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Abstract: The large fluctuation of net torque and the existence of negative torque on the crank output
shaft of the beam pumping unit are the decisive factors leading to its low efficiency and high energy
consumption. The conventional pumping unit CYJ10-4.2-53HF was selected as the study object on
the basis of the fixed shaft secondary balance principle and the positive torque modulation scheme
was first proposed according to the following secondary balance principle based on the linkage. The
kinematics analysis of the suspension point and the secondary incremental velocity mechanism were
carried out using the theory of rigid body plane kinematics. The force analysis of each moving part of
the pumping unit was carried out, the net torque expression of the crank output shaft was obtained,
and an example calculation was performed. The positive torque beam pumping unit was developed
and tested in a field test. The tests showed that the positive torque beam pumping unit was able
to fully realize positive torque operation under field well conditions, with a power saving rate of
23.73% and a 14.5% increase in system efficiency, and that the reliability of the pumping unit meets
the requirements for field application.

Keywords: beam pumping unit; positive torque; modulation; kinematics analysis; field test

1. Introduction

Conventional beam pumping units are widely used in oilfields due to their advantages
of simple structure, high reliability, and convenient maintenance [1-3]. However, the
structural characteristics of conventional beam pumping units determine their poor balance
effect, large net torque fluctuation of the crank output shaft and existence of negative torque,
low efficiency, and high energy consumption [4-7]. The large net torque fluctuation of the
crank output shaft and the existence of negative torque are the decisive factors leading to
its low efficiency and high energy consumption [8,9]. In response to this problem, many
scholars and pumping machine manufacturers both at home and abroad have developed a
variety of new energy-saving pumping units [10-12] which have achieved certain energy-
saving effects; however, most of the new pumping units are not yet able to solve the
problem of negative torque in the crank output shaft, and the disadvantages of the new
energy-saving pumping machines in terms of reliability and maintenance management
restrict their development [13-18]. On the other hand, the number of beam pumping
machines accounts for more than 80% of all pumping units [3,19], and it is impossible to
replace all of them in a short time from the perspective of resource utilization and economic
cost. Therefore, it is a more reasonable solution to implement a low-cost transformation
of conventional beam pumping units by modulating the negative torque of the crank
output shaft to positive torque. In this paper, a positive torque modulation scheme for a
conventional beam pumping unit, CYJ10-4.2-53HF, is proposed for the first time based on
the principle of secondary balancing of the following linkage rod, and the proposed method
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is applied in the field. After the kinematics and dynamics of the transformed pumping unit
were analyzed, a prototype was manufactured and verified in the field.

2. Modulation Principle and Method
2.1. Modulation Method

Based on the principle of fixed shaft secondary balance, the crank output shaft positive
torque modulation method and structure of conventional beam pumping unit are shown in
Figures 1 and 2. The secondary balance system mainly includes the speed increaser box and
the secondary balance weight, and the original connecting rod is replaced by a connecting
rod frame which is connected to the cross beam at one end and the speed increase gearbox
at the other end. The input shaft of the speed increase gearbox is equipped with a large
gear and the output shaft with a small gear; the transmission ratio of the large gear and the
small gear is 1:2. The input end of the input shaft of the speed increase gearbox is fixed
together with the large crank and the output end of the output shaft of the speed increase
gearbox is connected to the secondary balance weight.

Y ]

Figure 1. Structure diagram of positive torque beam pumping unit. 1—substructure; 2—manual
brake; 3—motor; 4—belt; 5—pulley; 6—reducer substructure; 7—reducer; 8—Primary counterbalance;
9—speed increase gearbox; 10—Secondary balance weight; 11—linkage frame; 12—beam balance
weight; 13—beam; 14—support; 15—horsehead; 16—wirerope; 17—polished rod eye.
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Figure 2. Structure diagram of speed increase box. 1—box; 2—secondary balance crank; 3—input
shaft; 4—large gear; 5—output shaft; 6—small gear; 7—big crank; 8—connecting rod frame.
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2.2. Analysis of Working Process and Balancing Effect

