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DETERMINATION OF THE BALANCING MOMENT OF THE SIX-LINK
STRAIGHT-LINE CONVERSION MECHANISM OF THE BEAMLESS ROD
PUMP DRIVE

The paper considers a six-link straight-line conversion scissor mechanism, which is used as a new
design of the conversion mechanism of the beamless rod pump drive.

The purpose of balancing the conversion mechanism of rod pump drive (RPD) is to reduce the
required engine power and its uniform load per cycle of movement. The task of optimal dynamic
balancing of the conversion mechanism of the RPD is to determine the optimal values of the weight
of the counterweight Gow and the distance | = OL from the crank axis at which the minimum
peak value of the balancing moment on the crank shaft is provided. In practice, the determination
of these values is carried out empirically by comparing two peak values — the torque on the
crank shaft for the cycle of the mechanism movement. The result kinetostatics analysis, solving the
equilibrium equations of the six-link scissor mechanism, determined reactions of mechanism hinges
and values — the torque on the shaft of the crank shaft per cycle of movement of the mechanism.
Also, for the reliability of the results, according to the principle of possible movements through
the power of the acting forces, values — the torque on the crank shaft were determined.

Key words: Drive, transforming mechanism, crank, connecting rod, balancer, poise, analysis.
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ITrasransl COPFBINI KOHABIPFLLIAPBIHBIH, TEHrepiMci3 »KeTeriHiH, ajJIThbI3BEHOJIbI TY3Y-ChI3bIKThI
OarpITTAYBIII TYPJEHAIPrill MeXaHn3MiHiH TeHOEeCTipy MOMEHTIH aHBIKTAY

Byn makasmaza anThI3BEHOIBI TY3Y-ChI3BIKTHI OAFBITTAYBIIT TYPJICHIIPTIIT MEXaHM3Mi TypaJsIbl aii-
TBIIAIbI, OHBI 013 IMITAHTAJIBIK, COPFHI KOHIBIPTBIIAPBIHBIH, TEHIepiMCi3 KeTeriHiH, TypJIeHIiprimt
MeXaHU3MIiHIH KaHa KOHCTPYKIUSICHI PETIH/E KOJJTAHAMBIS.

[MTranransr coproim KoHALIPrbLIaPbIHGIH (ITICK) Typienaiprim MexanusMid T€HECTIPY/IiH MaKca-
ThI KO3FAJITKBIIITHIH KAXKETTI KyaTbIH >KOHE OHBIH, KO3FaJIbIC ITUKJI Ke3iHJ/Ie OHBIH OIpKEeJIKi JKYK-
TeMecin azaiiTy Gonbin Tabbliabl. G TYPJEHIIPY MEXaHM3MiH OHTAM/IbI JIMHAMUKAJIBIK TEH/Ie-
cripyain, MigzeTi Kapcol caaMakThid, GP oHTalbl MoHIEpiH *KoHe WiHI1 I = OL 6inikTe Tene-
CTIpY COTiHIH MUHUMAJIIHI MOHI KAMTAMACBI3 eTigeTiH miHai OiMiKTeH KAIBIKTHIKTBI aHBIKTAY
00JTbITT TAOBLIA IR I¢ XKYy3iHae OYJI IaMasapabl aHbBIKTaY 7 €Ki MOHI — MEXaHU3MHIH Oip KO3FaJIbIC
[UKJIBIHA WiHJ OLTKTIH aiffHaly MOMEHTIH CAJIBICTBIPY apPKbLIbl IMITMPUKAJIBLIK, TYPIe KYy3€ere achl-
pbL1a bl KnHeTOCTaTHKABIK TaJI1ay HOTUZKECIH]Ie aJThl 3BEHOJIBI TONCAJLI-UIHTIPDEKTI MeXaH!U3-
MHIH OyBIHIAPBIHBIH Tele-TeH/IK TeHIEYIePiH, COHBIMEH KATap AJIFAH/Ia MEXaHU3M LIMEKTEeDiHiH
peakins KyII »KoHe 1 MOHIHIH — MeXaHU3MHIH, KO3Fa/Iy MUKJ YIIH WiHgl OLTIKTIH aifHaJIy MOMEH-
TiHiH OGipJecin Imentiayi HOTUXKeCIH/Ie aHBIKTAJI b
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OnpenesieHne ypaBHOBEIINBAKOIIETO MOMEHTA MIECTU3BEHHOTO IIPSIMOJIMHENHO-HAIIPABJISIOIIETO
npeobpasyoniero Mmexanu3ma 6e36aJIaHCUPHOro MPUBOIA MITAHTOBBIX HACOCHBIX YCTAHOBOK

B nmammoit crarbe paccMaTpWBAETCS IMECTU3BEHHBIN MPAMOJIMHEHHO-HATIPABIAIONIAN MTAPHUPHO-
PBIYAXKHBI MeXaHU3Ma, KOTOPOI'O MCIOJIb3yeM B KadeCTBe HOBON KOHCTPYKIIUU IIEPOODPA3YIOIIEro
MexaHu3Ma 0e30aJIaHCUPHOTO IIPUBOJIA IITAHIOBBIX HACOCHBIX YCTAHOBOK.

