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DYNAMIC SCHEME AND MATHEMATICAL MODEL OF A MULTI-FREQUENCY

VIBRATING SIEVE FOR DRILLING MUD CLEANING
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Abstract. Improving the technique and technology of cleaning drilling muds from drilled rock, increasing the speed
of well drilling and improving the quality of drilling mud is an important scientific and applied problem that is of great
importance for the oil and gas industry. A calculation dynamic scheme of a vibrating multi-frequency sieve for cleaning
drilling muds with a limited source of excitation was developed. The vibrating sieve is a two-mass system connected to
each other and to a fixed base by means of one-sided bonds of elastic and damping elements. It is the first dynamic
scheme which allows to model a vibrating multi-frequency sieve as a multi-mass essentially nonlinear dynamic system
with a limited source of excitation, taking into account retaining bonds and elastic limiters of a certain stiffness and vis-
cosity, as well as gaps between the casing and the limiters. The system is characterized by two related coordinates:
rotary - the angle of rotation of the rotor of the vibrator, and oscillatory - the displacement of the masses of the vibrating
sieve along the x axis. Based on the dynamic scheme, a mathematical model of a vibrating multi-frequency sieve for
cleaning drilling mud was first developed, which allows modeling the dynamics of the sieve as a multi-mass essentially
nonlinear dynamic system. The system of equations of the model describes the movement of the masses of the system
and takes into account the movement of the casing, the movement of the impactor, the forces in the retaining bonds of
the casing, the forces in the retaining bonds of the impactor, the forces in the elastic limiters, the angle of rotation of the
debalance, the torque on the debalance shaft, the moment of resistance to rotation of friction forces in the bearings. A
computational algorithm for integrating over time the equations of motion that describe the dynamics of a multi-frequency
vibrating sieve is proposed, which is based on the use of three-layer difference schemes with weights. The use of the
computational algorithm for integrating the equations of motion of the analyzed dynamic system allows us to obtain time
series describing the movement of concentrated masses of the dynamic system at discrete moments of time.

Keywords: vibrating multi-frequency sieve, drilling muds, cleaning, dynamic scheme, mathematical model,
computational algorithm.

1. Introduction

Increasing the level of hydrocarbon production, primarily oil and gas, requires an
increase in the pace of preparation of new wells. When drilling wells, the drilling
process itself and the removal of the drilled rock from the well are ensured by drilling
mud, which is supplied to the well under pressure. To perform these functions, the
drilling mud must have certain stable physicochemical properties, in particular,
density with a limited number of solid particles suspended in it. For this, the drilling
mud that comes out of the well is cleaned from solid rock particles. The number of
solid particles remaining in the fluid after cleaning is one of the factors limiting the
permissible drilling speed. Therefore, the drilling mud cleaning and the residual
concentration of solid particles in the cleaned drilling mud limit the well drilling
speed. In this regard, improving the technique and technology of cleaning drilling
muds from drilled rock, increasing the speed of well drilling, and improving the
quality of drilling mud is an important scientific and applied problem that is of great
importance for the oil and gas industry [1-8].

However, the task of increasing the efficiency, reliability and productivity of such
equipment and technologies requires the use of new non-standard approaches. The
authors propose the use of drilling mud cleaning technology on a vibrating multi-
frequency sieve. The implementation of multi-frequency oscillations and a multiple
increase in the acceleration of sieve oscillations, compared to typical vibrating sieves
for cleaning drilling muds, will ensure an increase of the productivity and efficiency
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of drilling muds cleaning on vibrating multi-frequency sieves compared to traditional
vibrating sieves with mono-frequency excitation [9, 10]. This will allow to increase
the permissible drilling speed, which is limited by the degree of cleaning drilling
muds from rock particles, and will contribute to an increase in the technical and
economic indicators of the drilling process. Untill now, a mathematical model of a
vibrating multi-frequency sieve has not been developed as a substantially nonlinear
dynamic system, the regularities of changes in the power, energy and operating pa-
rameters of a vibrating multi-frequency sieve have not been established, and recom-
mendations for cleaning drilling muds on a vibrating multi-frequency sieve have not
been developed.