When the pumping unit works, the original movement form of the connecting rod in
the plane is replaced by the speed increase gearbox and the connecting rod frame, as they
are fixed together. The secondary balance weight is fixed on the output shaft of the speed
increase gearbox; thus, the secondary balance follows the speed increase gearbox and the
connecting rod frame together to move in space plane motion and rotate around the output
shaft. This positive torque modulation method can be called as the secondary balance
based on following the connecting rod. The mass and motion inertia force of secondary
balancing adds a dynamic balancing block to the big crank to play the role of primary
balancing, and it can be said that the secondary balancing based on the connecting rod
with the action plays the role of both secondary balancing and of primary balancing, which
is conducive to reducing the weight of primary balancing and saving steel.

3. Kinematic Analysis
3.1. Kinematic Analysis of the Suspension Point

A motion analysis sketch of the modified pumping unit suspension point is shown in
Figure 3 [20-23], and can be obtained from Figure 3:

p = +arctan(- ) M)

O =0—9¢ 2

p=x-pr ®)

4y = arccos( C2+ KZZE Iip + R)Z) @
1 = arccos( 2+ 1<22E Iip - R)Z) )

a=%2(B+¢)—b=(B+x—p)—0+¢ (6)

The swing angle of the beam is J;
=1y -9 @)
The displacement of the suspension point is
Si = Ad; (8)

The angular velocity wy, of the beam is

R sina
“ = C%sin B ©)
where w is the angular velocity of crank rotation, s~!.
The velocity v (m/s) of the beam is
A_ sina
v=Aw, = ERw sin (10)

The angular acceleration, ¢},, of the beam can be obtained from the derivative of the
angular velocity, wy,, with respect to the time, t. The acceleration at the suspension point is
a(m/s%):

ARK ,sinfcosasiniy — %sinzxcos[ﬂsin@k
w

a= Aeg, =
b ce sin® B

(11)
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Figure 3. The motion analysis sketch of the modified pumping unit suspension point.

3.2. Kinematic Analysis of Secondary Speed Increasing Mechanism
3.2.1. Angular Velocity Analysis

A schematic diagram of the secondary balance motion analysis is shown in Figure 4.
The angular velocity, w;y (rad/s), of the connecting rod BD is

vp _ Rwsin(a —B)

“r= DE Psin g (12)
Therefore, the angular acceleration, a1 (rad/ s2), of the connecting rod BD is
dw;  RKw?(Csin Bsinycos(a — B) — Rsinasin 6y )
a1 = = ] (13)
dt CP?sin”
The velocity at the gear meshing point G is
0G = w-0G = w\/R%+ 112 — 2Rr; cos (14)
The angular velocity, wy, of the pinion is
_ U __ R Rw(r1+ry) sin(a—p) RPw(sin® a—sin? B)
Wy = ﬁ =w — WrClosvé + 12r11235in/5 + 2r1(r1+ry) sin Bsin(a—p) (15)
+ Rw (P—r1—17)? sin(a—p) _ Rwsinacos B(P—r1—13)

2r1(r1+r2)Psin B r1(r1+r)sinp

where 71 and r, denote the radii of the reference circle of the large gear and the pinion,
respectively. The angular acceleration, a;, of the small crank is obtained by deriving the
angular velocity, wy, of the small crank with respect to time, ¢.
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Figure 4. Schematic diagram of secondary balance motion analysis.

