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Studies of turbulent fluid in a well pump for improving
environmental safety

Badania turbulentnego przeptywu ptynu w pompach gtebinowych
w celu poprawy bezpieczenstwa srodowiskowego

Zamaddin Allakhverdiyev, Latifa Kazimova
Azerbaijan State Oil and Industry University

ABSTRACT: When the plunger moves downwards, the local hydraulic resistance in the injection system causes a hydraulic force from
the bottom upwards, which prevents the plunger from falling freely in the cylinder and is the source of the bending of the pump rod
column. For this reason, the plunger takes an eccentric position in the cylinder and presses against it, delaying the plunger fall from the
head of the balancer of the rocking machine and disturbing coaxial connection of the stock-discharge valve-plunger. These complications
lead to increased wear of the plunger-cylinder pair, breakage of the injection valve cell, broken pump rod column, loss of the plunger
stroke, etc. It should be noted, however, that in these tests, the flow factor u is taken as the hydraulic resistance for determining the
pressure loss in the valve assembly, and the valve seat cross-section is calculated. When calculating the friction force in the plunger-
pressure valve system, the loss of pressure in it is taken to be equal to the loss of pressure of the valve unit. As is known, the downhole
pump suction and injection system is a complex system of local resistance, as it consists of different combinations of elements that
strongly affect the overall hydraulic resistance of the unit. It is therefore advisable to adopt the local hydraulic resistance coefficient as
the hydraulic resistance of the respective unit. The reliability of downhole pumps in general and their individual components is ensured
during their design and manufacture and depends on the design features, the quality of manufacturing of components thereof, assembly
of the downhole pump in general and their components, as well as a number of other process indicators.
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STRESZCZENIE: Podczas ruchu ttoka w dot, na skutek lokalnego oporu hydraulicznego w ukladzie wtryskowym powstaje sita
hydrauliczna dziatajaca od dotu do gory, ktora uniemozliwia swobodne opadanie tloka w cylindrze i jest przyczyna wyginania si¢
kolumny ttoczyska pompy. Powoduje to, Ze tlok przyjmuje mimosrodowa pozycje w cylindrze i naciska na niego, opdzniajac opadanie
tloka z gtowicy wywazarki maszyny wahadtowej i zaburzajac wspotosiowos¢ potaczenia ttoka z zaworem wyptywu. Komplikacje te
prowadzg do zwigkszonego zuzycia pary tlok-cylinder, uszkodzen komory zaworu wtryskowego, ztamania kolumny ttoczyska pompy,
utraty skoku tloka itp. Nalezy jednak zauwazyc¢, ze w tych testach wspotczynnik przeptywu u jest przyjmowany jako opor hydrauliczny
shuzagcy okresleniu straty cisnienia w zespole zaworu, natomiast przekroj gniazda zaworu jest obliczany. Przy obliczaniu sity tarcia
w uktadzie ttok-zawor cisnieniowy przyjmuje si¢, ze strata ciSnienia jest rOwna stracie ci$nienia w zespole zaworu. Jak wiadomo, uktad
ssgcy 1 wtryskowy pompy glebinowej jest uktadem o ztozonym oporze lokalnym, poniewaz sktada si¢ z réznych kombinacji elemen-
tow, ktore majg znaczgcy wptyw na calkowity opor hydrauliczny jednostki. Zaleca si¢ zatem przyjecie wspotczynnika lokalnego oporu
hydraulicznego jako oporu hydraulicznego danej jednostki. Zapewnienie niezawodno$ci pomp wiertniczych ogoétem, jak i ich poszcze-
gblnych komponentéw odbywa si¢ na etapie ich projektowania i produkcji i zalezy od cech konstrukcyjnych, jakosci wykonania ich
komponentow, sposobu wykonania montazu pomp wiertniczych i ich komponentow, a takze szeregu innych wskaznikow procesowych.

Stowa kluczowe: cylinder, proces, tlok-cylinder, pompa wiertnicza, pret, uktad wtryskowy, ttok, sita tarcia.

