively.

Pn, pn—stress in sucker rod and
tubingsegments, respectively.

gn—compression in oil column
segment.

¢, €0, er—elastic.modulus of the
sucker rod, oil colurmn, and
tubing, respectively..

Sr, 8o St—cross sectional area of
sucker rod, oil column, and
tubingsegments, respectively.

g—gravity constant.

k~—viscosity constant relating
to movement between sucker
rod and oil colamn segments.

ko—viscosity constant relating
to movemeni between oil col-
umn and tubing segmernts.

d—length of sucker rod, oil
column, or tubing bars.

8, i, Fi—rotation of sucker
rod, oil eolumm, and tubing
bars, respectively.

iy A, Cy—moment of inertia
of sucker rod, oil column
and tubing bars, respec-
tivel

U;, Vi, Dj—angular velocity
of sucker rod, oil eolumn,
and tubing bars, respec-
tively.

i, Bj, 8j—angular accelera-
tion of sucker rod, oil col-
umn, and tubing bars, re-
spectively.

W, L, M—sucker rod, oil col-
umn and tubing bars, re-
spectively.

K,—viscosity constant relat-
ing to movement between
sucler rod and. oil column
bars.

- K~—viscosity constant relat-
ing to movement between

-~oilcolumn and tubing bars.

ki—viscosity coustant relating
to movement between tubing
segments and fluids outside
the tubing.

In the mathematical analysis of the pumping
vnit and analogue system. which follows, the re-
spective equations are derived by the method of
finite differences. In accordance with this
method the casing, tubing, and sucker rod string
are divided into a large number n of segnients.
During operation of the pumping unit each seg-
ment of the sucker rod, tubing, and oil column
moves upward or downward in accordance with
the mechanical laws governing the system. I¢
has bheen discovered that corresponding sgua-
tions describe the motion of the rotating line
analogue system.

In particular, considering the nth segment 34
of the sucker rod, as defined by the dotbed lines
32 and 33, Figure 3, let il be assumed that at 2
given instant the lower end of this nth segment
is displaced downward from its equilibrium po-
sition a distance z» and the upper end of the
segment is displaced downward from its equiiib-
rium position a distance xm—1. This displaced
position is represented by 34’. Such a displace-
ment results in a stretching of the nth segment
by an amount. In—zIn—1, which in turn results in
g strain

Tp—2p—1
I

so that the total stress in the nth sezment be-
comes:

Pn_____srer(xﬂ;xn—])‘ (1)

In like manner a corresponding eguation can be
written for the (n+1)th segment as follows:
Poyy=rer{Bni1—2n) 2)
In the pumping unit of Figure 1 let it further be
assumed that the downward velocity of the rod
at the nth station is u» and that the upward
velocity of the oil column is vz, which results in
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-an upward viscous drag on the nth rod segment
of magnitude %-l(unt-vs). From these data.the
motion of a rod segment 34’’ which straddles the
1ine 33 can be deduced, this segment extending a
distance ’
' i.

2

both above and below the nth station, Figure 3.
Segment 34’ has acting upon its total tension
pn+1 on its bottom end, a total tension p» on
its top end, the aforementioned upward viscous
drag, and a downward weight w:l, the resultant
force produces a downward acceleration a at the

mid-point of the segment in accordance with
equation:

Pn+1—pn#_%;-k'+krl(un+vn) —w,l (3)

The basic sucker rod equation is realized by com-
bining Equations 1, 2, and 3 to obtain:

?}ef(xn~klﬂ 23:1: +xn—1) ='uﬁ;£1‘+krl(un+vn) —wrl
: : (4)

Equation 4 has its counterpart in the analogue
system of Figure 2. This analogue system com-
prises three pair of lines R, R’; T, T’; and O, O’
representing, respectively, sucker rod string 18,
tubing 13, and the oil column between tubing 3
and string 14. These lines preferably are con-
structed of an electrically conductive material
such as steel wire, and each is attached at its
upper end to a support member #¢ and anchored
at its lower end to a member 4i whereby the in-
dividual lines are disposed in parallel vertical
spaced relation. A series of bars Wj are secured
to lines R and R’ to extend between the two lines
- in horizontal spaced relation with one another.