Iesib ypaBHOBEMMBaHUS IPEOOPA3YIONIEr0 MEXaAHU3Ma IITAHIOBBIX HACOCHBIX ycrTanoBok (IITHY)
3aK/II09A€TCS B YMEHBIIEHUU HEOOXOIMMON MOIMHOCTH JIBUTATESIsI U PABHOMEDHOIl €ro HArpy3KH
3a [UKJI JIBUKEHUS. 3aJ[a9a ONTUMAILHOIO JUHAMUYIECKOTO YPABHOBEITNBAHUS TPEOOPa3yoNero
mexanmzma [THY saxmouaercsa B onpe/ieieHny ONTUMAIBHBIX 3HadYeHU Beca mpoTusoBeca GTp
u paccroarue [y = OL or ocn KpuBOMIUIIA IIPU KOTOPOM obecliednBaeTcs MIHIMAILHOE HHKOBOE
3HAYEHUE YPABHOBEIIUBAIOIMIEIO MOMEHTa Ha BaJly KpuBomwumna. Ha mpakTuke ompejeeHue
STUX BEJIMIUH OCYIIECTBJISIETCS SMIMPUIECKU IIyT€M CPaBHEHWs JIByX NHKOBBIX 3HAYEHHUN yp
— KDPYTHIIEro MOMEHTa Ha BaJly KPHUBOIIWIA 33 MWK/ JIBIKEHHs MEXaHm3Ma. B pesyiabrare
KMHETOCTATUYECKOI'0 aHaJIN3a, Pellas COBMECTHO ypaBHEHUdA PaBHOBECHUS 3BEHBEB IIECTU3BEHHOI'O
MIapHUPHO-PbIYazKHOT'O MeXaHU3Ma, OIIpe/JIe/IEHbl CHUJIbl pEeaKIUN IMIapHUPOB MeXaHU3Ma W 3Ha4de-
HUZ yp — KPYTSANIEr0 MOMEHTa Ha BaJly KPUBOLIUIIA 38 IUKJI JIBHKCHHs MEXaHU3Ma. Tak ke i
IIPOBEPKU JOCTOBEPHOCTHU PE3YJILTATOB, 110 IIPUHIAILY BO3MOXKHBIX II€PEeMeIeHII Yepe3 MOITHOCTHA
JIeMCTBYIOIINX CHJI OIIPEIe/ NN 3HAU€HNsI yp — KPYTSINEro MOMEHTa Ha BaJly KPUBOIIUIIA

Kurouesbie cioBa: [Ipusos, mpeobpa3yroruit MexaHu3M, KPUBOIIIUII, MAaTYH, OaJaHCup, YPaBHO-
BEIIIEHHOCTh, AHAJIN3.

1 Introduction

Consider the dynamic modes of operation of the rod pump drive. When rod string goes up,
the balancing devices give the power body the energy accumulated during the motion of the
rods down. In the device under consideration, the counterweights are attached by special
devices to the 3rd link of the mechanism. It worth to note that the weight of the 3rd link
also plays the role of a counterweight, i.e. performs useful work.

In the problem of dynamic synthesis of mechanisms, the structural diagram of the
mechanism and, as a rule, metric parameters (lengths of links) are considered known. When
designing the mechanism, the given dynamic characteristics and mass-inertial characteristics
are found, and in some cases constant geometric parameters are sought, at which the required
dynamic characteristics of the movement are provided. As a rule, the problem of dynamic
balancing of mechanisms is considered for mechanisms for which ayay/g > 1. The following
tasks are most common [4, 5, 6].

1. balance (balance the masses) the impact of the mechanism on the support (the
foundation on which the mechanism is located);
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2. balance (balance the moment or power) the impact on the engine of the mechanism (or
on the prime mover);

3. balance the effect on the kinematic pairs.

It is clear that to reduce the value of the inertia forces of moving links, it is necessary
to reduce the mass of these links. Due to the complexity of solving the problem using this
feature, such problems are solved by special methods [1, 5, 7].

It is customary to distinguish between static and dynamic balancing of the mechanism;
their elimination in the designed mechanism will correspond to its static and dynamic
balancing [1]. In this case, according to the degree of equilibrium, you can get an exact
or approximate solution (balancing).

Traditionally, the criterion for accurate static balancing of the mechanism is the condition
that the main vector of inertia forces of its links is equal to zero.