Therefore, the development of a calculation dynamic scheme, a mathematical
model of a vibrating multi-frequency sieve for cleaning drilling muds and a
computational algorithm for its realization for further study of the process and
establishment of regularities of changes in the power, energy and operating
parameters of a vibrating multi-frequency sieve and justification of its rational
parameters is an urgent scientific task that is of significant importance for the oil and
gas production industry of the country.

2. Methods

Fig. 1 shows the calculated dynamic diagram of a vibrating multi-frequency sieve
with a limited excitation source [11-16]. The vibrating sieve is a two-mass system
connected to each other and to a fixed base by means of one-sided bonds of elastic
and damping elements. The system consists of a casing with a mass m; and the work-
ing body (impactor) with mass m, . The casing is installed on a fixed base using re-

taining bonds with stiffness ¢, and viscosity b (. The impactor is attached to the
casing using retaining bonds with stiffness ¢, and viscosity b,,,; and is equipped
at the top and bottom with elastic limiters with stiffnesses c,;, and c,,; and viscosity
b.1» and b,,; respectively. To relief the start-up of the system, gaps are arranged be-
tween the casing and the limiters Jj, and &,;. A debalanced vibrator is installed on

the sieve casing, which is driven by an asynchronous electric motor and rotates in a
horizontal plane. The mass of the debalances in the vibrator is my, eccentricity — r,

moment of inertia — J, nominal power — N,,. In the process of rotation of debalanced

masses, a centrifugal force of inertia arises, which excites small forced oscillations of
the masses of the vibrating sieve. Oscillations of the masses of the vibrating sieve are
considered only along the x axis. Therefore, the system is characterized by two relat-
ed coordinates: the rotary - the angle of rotation of the rotor of the vibrator ¢, and

the oscillation - the displacement of the masses of the vibrating sieve along the x ax-
1s.

The presented dynamic scheme is the first that allows to model a vibrating multi-
frequency sieve for cleaning drilling mud as a multi-mass, essentially nonlinear dy-
namic system with a limited excitation source, taking into account the retaining bonds
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and elastic limiters of a certain stiffness and viscosity, as well as the gaps between the
casing and the limiters.

7

7
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L

Figure 1 — Calculation diagram of a vibrating sieve with a limited excitation source

3. Theoretical part
The system of equations describing the motion of the system shown in Fig. 1 has
the form:

(ml + mo)jél +fi —P2 _P()l +P02 = m0V¢Sin§D+m0r¢2 COS @,
myXy + Py + Fyy = Fyp = 0; (1)
J@ =mgrising + L(@) — R(p) + mygrsin g,

where x; — displacement of the casing, m; x, — displacement of the impactor, m; A
— force in the casing retaining bonds, N; P, — force in the impactor retaining bonds,
N; Ry, Fy,— force in the elastic limiters, N; ¢ — angle of rotation of the debalance,
deg; L — torque on the debalance shaft, N m; R — moment of resistance to rotation of

friction forces in the bearings, N m; g — acceleration of free fall, m/s 2.
The forces in two-way elastic bonds are calculated by the formulas:
R =cpion +by10%15 B =cpoi(Xp —x1) + 5,01 (% — 7).

The forces in one-way bonds are calculated using the formulas:

Py = (c12812 + 512010 H(=312) 5 Poy =(¢,21021 + 21021 H(=531),
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where H (-6 ;) — Heaviside functions, which are defined as follows:

1, 512 >0
0, 6,<0’

1, 521 >0

H(—521)={0 5 <0
, O0p <

H(-013) ={

Current gaps (tensions) in one-way bonds:
O12() =x2 (1) = x1 () + S125 021(F) = X1 (1) — X (£) + 53y -

The torque on the debalance shaft of the vibration exciter is determined by the
formula:

L= ﬂui\z , (2)

where 7 — efficiency of the drive; u# — gear ratio of the drive; M - torque on the en-

gine shaft, N m.

