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Abstract: The operation of oil sucker rod pumps (SRP) is known to be one of the most common and basic methods of oil 

production, especially for marginal wells. However, rapid wear of the plunger pair, tubing and sucker rods caused by friction, 

leading to a decline in equipment performance, as well as to labor intensity of replacement and repair of deep-well pumps, 

determines the relevance of developing methods for diagnosing the technical condition of sucker rod pumping units (SRPU) 

and formation fluid (FF) leakage during the operation of SRPU as an indicator of the technical condition of SRPU in particular. 

As one of the controlled parameters, leakage value is important for the operational control of well performance and increasing 

the efficiency of oil production. The authors consider the impacts of well product leakage both in the pump itself (the 

“cylinder-plunger” clearance, valves) and on the path of the pump product from the cylinder to the orifice (through threaded 

connections of the tubing string (TS) of the well, through possible pipe breakdowns caused by wear due to rubbing against the 

rods, etc.). In the existing literature, formulas are given for calculating the amount of fluid leakage through the clearance 

between the working surfaces of the plunger and the cylinder of a SRP during laminar flow in the clearance (laminar regime is 

the most probable), with the clearance as the main parameter, cubed. However, this formula requires determining the size of 

the clearance directly, which is an extremely difficult (impossible) task in an operating SRPU. And results of determining 

leakage from dynamometer cards and piezograms have low accuracy. In view of the above, the paper proposes a new method 

and a device for its implementation, which involves measuring the pressure on the well flow line and at two points of the 

tubing string (TS) of the well, one of which is located at the TS orifice, and the second lower at a distance of half the height of 

the cylinder of the pump being used, the FF leakage from downhole pumping equipment being calculated by the algorithms 

given in the text. It is shown that the proposed diagnostic method makes it possible to more accurately and reliably, in 

comparison with the existing methods, determine the formation fluid leakage during the operation of SRPU. 
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1. Introduction 

The operation of oil wells by sucker rod pumps is known 

to be one of the most common and basic methods of oil 

production, especially for marginal wells [1]. However, rapid 

wear of the plunger pair, tubing and sucker rods caused by 

friction, leading to a decline in equipment performance, as 

well as to labor intensity of replacement and repair of deep-

well pumps, determines the relevance of developing methods 

for diagnosing the technical condition of sucker rod pumping 

units (SRPU) and fluid leakage during the operation of SRPU 

as an indicator of the technical condition of SRPU in 
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particular. As one of the controlled parameters, leakage value 

is important for the operational control of well performance 

and increasing the efficiency of oil production. 

There are known methods for determining leakage in SRP, 

which offer various solutions to this problem [2, 3]. leakage 

diagnostics is also carried out by building dynamometer 

cards [2] and piezograms [3]. 

The shortcoming of these methods is that they are quite 

cumbersome in implementation and allow obtaining only 

indirect values of diagnostic parameters based on a 

piezogram or a wattmeter card, using and conducting 

complex calculations that give a very large error. 

Adonin proposed the following formula for calculating the 

amount of fluid leakage through the clearance between the 

working surfaces of the plunger and the cylinder of a SRP 

during laminar flow in the clearance (laminar regime is the 

most probable) [4]: 

� = 0,016	�	 	
��

ν	� , 

where � is daily fluid leakage through the plunger-cylinder 

clearance, m³/day;	� is gravitational acceleration, m/s
2
; 	
 is 

the pump diameter, m; �  is the side clearance, m; � is the 

height of the pressure head created by the column of pumped 

fluid from the normalized dynamic level in the well to the 

wellhead, m; 	ν  is kinematic viscosity of pumped fluid, 

cm
2
/s;	� is the contact length of the working surfaces of the 

cylinder and plunger, m. It is shown that as the plunger pair 

wears out, the clearance increases and the leakage grows 

rapidly. However, this formula requires determining the size 

of the clearance directly, which is an extremely difficult 

(impossible) task. 

We propose using the Hagen–Poiseuille formula to 

determine fluid leakage [5]: 

� = �	
∆�12�� �
 

where ∆�  is the differential pressure at the ends of the 

plunger, Pa; � is dynamic viscosity, Pa•s. 

It is shown that this formula is valid for the laminar regime of 

fluid flow in the clearance formed by two concentrically situated 

stationary cylindrical surfaces. According to the authors of [5], 

SRP delivery rate is most affected by leakage of the pumped 

fluid through the clearance in the pump’s plunger pair. 