3.2.2. Analysis of Secondary Balance Acceleration

The acceleration of the secondary balance is analyzed as shown in Figure 5. For the
center point, F, of the pinion rotating together with the connecting rod BD, the instantaneous
center of point F is point E, and a}} and aj; are the normal and tangential acceleration of
point F, respectively. Therefore, the acceleration of point F is

ap = aj + ak (16)

n_ ,,2
af = wj-EF

_ R%*w?sin’(a—B) P2sin2a o 2 2Psinacos B(P—ri—r2) (17)
- P2sin? B sin®(a—pB) +(P—r—n) sin(a—p)
a% —wy EF = Rw? SmﬁCOS(ﬂé*ﬁ)(%;?ng)*sz sin(a—B) cosﬁ% '
2 gin? 2 ;11? : B(P ) (18)
P2si sin a cos B(P—r{—r:
\/sin;(glg) (P —n- 7‘2) o sin(a—p) —

The mass center of the secondary balance block and the secondary balance crank is I;
if IF = 7, list the acceleration of point I using point F as the base point:

a; = ap + alp + afy = af +ak + alp + alk (19)
where afp = ayr, alk = wir (20)
LEFM:g—T’—s—ﬁ—'y—f—ADFE 1)

de dedf de
Gt ded - YT -

€= foe o
r1—Rcosa | R(ri+rp)%sin?(a—pB)+RP? sin® x—RP? sin? B
b 1 2r1(r1+r2)Psin Bsin(a—p) 46 (23)

- fO R(P—ry—r2)? sin?(x—B)—2RP sin a cos B sin(x—B) (P—rq —72)
+ 2r1(r1+r2)Psin Bsin(a—p)
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Decomposing Equation (19) in the t and n directions, respectively,

a} = ap cos ZEFM + ak sin ZEFM + afy, a! = —al sin ZEFM + ak cos ZEFM +afp  (24)

Substituting Equations (20), (21) and (23) into (24), respectively, af, a}! of the pinion
center F can be obtained.

(a) (b)

Figure 5. Acceleration analysis of secondary balance of the pumping unit after transformation: (a)
complete analysis of the secondary balance acceleration; (b) partial enlarged analysis of the secondary
balance accelerations.

4. Torque Analysis on the Output Shaft of Gearbox
4.1. Force Analysis of Secondary Balance

The force analysis diagram of the positive torque beam pumping unit is shown in
Figure 6. From the kinematic analysis of the secondary speed increment mechanism and
D’Alembert’s theorem of the mass system, the force analysis sketch of the secondary balance
is shown in Figure 7 after adding the inertia force of the mass, I. Where, Fg;, Fpn and Mg are
the forces and moment of the pinion shaft acting on the secondary equilibrium along the t
and n directions, respectively, F{, F', and My are the imaginary added inertia forces and
moment of inertia corresponding to the acceleration a}, af and angular acceleration, &y, of
the secondary balance mass I, respectively.

Ff = meal, F' = meal, My = Jotta (25)

Based on D’Alembert’s principle for the mass system, the force balance equations are
listed as follows:

Y Fn=0:Fpn+ Wecos(t +¢) — F' =

YF=0:Wesin(t' +¢) — Fp — FF =0 (26)
Y Mp=0: MF+We7’Sin(T/+€) *FI‘ET*MH =0
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Figure 7. Force analysis diagram of the secondary balance.

After solving from the system of Equation (26) and bringing in Equation (25) we obtain

Frn = meal — meg cos(t' +¢) (27)
Fry = megsin(t/ + &) — meal (28)
Mg = mealr + Jos — megrsin(t’ + ) (29)

Projecting Fgt, Fgn to the x and y axes, respectively, determine Fgy, Fpy:
Fry = meal sin(t' + &) — meat cos(t/ +¢) (30)
Fpy = teg — meaf cos(T' 4 ¢€) — meay sin(t' + ¢) (31)

4.2. Force Analysis of the Beam

The force analysis diagram of the beam is shown in Figure 8; based on D’ Alembert’s
principle for mass systems, the system of force balance equations is listed below:
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Figure 8. Force analysis of the beam.