Introduction tion of the stock-discharge valve-plunger (Allakhverdiyev and
Ismaylova, 2019). These complications cause increased wear

The plunger takes an eccentric position in the cylinder and  of the plunger-cylinder pair, breakage of the injection valve
presses against it, delaying the plunger fall from the head of the cell, broken pump rod column, loss of the plunger stroke, etc.

balancer of the rocking machine and disturbing coaxial connec- A precise determination of the force acting from the bottom up
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will allow the determination of the appropriate weight at the
bottom of the pump rod string, ensuring the normal function-
ing of the well pump. To address several of design issues, it is
also advisable to determine the force arising in the downhole
pump suction system when the fluid flows through it.

Materials and methods

Consider the general case where the plunger moves down-
wards and the fluid being displaced rises through the inner cav-
ity of the plunger and the annular space between the cylinder
and the plunger. Suppose the plunger velocity is, un(t), and
the fluid movement mode is turbulent.

Solution of the problem

The main goal of the research is to achieve the maximum
reduction of hydrodynamic friction force.

The research object of the article is the determination of
the frictional force generated in the case of non-stationary flow
of liquid in the rod well pumps, i.e. in the turbulent regime.
When the gap between the plunger and the cylinder is large, the
backflow of the fluid increases, leading to lower productivity
and increased additional economic costs.

In the process of pumping liquid through a well pump,
both its plunger and the sucker rod string directly connected
to the plunger, moving down in the upward flow of liquid,
experience a hydrodynamic friction force that impedes their
movement. This phenomenon is also typical for a well pump
when working with hollow rods. Typical tasks regarding this
problem are discussed in several works (Dong et al., 2023).
Although this problem has been addressed in the referenced
works, the back-leakage problem has not been fully resolved.
This issue is discussed in detail in the article.

This section discusses in detail the determination of the fric-
tion force applied to the inner and outer surfaces of the plunger,
as well as to the surface of the sucker rod string, where there
is contact with the liquid, with known laws of their motion. As
is known, the movement of the plunger and sucker rod string
is a function of time. In this case, the corresponding studies
were carried out with unsteady motion of fluid flow.

The following expression is used to determine the strength
of hydromechanical friction on the surface of the plunger
(Onuki Y. and Sugimara J., 2018):

T="2xrl(ryt, + r1,) (D)
where:
[ —length of plunger,
ry, ¥, — inner and outer radii of plunger, respectively,
7,, T; — tangential stress on inner and outer surface of plunger,
respectively.
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The gap between the cylinder and the plunger shall be di-
vided in two areas at the border of which the velocity profiles
shall be closed (Figure 1):

@

u, and u, are the fluid flow rates in the plunger cavity and an-

nular space, respectively.

Where:

a — the distance from the moving surface to the plane where
the profiles are clamped,

o0 — the difference between the inner radius of the cylinder
and the outer radius of the plunger.

To determine, 7, and 7,, the power speed distribution law
can be used (Abdullaev et al., 2006).

As known, the power law of speed distribution has the
following form:

n+l
(2
y 9
where:

k — coefficient dependent on the Reynolds number,
y — specific weight of the liquid,

3)

v — kinematic viscosity coefficient of the liquid,

n — degree,

x — distance from the wall towards the center of the current,
7 — shear stress.
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Figure 1. Speed distribution in turbulent fluid flow mode;
1 — plunger, 2 — stationary cylinder

Rysunek 1. Rozktad predkosci w trybie przeptywu turbulentnego;
1 — ttok, 2 — nieruchomy cylinder

289



NAFTA-GAZ

The natural condition on the pipe axis, as confirmed by
experimental data, is:
du
o “
This does not satisfy equation (3) because du/dx Tx:ro #0
and 7 # 0, respectively. Despite this, the condition of (4) is used
for such tasks (Kerimov and Allahverdiev, 2002).

X=r; = 0

Results and discussion

Taking into account the above in order to ensure all the
above requirements and requirement (4) of the power law of
distribution in the respective areas, the following was chosen:

Z'tO :[uOmax +un(t)]|:1+[l_ﬁ] ]_un(t) (5)

"

uy = [t +u, (t)]{1+(1 —%)m} —u, (1) (6)

UZ :Umax|:1_(1_LJ :|
d—a

where: u, — velocity in the plunger’s inner cavity, u, — velocity

(N

in the first region, u, — velocity in the second region, u, t,,,, —
maximum velocity in the plunger’s inner cavity and in the
annular space, respectively (Makovej, 1986).