In the vibrating multi-frequency sieve for cleaning drilling muds, three-phase
asynchronous electric motors with a squirrel-cage rotor are used as an energy source.
For such motors, the mechanical characteristic (dependence of the motor torque on
slip) 1s determined by the Kloss formula [11-16]:

2Mkr

M = :
S!S, + S 18

3)

where M, — critical engine torque, N m; s;,.— critical engine slip, %; §— current

slip, rpm.
The critical torque of an asynchronous electric motor is determined by the formu-

la:
Mkr:é/Mn’ (4)

where { — the overload capacity of the engine, which characterizes its ability to
withstand short-term loads; M, — the nominal torque of the engine, N m.

The nominal torque of an asynchronous motor is determined by the formula:

y, = 1000N, )

Wy,

where N, —nominal engine power, kW; @, —nominal engine angular speed, rpm.

The critical slip of an asynchronous electric motor is determined by the depend-
ence:
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Skr =5, (C 17 1), 6)

where s, — the nominal slip, determined by the formula:

Sp = . ~, (7)

O =—"" )

where f. — current frequency in the power supply network, Hz; p — number of pole

pairs of an asynchronous motor, units.
The current slip value is determined by the formula:

§=——, )

where @ — the current value of the angular velocity, which is calculated by the for-
mula:

0=up. (10)

The moment of resistance to rotation from friction forces in bearings, which is de-
termined by the conditional coefficient of rolling friction, the centrifugal force of de-
balance during its rotation and the diameter of the debalance shaft are determined by
well-known expressions [11-16].

To solve the equations of motion of the system (1), it is necessary to supplement
the initial conditions. We will assume that at the initial time (# = 0) the system was at
rest, 1.e.

x,(0)=0, %,(0)=0; (11)

Since it is difficult to obtain an analytical solution to equations (1)—(11), it is
advisable to search for a solution by numerical integration. The computational algo-
rithm used for this can be based on three-layer schemes with weights.

Let us divide the time axis into equal segments [tk ,tk +1], k=1,2,... so that the
period of oscillations 7" has an integer number of segments K . Let us denote the
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length of these segments by /. Further, we will understand x,lj as the displacement of

k k

the mass m,,, n =1, N, at the time ¢*, i.c. x, =x,(t k). Similarly, we will under-

stand xg = xq (2 k) as the displacements of the moving base. The three-layer dif-
ference scheme with weights for the equations of motion (1) has the form:

K+l _ o vk yk-1 k+l _ k-1 .
uX 2X"+ X7 X th £ CXRHO 4 PR+ | gk+0 _ ok+0 (10

h2

where M — diagonal mass matrix of the dynamical system

M =diag{my, my,...,my}; (13)
B= ‘B,-j — damping matrix of the dynamic system
nedy, ned p;
Bij:<_bpij’ i'_'tja (i,j)EJp;i,jzl,N, (14)
0, i%j, (,)eJ,
C= ‘ Cjj|| — stiffness matrix of the dynamic system
[ Zcpi”l =+ chnl', l:j
ney, ned ;i
Cj=y—cpij>» i#j, (@, j))eJ,;i,j=LN, (15)
0, i%j, (,)eJ,
vkl ek K \T : - :
=\X{,X5,..., Xy ( —vector of mass displacements of the dynamic system in the
k time layer;
ﬁk—!—@ :elﬁk_'_l +Hzﬁk +93ﬁk_1; (16)
sk _lak 5k prll
pr={Bk Bt B (17)
Bk k _ _k|%pni . k_ _k
B = z dpm' Xn —Xi 3 sign(x, —x; )—

i€ty
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k @pin. . ko k.
- Z dpinx Slgn(xi _xn)>

iern

R*? = o R**! + 0,R* + 0;R* 1,

T
R":{R{‘,Rﬁ‘,...,RJ"V} :

A ypj

—x +0,; X

k
Rn = Z |:rnz(x _x +0 )+drn1
ieJ

xszgn(x —x + 0, )+brm(x — X; )JH(x _xk S, )—

Cyin

x+5 X

- Z |:C}"l'7’l(xlk_‘xll’f+5 )+drm

ied py
. k k .k .k k k .
X sign (xi ~Xm +5in)+brin(xi —Xn )JH(xi —Xn _51'11)’

k ko k ad
0 :{q17QZ9"'DQN} )

Gon + G SN, (1,0 & J,,(0,n) & J,;
q,]; =995y + 9o SN wt® + b, 0Awsin wr* + ¢ 0Adsin wt*, (n,0) g

Gen + 4o SIN wt® + by, Awsin wt® + copAsin wt”, O,n)eJ
=1,N,
where 6; — weight coefficients, i = 1,3:
91 + 02 + 93 - 1 .