Corresponding bars Ly and M; extend between ¢

respective lines O, O’ and T, TV in like manner.
For convenience of construction the three pairs of
lines are mounted so that the axial lines of the
individual bars make equal 60° angles with one
another, although such spacing is by no means
essential to satisfactory operation of this inven-
tion. Fach of the adjacent bars W; and L; are
viscously coupled to one another as are adjacent
bars Ij and M;. This coupling is provided by a
plurality of devices 43, one cf which is illustrated
in detail in Figure 7. A pan 58 filled with a liquid
5i, such as oil, is supported above bar L by a
rod 52 and a plate 53 is suspended from bar M by
a rod 54 so as to be free to rotate in liguid 5i
whenever bars L, and W rotate relative to one an-
other. Bars W and L are coupled in like man-
ner. A drive mechanism 58 is connected to the
uppermost W bar to impart a reciprocating rota-
tion thereto at right angles to the longitudinal
axis of the bar representative of the pumping
unit {8, and a stepless pawl mechanism 89 is
connected between the lowermost W and L bars
to represent the reacting forces exerted by the
downhole pump assembly 20. Mechanisms 58
and 59 are described in greater detail hereinafter.

In Figure 4 there is shown a schematic repre-
sentation of the torques on and displacement of
the W; bar interposed between lines R and R’.
Figure 4 is a plan view of a portion of the simu-
lator wherein bars Wi-1, W; and Wi+ are shown
as lines to facilitate explanation and wherein
these respective bars are rotated from a refer-
ence line 80 through angles 6,1, 6; and #;41.. . The
‘net force Fy which tends’ to dlsplace bar Wj hori-
‘zontally from line 60 is. equal to the difference
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6
between the displacement force F and the restor-
ing force Fy’’, that is:
Fj=Fy —F;'’
For small displacements

(G))

F; -—(0:+1"‘0 )
and ;
d
Pt =5(8;~6i-1)

so that forces Fy' and Fy'’ represent the torques

‘acting in a horizontal direction on bar W; and
will be so- considered hereinafter. Equation 5

thus becomes: - ‘
Fi=§(9i+r— 20;46;—1) (6)

Torque Fj is made up of a dynamic reaction Tjo
and a viscous loading term K-(Us+V;), assum-
ing bars Wi and I; are rotating in opposite d1—
rections, such that Equation 6 becomes:

("

If the vertical distances between adjacent bars
on the individual pairs of lines are equal and
the rotations are small the horizontal displace-
ment forces on each bar are proportional to the
above-mentioned torques. If is to be understood
that the quantity I represents the moment of
inertia of the bars considering the pans or plates
secured thereto.

A comparison of Equations 4 and 7 reveals that
they are analogous term by term except that the
last term of Equation 4 is missing from Equation
7. However, because this missing term repre-
sents the static load created by the mass of the
sucker rod it can be neglected for purposes of
analysis. The important quantity under con-
sideration is the variation in excess loading over
the static value. In view of the analogy between

E(ﬁm —20;49;_1) =Liay+ K, (Us+V )

‘Equations 4 and 7 it becomes evident that a study

of various guantities such as rotations, angular
velocities and torques affecting the: simulator
rotating lines R and R’ provides information re-
garding corresponding quantities in the prototype
sucker rod string.