From (5)—(7), the following can be found:

m-1
du, X m
— =lu,,.. +u, () (1——0} — (8)
e =)
du, x V' m
e ) | I B 9
&, [ + 1, )][ a) ; ®
% =u (1 — * ]MI m 10
d, ™\ &-a) 6-a (10)

As can be seen, the conditions (4) are satisfied in (8) to (10).
Given that tangential stress is determined by the formula:

du
T=— 11
i (1D
for z,, 7, 7, and 7, taking into account (8)—(10), we have:
duo T m
=p—1, = +u,(f)|— 12
TO lu de x=0 /’l[uOmax un( )] I"O ( )
du m
o=p— T = it +u, (0] (13)
dx, a
du, m
,=pu—2% —uu  —— 14
2 u dxz x,=0 u max 6—61 ( )

where u is the dynamic viscosity of the fluid.
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We get from (2) and (3):
T [thgmma +14,(D] (6 —a) (15)
7, u, -a

Let us make equations of dynamic equilibrium of the liquid
in the inner cavity of the plunger, the annular layer between
the moving cylinder and the cylindrical surface on which the
tangential stress is zero (area II), and also between the plunger
and the stationary cylinder (area I and II):

—2xrlt, +nry AP=0 (16)
~2mrlr, + 7| R~ (1 +a) [AP=0 (17)
~2n R, - 2xrlt, + 7 (R* =17 ) AP =0 (18)

where: R — inner radius of the stationary cylinder, AP — pres-
sure difference on the lower and upper sections of the layer in
equation (Makovej, 1986).

From (16)—(18), we have:

_a@rta)

| 0 19)
Ioh
R - ’
T, = ﬂfo (20)
R
From (19) and (20) we find that:
T Ra(2r, +a) .
T, rl[Rz—(rlJra)z] 21
From Joint Decision (5) and (21):
r(S —a)[R2 —(n+ a)ZJ
Uy =1, (2) (22)

azR(Zr1 +a)—r(6 —a)[R2 —(r1 +a)2]1

Thus, substituting (2) and (13) in (21), including (2) and
(23) as well as values from:

u, (t)I%a)S sinwt (23)
e n—zulm Ry, [roz +a(2r, + a)] ‘
307 @RQp+a)-r (6 -a)| R ~(; +a)’ |
-(Sn)sin wt (24)

To determine the parameter, a, let us make the equation of
the fluid flow continuity:

w( —ru, () =g, +q,+4, (25)

where: q,, ¢, ¢, — flow of fluid in the inner cavity of the plunger,
the first and second areas of the annular space.



On the other hand, ¢,, ¢,, ¢, can be defined from the fol-
lowing expressions:

o

qy =27 |u,x,dx, (26)
0
q, =27 |u, (% + x,)dx, (27)
0
S-a
g, =27 [u,(R-x,)dx, (28)
0 },.2
= 2_2 +u ()]——>—— (29
qO nuOmaxro ﬂ.[uOmax un( )] (m + 1)(m + 2) ( )
2
q, = mu, (21, + a)a— 27 [u,, +u, (t)]M (30)
(m+1)(m+2)
q,=nu_ (0—a)2R-6+a)a-2ru,_, -
‘(5—a)[(m+2)R—5+a] 31

(m+1)(m+2)

By substituting (29)—(31) into (25), we get the expression
defining the parameter, a, as follows:
1
a’R(2r, +a)—1(5 - a)[R2 -(n+ a)Z]

. {,,1,,04]3 _ 2r1R
(m+1)(m+2)
2a°R(2r + a)[(m +2) + a] N
(m+1)(m+2)
+(8—a) [ R —(r+a)’ |(2r -6 +a) -

28 —a)’[ R* = (1, +a)’ |[(m+2)R -5 +a]}

+7(0 —a)[R2 -5 +a)2]-

‘2 +a)a-

(m+1)(m+2)
(32)

—r*=0
Let us consider the choice of degree, m, for our power
speed distribution.
Let us determine the average speed in the round tube ac-
cording to the selected speed distribution:

u —iourdr——zuﬂ(] 1-|1-X '" (r—x)dx
v rozro 7y % 0
uﬂ_m+2

u, m

(33)

According to (Shin et al., 2019), the ratio of the maximum
speed (on the pipe axis) to the mean cross-section of the tur-
bulent tube varies from 1.15 to 1.3 depending on the Reynolds
number (Kerimov and Allahverdiev, 2003). The value of n in
the power law is within 1/6 n 1/10.
max/ U the

following relationship between, m and » is defined, as shown
in the Table 1.