(18)

(19)

(20)

1)

(22)

(23)

(24)

(25)

To calculate the components §k+0, R¥*9 and Qk *9 included in (12), one can

also use alternative representations:
B+ _ {Pk+0 BlO Pk+6’},

k+0 k+0|%pn

xi Sgn(xk+9 xl]€+(9)_

k+6’
P, D dpnilx
zeJ

(26)
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k+0  _k+0|%pin k+0  _k+60
> d pinlXi | — Xy sign(x; "7 —x," )3 27
iern
REHO _ {lew REVO Rk+0} : 28)
k+0 k+0 k+0
R, " = ZICFni(xn —X; 0+
ieJ
+dml k+0 _.xk+0 rni Slgl’l (xk+l9 k+9 +§nl)+

k+6 k+6’ k+0 k+0
+ b}"l’ll (x Xi )JH(xn - X o 5ni) -

k+6 k+6
- Z lcrin (xi —Xp + 5in) +

i€ py
+drln k+0 k+6? rin sign (xk+6? k+0+5.n)+
k+6 .

by GO — kO (O 0 5, (29)

k+0 k+0 _k+0 k+6
0"+ =\t g5, gl (30)

where
Gon + don S0 "0, (n,0) € J,., (0,m) & J,
q,ljﬂg =995, + 9 SIN wt* 0 + b,oAwsin wt* 0 + ¢, 0A4sin a)tk+9, (n,0)eJ,;
Gsn + qon SIN wt"? + by, Awsin wt*? + copAsin a)tk+9, 0,n)eJ

=L,N G1)
xk*0 = g x4 0,5k 4 03K n=1,N; (32)
570 = gt 4 0,6 + 0K (33)

When using a three-layer difference scheme (12), there is a problem with starting
the step process, which is related to the fact that the initial conditions (initial position
and initial velocity) are set on one time layer. As a rule, two-layer difference schemes
are used for calculations in the first step. This approach complicates the computation-
al algorithms, and there is a problem of matching the accuracy and time step of the
three-layer and two-layer schemes. For this problem, it is appropriate to use another
approach, according to which the position of the dynamic system is given on the time
layer preceding the initial moment of time # =0. We will assume that at time ¢ =—h
the analyzed dynamic system is also in a state of rest, i.e. we will assume
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x'=x"'=o. (34)

The main issue that arises in the practical use of the above difference scheme is
the choice of weight coefficients &;, i =1,3 and the time integration step /, which

ensure the given accuracy and stability of the computational algorithm. It is quite dif-
ficult to perform a rigorous mathematical study of the stability and accuracy of the
difference scheme (12) due to the presence of nonlinear terms. It is known that when
solving linear problems without damping, a three-layer difference scheme with
weights will be stable according to the initial data if the conditions are met

0,20;, 0,+0,>1/2. (35)

Therefore, when solving the nonlinear problem under consideration, the values of
the weight coefficients were taken as follows

91:93:1/4,92:1/2. (36)

When using the implicit difference scheme (6, > 0), relations (12) represent a

system of nonlinear equations with respect to the X k1 mass displacement vector of
the analyzed dynamic system on the time layer (k +1)

M B it 2M k
(—4—%4‘ QICJ‘X(S_:—l) = (h—z— 92CJ)( +
M B k=1 5k+0 pk+0 . Ak+0
+| =S+ ——6,C | X - RO _REO | oktO 37
( 27 3) (s) sy T9 (37)

where § is the iteration number.
The iterative process continues until the stopping condition is met

HX (ksj-ll) -X (kSl : (38)

k+1
< 5HX (541)

where £ is a parameter characterizing the convergence accuracy of the iterative pro-
cess.