Similar equations can be derived with respect
to the compressive stress on the individual seg-
ments of the oil column and the motion of a gen-
eral segment of the oil column. With reference
to Figure 5, considering the mth segment 64 of
the oil column as defined by the dotted lines 62
and 63, let it be assumed that at a given instant
the lower end of this nth segment is displaced
downward from its equilibrium position a dis~-
tance ¥» and that the upper end of the segment
is displaced downward from its equilibrium posi-
tion a distance yn—:. This displaced position is
represented by 84’. Such a displacement results
in a compression of the nth segment by an
amount y»—1y»—1, which in turn results in a strain

Yn—Uar
l.

so that the total compressive stress in the nth
segment is

qn=8oeo(ynl°‘yn—l)_ (8)
In like manner a corresponding equation can be
written for the (n}1)th segment as follows:.

O neo(ywH"‘ yu)

a1 = 7 (9)
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The equation of motion of the oil column seg-
ment 64’/ which extends a distance .

l

2

above and below line 63 is governed by the viscous
drag on the oil due to the sucker rod movement
which, as previously indicated, is krl(#a-}vn) and
the viscous drag on the oil due to the friction
against the tube which is represented by
Fol(un+pn). The bottom of this last mentioned
segment is subjected to a compressive force gn+1
and the top of the segment is subjected to a com-
pressive force —ga. Finally, the weight of the
oil per unit length must be considered in the
equation of motion which, therefore, becomes:

qﬂ+1"‘Qn=E%+k‘rl(un+vn) +i‘701(un+ﬂn) — Wl

(10)

The basic oil column eguation is realized by com-
bining Equations 8, 9, and 10 to obtain:

o€o ”Zb"
§-le—(yﬂ+1—2yn+yn—1)=w—g“—
Brl(tnton) +Eol(tn+un) —wol

(11)

Equation 11 also has its counterpart in the

analogue system of Figure 2. The equation of

motion of the rotating bars L corresponds to

Equation 6 and can be written as follows:
d

Gi=§(¢i+1'—2¢i+¢5—1) (12)

Torque G; is made up of a dynamic reaction

AjB;, a first viscous loading term K-(U;+-V) and

a second viscous loading term Ko(V;4-D;) such
that Equation 12 becomes:

%(¢i+1“2¢i+¢i—l)=
A+ K (U;+Vi)+K(V;+Dj)
(13)

A comparison of Equations 11 and 13 reveals
that they are analogous term by term except that
the last term of Equation 11 is missing from
Equation 13. However, since this missing term
represents the static load created by the mass of
the oil column it can also he neglected in the
analysis. In view of the analogy between Equa-
tions 11 and 13 it becomes evident that lines- O, O’
simulate the action of the oil column in the pump-
ing system.

The movement of the tubing is governed gen-
erally by the same eguations as the movement of
the sucker rod. With reference to Figure 6, con-
sidering the nth segment 14 of the tubing as de-
fined by the dotted lines 712 and 73, let it be as-
sumed that at a given instant the lower end of
this nth segment is displaced downward from its
equilibrium position a distance 2= and the upper
end of the segment is displaced downward from
its equilibrium position a distance z»—1. This
displaced position is represented by 74’. Such a
displacement results in a stretching of the nth
segment by an amount 2z—=g&z-1, which in turn
results in a strain

Ba—2Zn—1
4
so that the total stress in the nth segment pe-
comes: .

p”:sw:(zn-—z@) (14)
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In like manner a corresponding equation can be
written for the (n4-1) th segment as follows:

__84e(Zns1—24)
Patr=—

(13)
The equation of motion of the tube segment
14’’, which extends g distance

l

2

above and below line 13 is governed by a total ten-
sion p,,, on the bottom of the segment, a total
tension p, on the top of the segment, the viscous
drag & l(v,+n,) produced by friction of the oil
column against the tubing and an upward vis-
cous drag k,lu, produced by oil or other fluid po-
sitioned between the casing and the tubing. This
latter term need only be considered for the par-
ticular segments wherein oil is included between
the ecasing and tubing. Accordingly, the equa-
tion of motion of this last mentioned segment is
as follows:

lcn
,,m_,,n:“’; 8 4 ol (9nt pin) F o dpn—wid (16)
The basic tubing equation is realized by combin-
ing Equations 14, 15, and 16 to obtain:

S8y wilcn

I +k ol(”n -+ #n) Fhdun—w,l
(17)

Hauation 17 also has its counterpart in the
analogue system of Figure 2. The equation of
motion of the rotating bars M corresponds to
Hquation 6 and can be writien as follows:

(zn+1 - 22n+ z—l) =

d
Hi=§(1//i+1—2¢i+¢f—1) (18)
Torque H; is made up of a dynamic reaction C;dj
and & viscous loading term Ko(V;+Dj) such that
Equation 18 becomies:

%(%4-‘4-2%-!-%—1) =C;8;+ K (V;+Dj) (19)

A comaparison of Equations 17 and 18 reveals

> that they are analogous term by term except that

the last two terms of Equation 17 are missing
from Equation 19. However, since this last miss-~
ing term represents the static load created by the
mass of the tubing it can 2lso be neglected in the
analysis as can the next to the last term because
#y, 18 negligible. In view of the analogy between
Equations 17 and 19 it becomes evident that lines
T, T’ simaulate the action of the tubing in the
pumping system.

From the foregoing description, it will be evi~
dent that the simulator illustrated in Figure 2 is
an analogue of the pumping system of Figure 1.
The actual pumping system obviously ecan be
divided into as many segments as desired, each
sach segment being represented by a correspond-
ing set of bars W, I, and M in the apparatus of
Figure 2, the accuracy becoming greater with an
increasing number of segments.

As stated, the rotating bar system thus far de-
seribed simulates the sucker rod string together
with its associated oil column and tubing. The
top of the tubing string is anchored at the sur-
face so that it must remain stationary, that is, its
displacement must be zero at all times. This
condition is represented in Figure 2 by anchoring
the top bar M to bracket 79 to prevent rotation
‘thereof. - : SRR o

The prototype sucker rod string is driven at its
top end by drive mechanism (@ which includes
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the prime mover, flywheel, crank and walking
~ beam of Figure 1. For present purposes, it is
assumed that the reaction of the sucker rod sys-
tem upon the drive mechanism is negligible,
which is true in certain practical applications
and where results are desired only to a predeter-
mined degree of accuracy, so that the motion at
the top end of the sucker string can be expressed
as a sihusoidal function. In the illustrated em-
bodiment of this invention such driving motion is
imparted to the sucker rod line by the mechanism
58 shown in Figure 9. An electric motor 88 is
connected through a speed reducing gear train
81 to a rotatable disk 82. An arm 83 is pivotally
connected at one end to disk 82 and at its other
end to one end of a rod 84 which is constrained
by guides 85 for axial movement. The other end
of rod 84 is connected to the lowermost bar W of
lines R, R’ to impart reciprocating rotary motion
thereto. From an inspection of Figures 1 and 9
it can be seen that motor 80, gear train 81, disk
82, arm 83 and rod 84 simulate, respectively, en-
gine 29, cable 30, wheel 217, cable 28, crank 26, pit-
man 25 and walking beam 24 of the prototype
pumping system.

A mechanical device known as a stepless pawl
is employed to simulate the action of the valve
and pump assembly disposed in the lower region
of the bore hole. This stepless pawl is shown
diagrammatically in Figure 8 as comprising a
pair of rotatable pulleys 90 and $1 which are
mounted on a common shaft 92. A third pulley
84 is connected by a yoke 96 and 2 wire 97 to the
lowermost bar L at its end. Wire 87 passes
around a guide pulley 98, and yoke 96 is freely
suspended by a cable 99 attached to a support 188,
An inextensible cable 101 is connected at one end
to the lowermost sucker rod bar W at its end.
From bar W cable {0l circles pulley 93, thence
around pulley 94 back around 9! and is finally
secured to an anchor post (82, A weight 183 is
fastened to bar L by means of a cable 104 which
passes over & fixed pulley 108.