Y. Fx = 0: Fory + Fpy + Fysiny + Fj cosy — Ffj cosy — Fg siny =0

L Fy =0:Foy + Fgy + Fjcosy + Fjsiny + Fj siny — Fjj cosy — We = W, =W =0
Y Mo, = 0: WcCycosy — WA — Wyl cosy — Fp,Csiny — Fs,Ccosy — FjCy
—FY 1= Mo =0

(32)

W, W,
wherey =x—p—-(5—¢)=x+o—p—5 F = el B = ?bwﬁl,l-“f] = %sbcl,

W, W W,
Hj = FwpC, Mior = Joep = (-1 + C1%)ep.
The four unknowns are Foyx, Fory, Fsx, Fpy-

4.3. Force Analysis of the Linkage-Speed Increase Gearbox

Because the linkage and the speed increase gearbox are welded together, they can be
analyzed as a single unit in the force analysis; the force diagram is shown in Figure 9. It
can be drawn from the geometric relationship on Figure 9:

q:AEF]:n—ADFE—AIFB:n—ADFE—(g—ﬁ—’y)zﬁ-i-)(qu)—p—ADFE (33)

{=n—4DFE—y=n—(f+x+¢—p—4DFE)—ZDFE=n+p—-f—Xx—¢ (34)

Based on D’Alembert’s principle, the system of force balance equations is listed
as follows:

Y F=0:Fpy — Fgy' — By’ — Flpcosn — Fsinyg =0

Y F, =0: Fpy + Fsiny — Frcosy — Fg,' — Fg,)/ = W; =0

Y Mp = 0: Fgy'Pcos{ + Fg,'Psin{ + Fg,' (r1 + r2) cos{ + (Fg," + Wg) (r1 + 12) sind

+F(ry +712) cos( + §) + Ei(r1 +1r2) sin(y + ) — Mg =0 (35)
Y Mg = 0: Fg,/(P —ry —r2) cos{ + Fg,’ (P — ry — r2) sin{ + Fpy (r1 +12) cos{

JFFDy(Yl +72)sin — Mg =0

Y Mg = 0: FpyPcos{ + Fp,Psin — Fgy' (P — 11 — r2) cos{ — (Fgy' + Wg) (P — 11 — r2) sin
—F(P—r1—ry)cos(n+¢) —ER(P—ry —r2)sin(p + ) —Mp =0

where F = %al -EF, B} = %w% -EF, M = Jeay.

The five unknowns are Fg,’, Fg,’, Fox, Fpy and Mp.
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Figure 9. Force diagram of the linkage-speed increase gearbox: (a) complete analysis diagram of
linkage-speed increase gearbox; (b) partial enlarged analysis diagram of linkage-speed increase gearbox.
4.4. Force Analysis of the Large Crank

The force analysis of the large crank is shown in Figure 10. Based D’Alembert’s
principle, the system of force balance equations is listed as follows:

Y Fe =0: Foy + Fjysin(f — 7) — Fp,/ =0
Y F, =0: Fo, + Fjycos(6 — 7) — Fp,/ —Wq =0 (36)
Y. Mo =0:M— Mp' + Fp,'Rcos 6 — Fp,/Rsin6 — Waasin(f — 1) = 0

t _ Wa 2
where F; = Tw b.
The five unknowns are Foy, Foy, Fpx, Fpy and M D

N
o oy N g
.Mu'b M
AN |
Foy —~=—5p Wa .
Mr{ R N\
. 0 . -"14'0", FDI

Figure 10. Force analysis of the large crank balance weight.

4.5. Solving the Force Equations

The system of force analysis Equation (32) of the beam is organized to obtain

Forx + Fgx = —Fjsiny — Fj cosy + Ffj cosy + Fj siny
Foyy + Fsy = —Fjjcosy — Ffj siny — Ff siny + Fj cosy + We + W, + W (37)
FgyCsiny + Fg,Ccosy = W.Cy cosy — WA — Wyl cosy — FI*]C1 — F 1 — Moy
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Due to FDx/ = Fpy, FBy/ = FBy/ pr/ = Fry, prl = pr, Mp/ = M, the system of force
analysis Equation (35) for the linkage-speed increase gearbox is sorted to obtain