It is easy to see that if the iterative process (37) converges, the limit of the se-

quence {X (k;)rl} is a solution to the system of nonlinear algebraic equations (12). As

an initial approximation for the iterative process (37) we can choose

X =x*~. (39)



ISSN 1607-4556 (Print), ISSN 2309-6004 (Online) Geo-Technical Mechanics. 2024. Ne 171 187

The application of the above computational algorithm for integrating the equa-

tions of motion of the analyzed dynamic system allows us to obtain time series {X k }
describing the movement of concentrated masses of the dynamic system at discrete

moments of time ¢%, which are usually taken at equal intervals of time &, called the
discretization period.

It is for the first time when mathematical model of a vibrating multi-frequency
sieve for cleaning drilling mud was developed, which allows modeling the dynamics
of the sieve as a multi-mass, essentially nonlinear dynamic system. The system of
equations describes the motion of the masses of the system and takes into account the
movement of the casing, the movement of the impactor, the forces in the casing
retaining bonds, the forces in the impactor retaining bonds, the forces in the elastic
limiters, the angle of rotation of the debalance, the torque on the debalance shaft, the
moment of resistance to rotation of friction forces in the bearings, etc.

4. Conclusions

1. A calculation dynamic scheme of a vibrating multi-frequency sieve for cleaning
drilling muds with a limited source of excitation was developed. The vibrating sieve
is a two-mass system connected to each other and to a fixed base by means of one-
sided elastic and damping elements. The system consists of a casing and a working
body (impactor). The casing is installed on a fixed base by means of retaining bonds.
The impactor is attached to the casing by means of retaining bonds and is equipped
with elastic limiters at the top and bottom. To facilitate the start-up of the system,
gaps are arranged between the casing and the limiters. A debalanced vibration exciter
is installed on the sieve casing, which is driven into rotation by an asynchronous elec-
tric motor and rotates in a horizontal plane. In the process of rotation of debalanced
masses, a centrifugal force of inertia arises, which excites small forced oscillations of
the masses of the vibrating sieve. The system is characterized by two related coordi-
nates: the rotational coordinate - the angle of rotation of the rotor of the vibration ex-
citer, and the oscillatory coordinate - the displacement of the masses of the vibrating
sieve along the axis x.

2. A mathematical model of a multi-frequency vibrating sieve for cleaning drilling
muds was developed. The motion of the system is described by a system of equations
that take into account the movement of the casing, the movement of the impactor, the
forces in the casing retaining bonds, the forces in the ipmactor retaining bomds, the
forces in the elastic limiters, the angle of rotation of the debalance, the torque on the
debalance shaft, the moment of resistance to rotation of friction forces in the
bearings, etc.

3. A computational algorithm for integrating over time the equations of motion
describing the dynamics of a multi-frequency vibrating sieve is proposed which is
based on the use of three-layer difference schemes with weights. The use of a
computational algorithm for integrating the equations of motion of the analyzed
dynamic system allows us to obtain time series describing the movement of
concentrated masses of the dynamic system at discrete moments of time.
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4. The calculation dynamic scheme, the mathematical model of the vibrating
multi-frequency sieve for cleaning drilling muds and the algorithm for its
implementation will be used for further research into the process and establishing the
regularities of changes in the power, energy and operating parameters of the vibrating
multi-frequency sieve and substantiating its rational parameters, which is an urgent
scientific task that is of significant importance for the oil and gas production industry
of the country.
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OMHAMIYHA CXEMA TA MATEMATUYHA MOJENb BIEPALIWHOIO NONIYACTOTHOIO CUTA ANd
OYMLLEHHA BYPOBUX PO34YUHIB
LllesueHko B., LllegueHko I., YepHeHko A.