Weight 183 serves to maintain a tension at

- points 105 and 187 in cable 10f. When the
sucker rod bar rotates away from. this assembly
tension appears at point 168 and slack at point
i22. When the sucker-bar wire moves toward
the assembly slack appears at point 108 and ten-
‘sion at point 168. Under the first condition pul-
leys 99 and 81 rotate in the direction indicated
by the arrow. Under the second condition the
cabie slips over pulley 80 and both pulleys 89 and
91 are held stationary because there is tension in
the eable on both sides of pulley 91 at points 197
and {69. This action is analogous to that of the
pump assembly at the bottom of the sucker rod
string. On the upstroke oil is lifted by the pump
plunger and on the downstroke the oil is held
stationary by the check valve. In the stepless
pawl assembly the rotation of pulleys 98 and 81
is intermittent and in one direction only. Ac-
cordingly, the total rotation of these pulleys is
a measure of the total quantity of oil produced.
This rotation can be determined visually by posi-

ioning a suitable scale {10 adjacent a pointer
111 on pulley 99, or the rotation can be recorded
through suitable mechanical or electrical linkage
well known in the art. The oscillatory rotation
imparted to the oil column wires is through this
stepless pawl assembly analogous to the compres-
sional waves set up in the oil column by the pump
action in the prototype system. »

The only points in the surface pumping system
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that are conveniently accessible for making
measurements are the pumping engine and the
polished rod. In this regard it has been con-
cluded that dynamometer measurements on the
polished rod provide the best indication of the
system’s behavior. A dynamometer card illus-
trating such behavior can be obtained by mount-
ing a strain gage on the polished rod to measure
the force axis. The displacement axis can be ob-
tained by a suitable mechanical linkage system
coupled to the polished rod to measure displace-~
ments. These two quantities are plotted together
to provide a conventional dynamometer card.

Measurements corresponding to the polished
rod dynamometer card are obtained in accord-
ance with this invention. With reference to
Figure 9 a stress responsive element 115 is shown
as being mounted between disk 81 in the driver
assembly and the uppermost sucker-rod bar W.
Element ii5 can be a carbon microphone bution
or a strain gage. Voltage source {16 is connected
in series therewith. The tension on element {16
varies its electrical resistance in a manner which
is proportional to the force applied to the sucker-
rod wire. The resulting voltage signal is ampli-
fied by a suitable amplifier {17 and applied to the
vertical deflection plates of a cathode ray oscillo-
scope 119 to provide the force axis. The displace~
ment axis is obtained through a capacitive pick-
up. A high frequency electrical signal, 16 kilo-
cycles, for example, is applied to the conductive
sucker-rod wire R’ by an oscillator 120. Each of
the rotating bars W can thus be employed as one
plate of a pickup condenser. This is made pos-
sible by constructing bars W of conductive mate-
rial or by positioning such a conductive plate
thereon in contact with wire R. In order to sim-
ulate the polished rod dynamometer card the bar
W nearest the surface unit is selected. The sec-
ond plate of the pickup condenser is in the form
of a metallic plate 121 mounted directly under
bar W. The opposing ares presented by the bar
and plate to one another therefore varies as the
bar W oscillates. -Accordingly, the amplitude of*
the electrical signal picked up by the capacitor
plate 121 varies as the displacement of the driv-
ing point bar W. The output of the pickup is
amplified and demodulated by a conventional
circuit 123 to provide an electrical signal, the am-
plitude of which is representative of the displace-
ment of the uppermost sucker-rod line bar W.
This demodulated signal is applied to the hori-
zontal deflecting plates of oscilloscope 119 to pro-
vide the displacement axis. As previously men-
tioned the individual displacements are small and
thus represent the angular displacements and the
applied forces represent torgues.