Fpy — Fgy = Fipcosn + Fisiny + Fry

Fp, — F, = —Fsiny + E cos + Fry + W

FgyPcos{ + FgyPsin{ = —Fpy (11 4 12) cos{ — (Fgy + W) (r1 + r2) sinf

—Fly(r £ r2) cos(y + ) — F(rs +12) sin(y + ) + Mg (38)
Fpy (P — 11 — 12) cos{ + Fpy (P — 11 — r2) sind + Fpy (11 + 12) cos{ + Fpy (11 + r2) sin{ = Mg
FpxPcos{ + Fp,Psin{ = Fpy (P =11 — 1) cosC + (Fpy’ + Wg)(P — 11 — 1) sind

+ER(P —r1 —1p)cos(yy +§) + ER(P — 1 — r2) sin(n + ) + Myp

Due to Fp,’ = Fpx, Fo,’ = Foy, Mp' = Mp = 2M, the equation system of the large
crank balance force analysis (36) is organized to obtain

Fox — Fpy = —F{ysin(6 — 1)
FOy — FD]/ = Wd - FItMCOS(e - T) (39)
M + FpxR cos 0 — Fp, R sin 6 = Wqasin(6 — 7) + 2Mg

The following parameters then need to be solved: Fgy, Fgy, Fox, Foy, Forx, Fory, Fpx,
b Dy~ MD/ M.
Solving the joint system of Equations (37)—(39), respectively,

(—Fex (r1 + 12) cosg — (Fgy + W) (r1 + 12) sin{
—Fp(r1 +12) cos(n7 + ) — Fy(r1 +12) sin(y7 + ¢)

Fpr = PCcos(y+¢) | +Mig)Ccosy — (WcCyicosy — WA — Wl cosy (40)
—FﬁCl — FItLl — MIO/)PSiI‘lg
(WeCycosy — WA — Wyl cosy — FjCy — F

Fy, —Mioy) P cos § + (Fex(r1 + 12) cosC (1)

~ PCeos(y+¢) | +(Fry + W) (r1 + r2) sing + Fe(r1 +2) cos(y + )
+F&(r1 +12) sin(y + ) — Mig)Csiny

Fpy = Fgy + Flgcos 7 + F}: sinn + Fpy
(—Fpx (r1 +12) cosg — (Fgy 4+ Wg)(r1 + r2) sing
_ 1| —He(n+r)cos(n+q) — Fi(r1 +r2)sin(y +{)
-~ PCeos(r+8) | +Mip)Ccosy — (W.Cy cosy — WA — Wyl cosy
—FﬁCl - FItLl - MIO/)P sinC

+ Flpcosn + Fysiny + Fpy

(42)
Fp, = Fgy — Ffpsiny + Ft cosn + Fpy + Wy
(WeCicosy — WA — Wyl cosy — FjjCy — Fyy ]
1 —Mjoy) P cos{ + (Fpx(r1 + 12) cosC (43)

= PCcos(1+0) +(Fpy + Wg) (r1 + 12) sing + Ffp(r1 4 r2) cos(n + {)
+FIIIE’(7’1 + ”2) Sin(ﬂ + @) — MIF)C siny
—Flpsiny + Fi cos 17 + Fgy + Wi

Due to Fpy' = Fpy, Fy' = Fsy, Fex' = Fex, Fry' = Fry, MF’ = MF, the system of force
analysis Equation (35) for the linkage-speed increase gearbox is sorted to obtain

Fox = Fpy — Flysin(6 — ) (44)
Foy = Foy + Wy — Fypcos (6 — 1) (45)
Forx = —Fpx — Ff] sin ¢ — Fyj, cos ¢ + Fjjcos y + Ffj siny (46)

Foy = —Fgy — Fycosy — Fij siny — Fj siny + F cos v + We + Wy, + W (47)
M = Fp,Rsinf — FpcR cos § + Wgasin(6 — 7) + 2Mg (48)
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Substituting Fpy, Fpy into the expression for M, respectively,