AHoTauif. YLOCKOHANEHHS TEXHIKM Ta TEXHOMONii O4MLLEHHS BYPOBMX PO3UMHIB Big BUOYPEHOT nopoay, 30inbLueH-
HS WBMAKOCTI BYpiHHSA CBEPANIOBMH Ta MOMINWEHHS SKOCTi BypOBOro po3ynHy € BaXNWBOK HAYKOBO-MPUKIAAHOK Npo-
Bremoto, WO Mae BaXIMBE 3HAYEHHS Ans HadhTo- Ta ra3ofobyBHOI ranysi. PoapobneHo po3paxyHKoOBY AMHAMIYHY CXEMY
BibpaLLiiHOro NoMYacTOTHOrO CUTa ANS OYMLLEHHS BYPOBUX PO3UMHIB 3 OBMEXeHUM MxepenioM 36yaxeHHs. Bibpalinte
CUTO NpeacTaBnsie o600 ABOMACHY CUCTEMY, MOB'A3aHNX Mix COBOIO Ta HEPYXOMOK OCHOBOIO 3a JONOMOrO0 OLHOCTO-
POHHIX 3B'A3KIB MPY)XHUX Ta AemMndytounx enemeHTis. [uHamiyHa cxema Brieplue [03BOMsSE MoAeniosati BibpauinHe
noniyacToTHe cuUTo, Sk 6araToMacHy CyTTEBO HEMMHINHY AWHAMIYHY cucTeMy 3 OOMEXEHUM [MKepenoM 30ymKeHHs 3
ypaxyBaHHAM YTPUMYKOUNX 3B'A3KIB | NPYXHUX 0OMEXyBayiB NEBHOI XOPCTKOCTI Ta B'A3KOCTI, @ TAaKOX 3a30piB MiX KOpO-
Bom i obmexyBavamu. Cuctema xapakTepuayeTbesl 4BOMA NOB'A3aHAMM KOOPAMHATaMM: NOBOPOTHOK — KyTOM NOBOPOTY
poTtopa Bibpo30byaHuKa i KonMBamnbHOK - 3MilLEHHM Mac BibpocuTta no oci x. Ha OCHOBI AMHaMiYHOI Cxemu BriepLue
po3pobreHo MaTeMaTiHy MOZenb BibpaLiiHOrO MOMiYaCcTOTHOMO CUTa ANs OYMLLEHHS BypOBMX PO3YMHI, Sika [O3BONSE
MOZENOBATM AMHAMIKy cuTa, Sk BaraToMacHOT CyTTEBO HENIHIMHOT AMHAMIYHOT cucTemu. Cuctema piBHaHb MoZeni onu-
Cye pyX Mac CUCTeMW Ta BPaxOBYE NepeMilleHHst kopoba, NepeMilieHHs yaapHUKa, 3yCUnns B YTPUMYKOUMX 3B'A3kax
kopoba, 3ycunns B yTPUMYKOUMX 3B'A3KaX yAapHWKa, 3ycunns B NpyxHuXx obmexysadyax, kyT noBopoTy aebanaHcy, KpyT-
HWA MOMEHT Ha Bany AebanaHciB, MOMEHT onopy 06epTaHHio Cun TEPTS B MiALIMMHMKAX. 3anponoHOBaHO obuncrio-
BanbHUA anropuTM iHTErpyBaHHS 3a YacOM PiBHAHb PyXY, WO OMUCYIOTb AWHAMIKY NOMiYacTOTHOMO BibpocuTa, Skui
3aCHOBaHO Ha BUKOPUCTaHHI TPULIAPOBKX PI3HWULEBMX CXEM 3 Baramu. 3acTOCyBaHHSI 06YMCIIOBArbHOO anroputMmy
iHTErpYBaHHS PIBHSHb PyXy aHanisoBaHoi AWHAMIYHOI CUCTEMU AO3BOMSIE OTPUMATW YacoBi pAaM, LO ONUCYITL nepe-
MiLLEHHS 30CEPEMKEHUX MaC AMHAMIYHOI CUCTEMU B OUCKPETHI MOMEHTU Yacy.

KntouoBi cnosa: BibpaLjiiHe noniyactoHe cuTo, BypoBi PO3YMHM, OYWLLEHHS, AMHAMIYHA CXxema, MaTeMaThyHa
MoZenb, 0B4YMCNoBanbHUIA anropuTM.
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