—IN

F =0 (1)

which corresponds to the immobility of the general center of mass of the mechanism. With
precise dynamic balancing, simultaneously with the specified condition, it is still necessary
to zero out the main moment of the inertia forces of the links, i.e.

—IN

F =0, M,=0. (2)

If the mechanism has managed to achieve the exact balancing conditions in any way, then
these conditions will be preserved under any law of motion of the input link and, consequently,
the balance of the mechanism (both static and dynamic) becomes an integral quality of the
mechanism.

Approximate balancing of the mechanism can be considered as an approximation to the
exact one, when in solving a specific problem some minor conditions can be neglected.

2 Analysis of literature data and problem statement

As a drive for rod pumps, beam-pumping units are traditionally used, which have a simple
studied scheme, and in comparison with other drives, an economical, repair-suitable design
[1, 2, 3-7, 8, 9,10].

Figure 6a shows the straight-line lambda-shaped Chebyshev mechanism, and Figures 1b-
e show its modifications and related mechanisms, which can be obtained by applying the
Roberts-Chebyshev theorem. The mechanisms shown in Figures 1a and 1b provide a fairly
high accuracy of reproducing a rectilinear trajectory with equal lengths of the connecting
rod-rocker group links and with strict observance of symmetry in the size of the connecting
rod (the connecting rod is an isosceles triangle).
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Figure 1: Chebyshev Mechanisms
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For further research, we selected the mechanisms shown in Figures 1a and 1g, since the
use of the remaining schemes is difficult due to the lack of access to the wellhead. However, a
more detailed study of the functionality of the selected schemes showed that it is not possible
to achieve a reduction in overall dimensions here. Thus, the gain is only in eliminating the
arched horsehead.

Figure 2: The Evans mechanism and its variants

Much more interesting were the mechanisms of the Evans type (Figure 2) and Evans —
de Jonge type (Figure 3), which are characterized by good access to the well, as well as a
small ratio of the length of the straight section of the rod curve trajectory to the lengths
of the mechanism links. Upon closer examination, the schemes in Figures 2 were the most
promising. The diagram in Figure 7a is the most compact.

However, to ensure the maximum ratio of the length of the straight segment to the length
of the connecting rod, an additional synthesis must be carried out taking into account this
additional restriction. This mechanism, therefore, is a competing scheme with respect to the
Roberts scheme, and the position of the upper rack was significantly lower than in the Roberts
mechanism.
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Figure 3: Evans-de Jonge Mechanisms

In [11, 12], a methodology, algorithms, and software for the kinematic and kinetostatic
calculation and optimal balancing of the conversion mechanisms of the RPD with a two-
arm beam and rotary equalizer were developed. The methodology and software were used to
calculate the pumping units RPD6-2,5-3500 and RPD8-3-4500 with maximum loads in the
wellhead gland of 6t and 8t.

An alternative option is to use straight-line mechanisms as a conversion mechanism. Thus,
the advantages of the PU (pumping unit) "with a floating beam" were confirmed by the
experience of developing and operating the 2CKM?7 type, created on the basis of the CKH70-
3012 pumping unit |2, 11]. The Evans lemniscate straight line is used here as a converting
mechanism. Another example of the use of straight-line mechanisms is the recent "Minnesota"
development [13], in which the reciprocating motion of the rod suspension is provided by the
Roberts mechanism. The goal of the development is initially to eliminate the massive and
complex head ("horse head") in typical installations |6]. Moreover, the overall dimensions in
both cases were almost two times smaller than the prototypes.

3 Solution of the problem

There are other types of straight-line mechanisms that could also be used effectively [11, 12,
13, 14, 15]. But a systematic study of them in relation to the problem under consideration
has never been conducted.

Next, we will conduct a kinetostatic analysis of the six-link scissor mechanism of the RPD.
The mechanism is affected by the load in the wellhead oil seal and the gravity of the links
and loads (Figure 4). The forces of friction in the joints and the forces of inertia are not taken
into account, since the values of these forces are insignificant.

For the equilibrium of the system of forces, the main vector of the force and the main
moment of the force are equal to zero

Y Fi=0 (3)
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Figure 4: Power analysis of the six-link scissor mechanism conversion mechanism of pumping
units

and

> M;=0 (4)

We consider the equilibrium of each link. G5 — weight of the fifth link operates on the
5th link at the center of mass, as well as P load (the weight of the rod string and pumped
liquids) in the suspension point of the D rod string, and reactive power Rs4 and Rse. Then
the equilibrium equations of the 5th link

_R§4 - R§2 =0
—Gs — R§; — R5, — P =0 (5)
G5(X55 — XB) + R?Q(XC — XB) + R§2(YB — YC) + P(XD — XB) =0

Consider the equilibrium of the 4th link, the connecting rod. The connecting rod is affected
at the center of mass of the connecting rod by G4 — the weight of the connecting rod and
Roy, Rs4 reaction forces. Then we make the equilibrium equations of the connecting rod —
the 4th link, taking into account R; = — Rsy4.