B. B. Kruman established experimentally that leakage 

through the clearance of the plunger pair (PP) increases in 

proportion to the square of the pumping speed (��), and the SRP 

delivery is proportional to this speed only in the first degree [6]. 

In [7-8], formulas are proposed for calculating the fluid 

flow rate in a pipeline based on the variable differential 

pressure, using a constriction device (diaphragm) installed in 

the pipeline [7] and a check valve installed on the flow line 

of an oil producing well [8], similar to formula (1) in this 

paper, without the empirical coefficient. However, those 

studies did not offer algorithms for estimating the value of 

the flow coefficient ∝, and the value of the fluid density �� is 

determined by laboratory methods. Moreover, a large error is 

allowed in representative sampling and analysis of the flow. 

I. T. Mishenko considered the effect of well product 

leakage both in the pump itself (the “cylinder-plunger” 

clearance, valves) and on the path of the pump product from 

the cylinder to the orifice (through threaded connections of 

the TS, through possible pipe breakdowns caused by wear 

due to rubbing against the rods, etc.) [9]. It is shown that 

leakage during SRPU operation has a significant effect on the 

pump delivery; however, no algorithm is offered in this study 

for direct calculation of FF leakage. 

The authors of [5, 10] propose a method to reduce fluid 

leakage through the clearance between the cylinder and the 

plunger of SRP. It is shown that the regular microrelief of the 

side holes [10] of the pump plunger helps reduce FF leakage 

through the clearance. 

In [11], the variable factors influencing SRP delivery that 

change in time are analyzed, including: 

1. leakage between the cylinder and the plunger, which 

depends on the degree of wear and the presence of 

abrasive impurities in the pumped fluid; 

2. leakage in the pump valves due to their non-

instantaneous closing and opening, mainly caused by 

wear and corrosion; 

3. leakage through loose TS couplings, which are constantly 

subjected to alternating loads. It is shown that since 

leakage is directly proportional to the back pressure or 

pressure head height and inversely proportional to the 

length of the plunger, in practice it is necessary to increase 

the sealing surface by lengthening the plunger, i.e. the 

longer the plungers, the less leakage. When the plunger 

length is doubled, FF leakage is reduced by 50% [11]. 

However, this study, as well as the above-mentioned ones, 

does not offer an algorithm for direct estimation of the FF 

leakage during SRPU operation. 

Rzayev et al presented a new method for determining the 

filtration characteristics of an oil reservoir, including well 

productivity, which allows determining FF leakage in well 

equipment indirectly [12]. Hence, it does not allow 

measuring the leakage values directly. 

A number of studies are devoted to determining the FF flow 

rate with automated measuring the pressures at one point at the 

well head [13], at two points of at the head and on the flow line 

of the well [14], and at two points of the TS, one of which is 

located at the TS orifice, and the second one lower at a 

distance of half the height of the cylinder [15]. In these works, 

the corresponding calculation algorithms are proposed. 

However, the above works do not allow determining FF 

leakage during SRPU operation, since it requires measuring 

the pressure at three points, as our paper proposes. 

2. Problem Statement 

Development of a new method that allows to automatically 

determine FF leakage during the operation of SRPU more 

accurately and reliably in comparison with existing methods. 

It is necessary here to include in the mathematical 

expressions only the directly measured parameters. 
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3. Solution 

A new method has been developed, the essence of which 

consists in diagnosing FF leakage during SRP operation, 

which involves measuring the pressure on the well flow line 

and at two points of TS of the well, one of which is located at 

the TS orifice, and the second one lower at a distance of half 

the length of the cylinder of the pump being used, the FF 

leakage from downhole pumping equipment being calculated 

by the following algorithm: 

	�� = � ∝ � ∙ �� !�"#$ ) ∙ К'                        (1) 

= ∆�()* =	 (�,!� )-)*                                    (2) 

∆ℎ = ∆�(#$* = (�,!� )(#$*                                     (3) 

/� = �' ∙ � ∙ 0                                             (4) 

�1 = 1440	/�3                                          (5) 