(WeCycosy — WA — Wyl cosy — FjCy — Fy 1
M — __Rsin@ —Mior)Pcos § + (Fpx(r1 + 12) cosg
PCcos(7+¢) +(Fgy + W) (r1 + r2) sing + Flp(r1 + r2) cos( + 0)
+E(r1 4 12) sin(n + ) — Mip)Csin ¢
(—Fpx (11 + 12) cos — (Fgy + W) (r1 + 12) sin{
___Rcos® _FItF(rl + 1’2) COS(U +0) — Fﬂ?(rl +12) Sin(ﬂ + g)
PCcos(v+¢) | +Mig)Ccosy — (W.Cq cosy — WA — Wyl cosy
—Fflcl — FItLl — MI @) ,)P Sil’lC
+(—Hgsiny + Fi cos 17 + Fg, + Wg)Rsin — (F cos 77 + Fg sin# + Fgx )R cos
+desin(9 — T) + 2Mg

(49)

5. Example Calculation

Take the model CYJ10-4.2-53HF pumping unit as an example; it is known that the
stroke is S = 3.6 m, speed n = 6 min~!, depth of the pump L = 1300 m, casing pressure
0 MPa, hydraulic pressure 0 MPa, submergence depth 200 m, plunger pump diameter
d; =70 mm, and the cross-sectional area of the plunger pump F = 24.63 cm?. Using a sucker
rod with diameter d; = 25 mm and linear density 4.17 kg/m from 0 to 500 m, d3 = 22 mm
with linear density q = 3.07 kg/m from 500 to 1000 m, elasticity modulus E; = 1.6 GPa,
and liquid weight = 10,000 N/m?> and an oil pipe diameter of 73 mm (not anchored) and
elasticity modulus E; = 2.1 GPa, solve the law of the suspension point motion and the
torque variation law of the gearbox.

From the displacement, velocity, and acceleration of the suspension point motion
shown in Figure 11, the suspension point displacement and velocity is not zero at 0°; due
to the large crank 12 o’clock as the starting point of timekeeping rather than the lower dead
center position, the maximum displacement of the suspension point is 4.2 m, the maximum
velocity is 0.83 m/s, the minimum velocity is —0.9 m/s, the maximum acceleration is
0.55 m/s2, and the minimum acceleration is —0.46 m/s2.

—=— displacement(m)
—=— velocity(m/s)
4L —e— acceleration(m/s?)
2 -
0 'l..r'
.l
0 90 180 270 360

Crank angle(°)
Figure 11. The displacement, velocity, and acceleration of suspension.
As shown in Figure 12, the angular velocity of the small crank is always negative,

which means that the direction of rotation of the small crank is counterclockwise, which
is opposite to that of the large crank. The small crank is rotating at a non-uniform an-
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gular speed during the motion, and the average angular velocity of the small crank is
approximately twice the angular velocity of the large crank, which ensures the repeatable
superposition of the motion cycles.

=50
— - mEly
40 | ..
'y .'\
[ [
—_ ] [ |
@ | ) |
\E: _30 - ./ \.
; " .
E - R"
5 / [
g n ™
B-20 a n
2 ! ny
< ] ny
o Ny
[ ]
| ] ' 1
[
-10 "pggge
1 N 1 N 1 N
0 90 180 270 360

Crank angle(°)

Figure 12. The displacement, velocity and acceleration of suspension.

Figure 13 shows the torque superposition curve on the output shaft of the gearbox.
It can be seen that the net torque curve after primary balance has negative values around
0°and 360°; the secondary balance torque curve and the torque curve after primary balance
are perfectly superimposed such that the maximum value of net torque decreases, the
minimum value becomes larger, the negative value becomes positive. The net torque
on the output shaft of the gearbox after secondary balance achieves a full-cycle positive
value, which proves the feasibility of the principle and basic structure of this transforma-
tion scheme.