The simulator of this invention thus provides
a means for analyzing the behavior of a sucker-
rod pumping system when the operating condi-
tions and the actual dynamometer measurements
of the polished rod are known. The simulator
constants and scale factors first are determined
from the phototype system constants and opera-
tion conditions are calculated from the known
rod and tube sizes, oil density and pump stroke
rate of the actual pumping system. The valve
and pump operation then is varied until the sig-
nal provided by oscilloscope {19 corresponds fo
the actual dynamometer card of the polished rod.
Such a correspondence can be obtained by vary-
ing the speed of operation of the pump unit.
When the simulator and previously determined
dynamometer measurements correspond to one
another, the behavior of the vibrating loaded
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lines can be observed and the motion of the ro-
tatmg bars recorded through ‘the use of capaci-
tive pickups similar to that used to generate the
pohshed rod d1sp1acement axis. In this manner
the behavior of the downhole portion of the sys-
tem can be studied and the type of behavior re-
spon51ble for the various charactenstlc features
of the dynamometer measurements can be deter-
mined. Furthermore, optimum operatmg condi-
tions for the prototype pumping system can be
determined by this same means and a dyna-
mometer pattern derived which when obtained
by the prototype pumping system assures such
optlmum conditions of operation.

While this invention has been described i in con-
unctxon with o present preferred embodlment
thereof, it is to be understcod that this descrip-
tion is illustrative only and is not intended to
limit the invention.

‘What is claimed is:

1, Apparatus for simulating a downhole pump-
ing system including a sucker rod string, tubing

surrounding said sucker rod string, and sn oil

column between said rod and said tublmT com-~
prising three pair of fiexible lines dleposed in gen~
erally parallel vertical relationship, a plurality of
bars attached between said lines in each pair of
11nes in, spaced relation, each individual bar rep-
resenting, respectively, a sucker rod segment, a
tublng segment and an oil column segment,
means viscously coupling the individual bars rep-
resenting the sucker rod segments to adjacent in-
dividual bars representing the oil column. seg-
ments to simulate the actual viscous drag be-
tween‘ adjacent rod segments and oil segments,
and means viscously coupling the individual bars
representing the tubing segments to.adjacent in-
dividual bars representing the oil column, seg-~
ments to simulate the actual viscous drag be-
tween adjacent tubing and. oil column segments.

2. The. combinaticn in accordance with claim
1 wherein each of said coupling means comprises
a liquid filled pan supported by one of said bars
and a . plate suspended from an adjacent bar and
extending therefrom into. said pan whereby rela-
tive. motion. between adjacent bars. results in
movement of said plate through the liquid in said
pan to create a viscous drag between said pan-and
said plate

3. Apparatus for simulating a segment of a
downhole pumping unit including a rod segment,
a tubing segment, and an oil column segment
comprxs;ng, in combination, three bars, each rep-
resenting one of said segments, means. for. sus-
pending each of said bars for rotary movement

in substantially a horizontal direction, means.

viscously coupling the bar representing the rod
segment to the bar representing the oil column
segment to simulate the actual viscous. drag be-
tween the rod segment and the oil column seg-
ment, and means viscously coupling the bar rep-
resenting the oil column segment to the bar rep-
resenting the tubing segment to simulate the act-
ual viscous drag between the oil column segment
and the tubing segment.

4. The combination in accordance wih claim 3
wherein each of said coupling means comprises

a liquid filled pan suppored by one of said bars.

and a plate secured to an adjacent bar and ex-
tending therefrom into said pan whereby relative
motion between adjacent bars results in move-
ment of said plate through the liquid in said pan
to create a viscous drag between said pan and
said plate.

5. Apparatus for simulating a downhole pump-.
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ing system including a sucker rod string, tubing
surrounding said sucker rod string, an oil column
hetween said rod and said tubing, a pumping unit
driving the uppermost sucker rod, and a down-
hole pump driven by the lowermost sucker rod
comprising three pair of flexible lines disposed in
generally paralle]l vertical relationship, a plural-
ity of bars attached between said lines in each
pair of lines in spaced relation, each individual
bar representing, respectively, a sucker rod seg~
ment, a tubing segment and an oil column seg-
ment, means viscously coupling the individual
bars representing the sucker rod segments to ad-
jacent individual bars representing the oil
column segments to simulate the actual viscous
drag between adjacent rod segments and oil seg-
ments, means viscously coupling the individual
bars representing the tubing segments to ad-
jacent individual bars representing the oil
column segments to simulate the actual viscous
drag hetween adjacent tubing and oil column
segments, means to impart reciprocating rotary
motion to the bar at one end of the pair of lines
representing the sucker rod string to simulate the
pumping unit driving the uppermost sucker rod,
and means to reasure motion of the bar at the
second end of the line representing the sucker rod
string which simulates the action of the down-
hole pump driven by the lowermost sucker rod.