�4 = 56!5756 ∙ 100%                                     (6) 

where /� is the volume of FF in the cylinder at the initial upward 

movement of the plunger, m
3
; 	К'  is the conversion factor 

converting FF flow rate from m
3
/s to m

3
/day; �1 , ��  is the 

theoretical and actual FF flow rate, m
3
/day; �  is the cross-

sectional area of the flow line check valve, m
2
; К is the 

empirical coefficient, determined empirically (experimentally), 

taking into account the discrepancy between the calculated and 

actual flow; Р5 is the well flow line pressure, Pa; Р1, Р2 is the 

pressure at the wellhead and at a point located below the tapping 

point Р1 at a distance corresponding to half the height of the 

cylinder of the pump used, m; 	∝  is the the flow coefficient 

determined experimentally (from the diagram) depending on the 

value of 
9:,9, and the Reynolds number Re (see Figure 2, where 

Dn is the nominal size of the check valve, m; �' is the cross-

sectional area of the cylinder, m
2
;	D is the TS flow line diameter, 

m); 0  is the volumetric efficiency of the pump cylinder, 

fractional; � is the pump cylinder length, m; ∆ℎ is the FF level 

between the pressure tap gauges ��	and	�; in the lower position 

of the plunger, m; ∆�4 , ∆�< is the differential pressures between �� and �; in the lower and upper positions of the pump plunger, 

Pa; �� is the FF density, kg/m
3
; ℎ is the distance between gauges 

1 and 2, m; n is the number of swings of the walking beam, min
-

1
; � is the gravitational acceleration, m/s

2
. 

We also propose a device for implementing the method. 

The device includes pressure gauges installed on the TS flow 

line and at two points of the TS of the well, one of which is 

located at the TS orifice, and the second one below at a 

distance of half the length of the cylinder of the pump used, a 

liquid level gauge, a computation and control unit (Figure 1). 

The advantages of the proposed method over those known 

in this field are measurement accuracy, simplicity, as its 

implementation does not require complex devices, 

calculation speed and automatic measurement of the well 

flow rate and FF leakage during SRPU operation, which 

makes it possible to quickly detect the malfunction and 

manage the oil production process. 

In the course of the accumulated experience, it was 

established that the cylinder of a deep-well pump is always 

filled to at least half its length, and the difference in pressure 

measured at the two indicated points is always proportional 

to the FF filling level of the pump cylinder. 

Figure 1 shows the basic schematic of the device for 

implementing the method, where: 1 – gauge at the TS orifice; 2 – 

gauge at the TS below gauge 1, at the distance of half the length of 

the cylinder of the pump used; 3 – differential manometer; 4 – 

well flow line; 5 – well flow line pressure gauge; 6 – differential 

manometer; 7 – liquid level gauge in the production (casing) 

string; 8 – converter; 9 – computation and control unit; 10 – 

polished rod string; 11 – production casing; 12 – TS. 

 

Figure 1. Basic schematic of the system for diagnosing FF leakage during 

SRPU operation. 

The method is implemented as follows. 

The differential pressure is measured between pressure 

gauges 1 and 2 installed at the TS orifice at a distance of half 

the length l of the cylinder of the pump used in the given 

well: ℎ = 1/2 l. Gauge 5 measures the pressure on the flow 

line 4 of the well. The outputs of the pressure gauges are 

connected to the chambers of differential manometers 3 and 6 

of the SAPPHIR type, the outputs of which are connected to 

calculation and control unit 9. The lower gauge, 2, is 

connected to the positive chamber of differential manometer 

3, and the upper one – to the negative chamber of differential 

manometer 3 and the positive chamber of differential 

manometer 6. The outputs of gauge 5 are connected to the 

negative chamber of differential manometer 6. 

An example of the method implementation. 

1. inner diameter of TS – Dt = 0.5 m; 

2. pump cylinder diameter – Dc = 0.43 m; 

3. pump rod diameter – Dr. = 0.02 m; 

4. differential pressure between gauges 1 and 2 at the 
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lower position of the pump plunger ∆Р4 = 2793	Pa; 

5. differential pressure between gauges 1 and 2 in the 

upper position of the pump plunger ∆Р< = 8820	Pa; 

6. fluid level measured from the differential pressure (∆Р4 = 2793	Pa) – ∆ ht = 0.3 m; 

7. density of the mixed fluid (at ∆Р< = 8820	Pa) −	�� =900	kg/m
; 