100, 000
L —v— Torque of well load
. Primary balance torque
80, 000 v, —<— Net torque after first balance
| /v V\" —#— Secondary balancing torque
¥\, —9— Net torque
60,000 [ J Y
AN
; / %
v,
40,000 / AN
\
z i ] 4/«44 « v\v\
> 20,000 [ ;7 ) A
Z ’ Ao “q 4344
9, 2p 200099300,¢ Raasdda, o
g BT i e T
E { f v\v %000 ceneneet®®”
*eeaeeer®” \v\
-20, 000 [~ A
g
-40, 000 [~ \4 Y
v"VVVVv VVNl
' Negative torque TV vyyyvvY
-60, 000
_ L | L | L | L
80, 000
0 90 180 270 360
Crank angle (°)

Figure 13. The torque superposition curve on the output shaft of gear box.
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6. Field Tests
Beam Positive-Torque Pumping Unit Installed on Site

A field test was conducted at the B2-D2-56 well in the third Oil Production Plant of
Daging Oilfield, as shown in Figure 14.

Figure 14. Field test photo of beam positive torque unit.

The motor torque curve and the motor active power curve before and after the trans-
formation of CYJ10-4.2-53HF pumping unit in B2-D2-56 well are shown in Figure 15a,b,
respectively, and the working condition comparison table is shown in Table 1. The well
conditions before and after the transformation are essentially the same. Following transfor-
mation, the maximum value of torque is obviously reduced, the minimum value becomes
larger, the fluctuation is gentler, the torque is all positive, and the purpose of positive
torque transformation is achieved. After the transformation, daily power consumption
was reduced from 259.71 kWh to 195.5 kWh and power consumption per ton of liquid
was reduced from 2.36 kWh to 1.80 kWh, with a power saving rate of 23.73%; the system
efficiency was increased from 20.6% to 35.1%, with an improvement of 14.5%. After two
years of on-site use, no abnormalities were found.
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Figure 15. Force diagram of the linkage-speed increase gearbox. (a) Complete analysis diagram of
linkage-speed increase gearbox; (b) Partial enlarged analysis diagram of linkage-speed increase gearbox.
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Table 1. Comparison of working conditions of B2-D2-56 pumping well before and after transformation.

Parameters Before Transformation After Transformation
Motor power/kW 37 37
Maximum upstream current/A 67.72 27.21
Maximum downstream current/A 32.62 29.33
Maximum torque/kN-m 38.92 23.20
Minimum torque/kN-m —1.89 2.05
root mean square torque/kN-m 14.92 14.21
root mean square power/kW 11.57 11.17
Daily power consumption/kWh 259.71 195.5
Liquid production volume/t- d-1 110.2 108.3
Power consumption per ton

liquid/kWh 2.36 1.80
System efficiency /% 20.6 35.1

7. Conclusions

(1) A basic scheme for positive torque modulation of a conventional beam unit based
on the linkage following the secondary balance was proposed. The kinematic expressions
for the suspension point as well as the secondary speed increase structure were derived.
The force analysis of the key components of the pumping unit was carried out, and the
expression for the output shaft torque of the gearbox was obtained. The example calculation
shows that the modified pumping unit can achieve full-cycle positive torque operation.

(2) The positive torque beam pumping unit was tested in field, which proved that the
positive torque beam pumping unit can fully realize full-cycle positive torque operation un-
der field well conditions, verifying the principle and scheme of positive torque modulation.
The power saving rate in field trials reached 23.73%, and the system efficiency increased
by 14.5%.