6. The combination in accordance with claim
5 wherein said means to impart reciprocating
motion comprises a rod attached at one end to
the bar attached at said one end of the sucker
rod lines, said rod being constrained for linear

5 movement, a cam coupled to said rod, and a

motor coupled to said cam- to provide rotation
thereof whereby reciprocating motion is impart-
ed: to the bar attached at said one end of the
sucker rod lines.

7. The combination in accordance with claim 6
further comprising an electrieal resistance strain
responsive element secured- to said rod, a source
of electrical energy connected in ecircuit with said
strain responsive element, and circuit means to
establish- a- voltage proportional to the stress on
said strain responsive element.

8. The combination. in accordance with claim
5.wherein, said means to measure motion of the
bar attached at said second end of the lines rep-
resenting the sucksr rod string comprises first
and second vulleys mounted:on a ccmmon rotat-
able shaft, a third pulley having its shaft con~
nected to the bar attached at said second end of
the lines representing the o0il column, a rigid
support, an inextensibie line secured at one end
to the line representing said sucker rod string,
said inextensible- line circling szid first pulley,
said third pulley, and said second puliey in the
order stated and heing connected a} its second
end to said support, tension supplying means
conuected to said last mentioned bar to retain
said inextensible line under tension, and means
to measure rotation of said first and second
pulleys  which simulates the quantity of oil
pumped.

9. Apparatus for simulating the action of a
pump positioned in a bore hole and driven by a
sucker rod string. extending to the surface of
the bore hole comprising two pair of vertical
lines simulating respectively the sucker rod-string
and the. column of oil pumped to the surface
within the well tubing, means to impart recipro-
cating motion to .one end of said pair of sucker
rod lines to simulate. the pump driving the. up-
permost sucker. rod, said .two. pair- of lines.being
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viscously coupled to simulate the viscous coupling
between the sucker rod and oil column, first and
second pulleys mounted on a common rotatable
shaft, a third pulley having its shaft connected
to one of the oil column lines at the end thereof
which represents the bottom of the bore hole, a
rigid support, an inextensible line secured at one
end to one of the sucker rod lines near the end
thereof which represents the bottom of the bore
hole, said inextensible line circling said first
pulley, said third pulley, and said second pulley
in the order stated and being connected at ifs
second end to said rigid support, means to apply
a tension to said last mentioned oil column line
to retain said inextensible line under tension, and
means to measure rotation of said first and sec-
ond pulleys which simulates the quantity of oil
pumped.

10. Apparatus for simulating a downhole
pumping system including a sucker rod string,
tubing surrounding said sucker rod string, an oil
column between said rod and said tubing, and
a pumping unit driving the uppermost sucker rod
comprising three pair of flexible lines disposed
in generally parallel vertical relationship, a plu-
rality of bars attached between each line of said
pairs of lines in spaced relation, each individual
bar representing, respectively, a sucker rod seg-
ment, a tubing segment and an oil column seg-
ment, means viscously coupling the individual
bars representing the sucker rod segments to
adjacent individual bars representing the oil col-
umn segments to simulate the actual viscous
drag between adjacent rod segments and oil seg-
ments, means viscously coupling the individual
bars representing the tubing segments to adja-
cent individual bars representing the oil column
segments to simulate the actual viscous drag be-
tween adjacent tubing and oil column segments,
means to impart transverse reciprocating rotary
motion to one end of the pair of lines represent-
ing the sucker rod string to simulate the pump-
ing unit driving the uppermost sucker rod, and
means to measure the rotation of any selected bar
which represents the motion of the correspond-
ing segment simulated thereby.