Using formula (33) for a given value, n, having u
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Table 1. Relationship between m and n

Tabela 1. Zalezno$¢ migdzy m i n

n 1/6 1/7 1/8 1/9 1/10

m 7.58 8.93 10.31 11.56 12.82

Thus, with according to m, by equation (32) we find the
parameter a, and given it in (24), we can determine the hydro-
mechanical friction force applied to the surface of the plunger.
(Bajkov et al., 2003).

Let us consider the individual cases.

Let us assume that the liquid is pushed only through the
inner cavity of the plunger. In this case, the friction force will
be determined by the formula:

T =2nrr, (34)
From the fluid flow continuity equation, we have:
Taking into account the value, g, of (26) in (35), let us

determine the maximum speed in the plunger:

umax — un (t){ 2}1‘12 (m + 1)(m + 2) _ 1} (35)
ry(m+1)(m+2)-2
(25) and (23):
_ n’ 1 (m+1)(m+2) .
T= 30 ,ulmLO2 (i Dm12) -2 } (Sn)sinwt  (36)

Findings: When the downhole pump is operated on hol-
low rods, given the difference in the internal diameter of the
plunger and hollow rod, the friction force in the inner surface
of hollow rods should be determined by the formula:

K5 (m+1)(m+2)(r7 =1 )+ 21 .
T—%llum[ ré[(m+1)(m+2)—2] }(Sn)smcot (37)
where:

[, —hollow rod length,
re — inner radius of hollow rods.

Indeed, if ro = r,, i.e. if there is no difference between the
internal radius of the plunger and the hollow rod, the equation
(38) is similar to (37).

Thus, when the downhole pump is operated on hollow fric-
tion rods in the plunger system, the friction force on the hollow
rods will be equal to the sum of the friction force described by
the formulas (26) and (27).

Let us assume that when the plunger moves downwards,
the liquid is pushed out only through the annular space. In this
case r, = 0 and the friction will be determined by the formula
(Reimann et al., 2017):

T =2rlnt,
Then the equations (13), (12), (38) are as follows:

(3%
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T m
T=—Iur—-
30 117,

HG+a) R - (r+a)’ | al
a’R(Q2r,+a)—r (8 —a)[R2 -5 +a)2]

- (Sn)sin ot (39)

To define the parameter a, let us write the flow continuity
conditions as follows (Saravanan et al., 2016):

miu, (1) =q, +4q, (40)

Then the equations (19) and (20), (30) are as follows:

n(E-a)| R - (; +a)’]
aR(2n+a) =15 —a) R* - (5 +a)’]
{2 +a)a-
_2[a+((m+2)r1 +a)+(6—a)][(m+2)R-5+a] N
(m+1)(m+2)
B 2a[(m +Dr, +a] B
(m+1)(m+2)

+6—a)(2R-5 +a)} =0 (41)

From (41), by defining the parameter a and substituting
it into (40), it is possible to determine the friction force ap-
plied to the external surface when immersed in the liquid of
the cylindrical body, in particular the plunger or pumping rod
columns.

Conclusions

Although all downhole pumps of different types have the
same size, they exhibit different friction forces at the same
pumping parameter. This is due to the fact that the plunger
unit comprises various combinations of elements integrated
into their design. Consequently, by selecting the appropriate
elements, it is possible to reduce the friction in the injection
system. At the same time, it is necessary to take into account the
hydraulic performance of the elements included in the downhole
pump assembly during the completion of any downhole pump
assembly with the aim of minimizing the hydraulic resistance.

Thus, by knowing the force exerted on the plunger from
the bottom upwards, it is possible to determine the required
weight of the pumping rod at the bottom of the pump rod col-
umn, which compensates the forces causing the longitudinal
bending of the rod during the downward stroke. By reducing
the hydraulic resistance coefficient in the “plunger-injection
valve” unit, it is possible to reduce the weight of the weighting
agent at the bottom of the pump rod column.
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