(3) This study can effectively solve the problem of low efficiency and high energy
consumption caused by the existence of negative torque on the reducer output shaft torque
of conventional beam units and provide a feasible technical solution to improve the ground
efficiency of conventional beam pumping systems in oilfields.
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Abbreviations

Length of the beam forearm, length of the beam rear arm, length of the

A4,C PR connecting rod, crank radius, m;

H Height of the beam support center to the base bottom, m;

[ Horizontal distance from the beam support center to the reducer output shaft
center, m;

G Height of reducer output shaft center to base, m;

] Distance between the crank shaft center and the travel beam support center, m;

K Polar distance, that is the distance from the beam support center to the output

shaft center of reducer, m;
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Crank angle, the crank radius R at 12 o’clock position as the zero degree,

0 measured from the zero degree line to the crank along the direction of crank
rotation;
® The angle between the zero degree line and K, measured from the zero degree
line to K along the direction of crank rotation;
B, x, p, ¢ The transmission angle between C and P; The angle between C and J; The angle
Pty between K and J; The angle between C and K;
The Angle ¢ of the polished rod at its lowest position and the Angle ¢ of the
Vi o polished rod at its highest position;
o0 The angle between K and R, measured from K to R along the direction of crank
ks rotation; the angle between P to R;
o The swing angle of the beam;
Wy The angular velocity of the beam, rad/s;
Angular velocity of crank rotation, rad/s;
v The velocity of the beam suspension, m/s;
a The acceleration at the suspension point, m/ s2;
w1 The angular velocity of the connecting rod BD, rad/s;
aq The angular acceleration of the connecting rod BD, rad/s?;
(e The velocity at the gear meshing point G, m/s;
wy The angular velocity of the pinion, rad/s;
1,712 The radii of the reference circle of the large gear and the pinion respectively, m;
ay The angular acceleration of the small crank, rad/ s2;
ap, at, The normal and tangential acceleration of point F respectively, m/s?;
Horizontal and vertical forces of the pinion shaft acting on secondary balance,
Fry, F Fy N;
Fo F The forces of the pinion shaft acting on the secondary balance along the t and n
FtTFn directions respectively, N;
Mg The moment of the pinion shaft acting on the secondary balance, N-m;
Flt, P The imaginary added inertia forces corresponding to the acceleration a{, ai, N;
MII The imaginary added inertia moment of corresponding to &y, N-m;
Me Secondary balance mass converted to the center of mass I, kg;
Je Secondary balance rotational inertia around the axis F, kg-m2 ;
We Secondary balance gravity converted to the center of mass I, N;
0% The angle between the beam and the horizontal line;
Foo F Horizontal and vertical binding forces of the connecting rod on the restraint
Bxs FBy point B of the beam, N;
W Polished rod load, N;
W W The gravity of the beam (including beam and horsehead) and the balance
br T weight of the beam respectively, N;
are the virtual inertia forces due to the tangential and normal acceleration
FItL, Fi attached to the mass center of the beam (including beam and horsehead)
respectively, N;
£t pn are the virtual inertia forces due to the tangential and normal acceleration of the
L) mass center of the balance beam respectively, N;
M Additional virtual inertia moment due to the angular acceleration of the beam
10 (including beam, horsehead and beam balance weight), N-m;
The rotational inertia of the beam (including beam, horsehead and beam
Jo balance weight) to the rotation center O/, N-m;
o F The forces of the large crank acting on the large gear shaft along the x and y axes
Dxs “Dy respectively, N;
The additional inertia forces corresponding to the tangential and normal
F, By acceleration at the mass center F during the rotation of the linkage-speed
increase gearbox respectively, N;
Mip The additional inertia moment due to angular acceleration during the rotation

of the linkage-speed increase gearbox, N-m;
Mg Reaction torque of secondary counterweight acting on pinion shaft, N-m;
Mp Moment of large crank acting on large gear shaft, N-m;
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Wy The total gravity of linkage-speed increase gearbox, N;
I The rotational inertia of the linkage-speed increase gearbox, kg~m2;
The forces at the output shaft of the gearbox on the crank O along the x and y
Fox Foy directions respectively, N;
pectively, N;
Wy Gravity of large crank and balance block, N;
T Crank offset angle, rad;
b Distance from the gravity center of the crank and balance block to the rotating
shaft O, m;
FIt M Inertia force added by radial acceleration during crank rotation, N;
M the torque of the reduction gearbox output shaft acting on the crank, N-m;
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