8. pump cylinder length – �'= 2 m; 
9.
 cross-sectional area of TS – Ft; =1,884 ∙ 10!
 m

2 

10. cross-sectional area of the pump cylinder – Fc = 1.451∙ 10!
	m2
; 

11. cross-sectional area of the rod – Fr= 3.14∙ 10!I m
2
; 

12. gravitational acceleration ~� = 9.80	m/s� 

The volumetric efficiency of the pump cylinder 0: 
�� = ∆�<�ℎ = 88209.80 ∙ 1.0 = 900	km/m
 

∆ℎ = ∆�4��� = 3724900 ∙ 9.80 = 0.4	m 

0	= 
	 	, .�NO.
	( .PPQ∙ RSTST. Q∙	 RSQ .Q" ∙	 RST )

�  ∙100% = 72.71% 

1. volume of FF in the cylinder at the start of the upward 

movement of the plunger – Vf=Fc lβ=1.451 ∙ 	10!
 ∙ 2 ∙0.7271 ∙ 10!I = 2.11 ∙ 10!
m
 

2. theoretical production rate of FF – QW = 1440 ∙ 2.11 ∙10!
 ∙ 12 = 36.46 XT
YZ[. 

3. cross-sectional area of the check valve – F=1.766 m
2
; 

4. linear flow velocity of FF through the check valve – ϑ = ]^_`a = 
b.Ib;.cbb∙d.bI = 2.391Xe ; 
5. kinematic viscosity FF – ν = 0.05 cm

2
/s; 

6. differential pressure in the check valve between Р1 and 

Р3 in the upper position of the plunger – ∆Рh = 3 ∙10i	Pa; 

7. flow coefficient – α = 0.7,	 determined from the 

diagram shown in Figure 2, with the value 

m=dv
2
/Df

2
=0.09 (where dv is the cross-sectional 

diameter of the check valve, and Df is the well flow 

line diameter), and the Reynolds number R = l∙Ymn =�
o.;∙;.iO.Oi = 8970 

 

Figure 2. Diagrams for determining the value of the flow coefficient p. 

1. the numerical value of the empirical coefficient K is 

determined as follows: 

2. using an automated group metering unit [12], the actual 

FF flow rate is determined – 

Qa=29.9 m
3
/day=3.46∙ 10!I m

3
/s; 

3. the differential pressure in the check valve installed on 

the flow line is measured – ∆Р = Р; − Р
 = 2.94 ∙10iPa; 
4. substituting the found values of Qa,	∆Р, F, ρr, α and Kt 

into formula (1), the value of К is calculated: 

К = ]u
v∙_�w SwTxa

= 
.Ib∙;OSQ
O.bOd∙;.cbb�,.yQ∙ RTyRR

= 0.1783  

Substituting the found values of the flow coefficient and 

the empirical coefficient К into formula (1), we obtain: 

Q� = 0.1783 ∙ 0.608 ∙ 8.64 ∙ 10I ∙ F{P; − P
ρr 	 
= 9.366 ∙ 10
 ∙ F�| !|T}a                                     (7) 

Thus, obtained working formula (7) allows calculating the 

actual flow rate of FF for any values of Р; − Р
, ρr and F. 

With the values of QW	  and QZ  known, the value of FF 

leakage during SRPU operation is determined: 

Q~ = QW − QZ = 36.46 − 29.9 = 6.56 m

day, 

i.e. the leakage is 

Q~(%) = QW − Q�QW	 	 	
= 18% 

Thus, as the sample calculation shows, the FF leakage 

during SRPU operation is 18% and proposed formulas (1)-(7) 

are correct. 

4. Conclusions 

A new method for diagnosing formation fluid leakage 

during SRP operation and a device for its implementation 

have been proposed. Unlike existing methods, in which 

leakage is determined by (the "cylinder-plunger pair" 

clearance, valves, etc.) dynamometer cards and piezograms 

that have low accuracy, the proposed method allows more 

accurate and reliable automated determination of the amount 

of leakage. For this purpose, the pressure is automatically 

measured on the flow line of the well and at two points of the 

TS of the well. New algorithms for calculating the leakage 

and a method for determining the value of the flow rate and 

the empirical coefficient, which are included in the 

mathematical expression for determining the actual value of 

oil output, have been proposed. The correctness of the 

algorithms has been confirmed by the sample calculation 
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given in the paper. 
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