Rg, + Rg, =0
—Ga+ Ry + Ry =0 (6)
Gy(Xss — Xa) + R (Xp— Xa)+ RE(YAa—YE)=0

Now consider the equilibrium of the 3rd link. The third link is affected at the point
S3 by G5 force — the weight of the third link, at point by Gow force — the weight of the

counterweight and Ry3 and Rss reaction forces.
Then for the 3rd link

Ry — R5; =0
Gg(ng — Xo) + Rgz<XC — Xo) + R§2(YO — Yc) + GCW(XCW — Xo) =0
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Now consider the balance of the 2nd link, the connecting rod. The connecting rod is
affected in the center of mass of the connecting rod by G — the weight of the connecting rod
and Ry, R3o, Ry reaction forces.

Considering that Rsy = —Rs; and R3s = — Ra3, we compose the equilibrium equations of
the connecting rod - the 2nd link

—Ry + R5y + R5, =0
_G2 — Rgl + RgQ _'_ RgQ - O
G2(Xs2 — Xr) + RY(Xeo — Xp) + RE(Yr — Yo) + R%(Xe — Xp) + RE(Yr — Yeo) =0

(8)

Figure 5: The equilibrium of the crank

The crank is affected at S; point in the center of mass of the crank by G; — the weight
of the crank and .; engine torque, also at F' point Ry reaction and at GG point reaction. We

compose the equilibrium equations for the 1st link, where Ry; = —Rys.
ot Ry =0
—G1+ Ry + Ry, =0 (9)

Gl(X5'1 — XA) + Rgl(XF — Xg) + R%(YF — Yg> + Met =0

By solving equilibrium equations simultaneously, we find unknown components of
reactions and an unknown moment.

The purpose of the balancing task is to minimize input torque M on the crank shaft. To
do this, one needs to properly pick up the mass counterbalance and the distance of the center
counterweight from the axis of rotation. In the case of rotary balancing, the counterweight is
set on the crank. And here the counterweight is set on the 3rd link.
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The distance of the center of the mass counterweight from the axis of the rotation of the
link is defined in the first approximation as [15]:

OL =k - Hy(Puy+ Paiown)/4 - Few (10)
where H, —is the length of the rod string, P, Pyown are loads at the point of rod suspension at
the motion up and down, F,,, is the total weight of counterweights, the correcting coefficient
that is manually entered by the user until the two peaks of values - torque on the shaft of
the crank will not be equal.

Let’s use the well-known principle of possible movements

According to the principle of possible movements, power of these forces should be zero.
Let’s write this down for our problem:

(11)

FVs, + B3V, + BV, + FyVs, + FsVe, + Fow Vi, + +EpVp + Mg = 0 (12)
Here, are the velocities of the corresponding points of gravity forces application;

wqr — is angular speed of the crank;

M — is the torque on the crank shaft.

4 Discussion of experimental results

The results of the study of the balancing modes are presented in table 1. The last two columns
show and values, which were found in such a way as to minimize torque on the crank shaft.
In the calculation program, this is achieved by manually specifying correcting coefficient in
formula ([10)).

It was also found that when the direction of the crank rotation is changed
(counterclockwise), the moment on the crank shaft practically does not change, but the
balancing mode is somewhat worse (the counterweights are removed from the axis of rotation).

Table 1 — Results of the study of balancing modes

Pumping The Weight of the Counterweight
mode maximum counterweight distance from
Pup | Piown Angular | The torque on the with optimal the crank
velocity | length | crank shaft balancing rotation axis
of the
crank
EN | EN | rpm mm ENm kg mm
60 30 6,9 550 10,7 478 0,525m
60 40 4,3 1000 8,412 478 0,753m
60 40 6,9 1000 8,365 478 0,753m
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A) Graph of the change in torque as a result
of kinetostatic analysis

B) Graph of torque changes based on the
principle of possible displacements

Figure 6: The Graphs of torque changes

5 Conclusion

According to the results of the kinetostatic analysis, a graph of the change in the torque is
obtained. Figure shows the graphs of the torque change obtained in various ways.

The results of the work carried out show that the goal of the study has been achieved.
Since a detailed kinetostatic analysis confirms the possibility of using the studied six-link
straight-line mechanism as a converting mechanism for the rod pumping drive.

1. A kinetostatic analysis was performed and a mathematical model of the kinetostatic
analysis of the six-link conversion mechanism in the Maple environment was developed in
order to test the performance of the new design.

2. Numerical results obtained by various methods confirm that the results are reliable.
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