11. The combination in accordance with claim
10 wherein said last mentioned means compris-
ing a source of electrical energy applied to the
individual bar whose motion is to be measured,
said bar being constructed at least in part of an
electrically conductive material, a plate of elec-
trically conducting material positioned adjacent
said rotating bar thereby forming a condenser
with said bar, and means to measure the potential
induced on said plate representing the distance
said bar is rotated from said plate.

12. Apparatus for simulating a downhole
pumping system including a sucker rod string,
tubing surrounding said sucker rod string, an
oil eolumn between said rod and said tubing,
a pumping unit driving the uppermost sucker
rod, and a downhole pump driven by the lower-
most sucker rod comprising three pair of flexible
lines disposed in generally parallel vertical re-
lationship, a plurality of bars attached between
each line of said pairs of lines in spaced rela-
tion, each individual bar representing, respec-
tively, a sucker rod segment, a tubing segment
and an oil column segment, means viscously cou-
pling the individual bars representing the sucker
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rod segments to adjacent individual bars repre-
senting the oil column segments to simulate the
actual viscous drag between adjacent rod seg-
ments and oil segments, means viscously coupling
the individual bars representing the tubing seg-
ments to adjacent individual bars representing
the oil column segments to simulate the actual
viscous drag between adjacent tubing and oil
column segments; means to impart reciprocating
rotary motion to one end of the line represent-
ing the sucker rod string to simulate the pump-
ing unit driving the uppermost sucker rod com-
prising a rod attached at one end to one end of
one of said sucker rod lines, said rod being con-
strained for linear movement, a cam coupled to
said rod, and a motor coupled to said cam to pro-
vide rotation thereof whereby reciprocating ro-
tary motion is imparted to said sucker rod lines;
and means to measure motion of the second end
of the lines representing the sucker rod string
which simulates the action of the downhole pump
driven by the lowermost sucker rod comprising
first and second pulleys mounted on a common
rotatable shaft, a third pulley having its shaft
connected to one of the lines representing the
oil column, a rigid support, an inexiensible line
secured at one end to one of the lines representing
said sucker rod string, said inextensible line cir~
cling said first pulley, said third pulley, and said
second pulley in the order stated and being con-
nected at its second end to said support, ten-
sion supplying means connected to the above
mentioned line representing the oil column to re-
tain said inextensible line under tension, and
means to measure rotation of said first and sec-
ond pulleys which simulates the quantity of oil
pumped.

13. The combination in accordance with claim
12 wherein each of said coupling means comprises
g liquid filled pan secured to one of said bars and
a plate secured to an adjacent bar and extend-
ing therefrom into said pan whereby relative ro-
tation between adjacent bars results in move-
ment of said plate through the liquid in said pan
to create a viscous drag between said pan and
said plate.

14, Apparatus in accordance with claim 12 fur-
ther comprising an oscilloscope, an electrical re-
sistance strain responsive element secured to said
rod, a source of electrical energy connected in
circuit with said strain responsive element, and
circuit means to establish a voltage proportional
to the stress on said strain responsive element,
said voltage being applied to one set of deflec-
tion plates of said oscilloscope, a second source
of electrical energy applied to the bar attached
to the lines representing the sucker rod string
representing the uppermost sucker rod segment,
said bar being constructed of an electrically con-
ductive material, a plate of electrically conduct-
ing material positioned adjacent said last men-
tioned rotating bar thereby forming a condenser
with said bar, and means to apply the voltage
induced on said plate to the second set of deflec-
tion plates of said oscilloscope whereby the out-
put of said oscilloscope simulates the combined
forces on and displacements of the uppermost of

said sucker rod segments.
RAYMOND G. PIETY.
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