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Abstract:

A variety of magnetic fishing tools poses the task of the optimal choice of tool for eliminating accidents during
the construction, operation and repair of wells. Existing criteria for assessing the quality of fishing magnets are
characterized by the complexity of the determination and the ambiguity of the results. Therefore, the aim of
research is development of a new approach to determining the technical level of fishing tools of various types
and designs. A complex criterion has been developed that allows to evaluate the technical level of magnetic
systems by correlating the actual and theoretical values of the total and specific lifting forces. Also it has been
carried out a qualimetric analysis of magnetic tools, which are currently offered by world manufacturers. As a
result, mathematical models are found that describe the average and modern world level of devices with spe-
cific lifting force. Technical decisions are proposed, the implementation of which in the design of magnetic
systems of fishing tools will allow to achieve high values of lifting force. Application of the proposed complex
criterion along with the results of qualimetric analysis will make it possible to objectively assess the technical

level of magnetic fishing tools both at the design stage and during serial production.
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INTRODUCTION

Accidents happening during the construction and opera-
tion of wells are characterized by a wide variety, as a re-
sult, metal debris remain on the bore-hole bottom [1, 2].
In addition, a lot of metal cuttings remain in the wells after
the milling operations as well as sidetracking [3].
Haughton and Connell [4] suggested that circulation of
drilling mud do not transport larger metal debris to the
surface. These cuttings accompany the drilling process
and may cause the failure of the rock destruction tool. It
should be noted that the volume of well repair work is
growing annually [5], during which the tool and metal ob-
jects often fall into the well. Statistics indicate that fishing
operations approximately accounted for 25% of drilling
costs worldwide [6].

To retrieve emergency objects from the well without their
preliminary destruction, fishing tools of mechanical, hy-
draulic and magnetic action are used [7, 8]. It is esta-
blished [9, 10] that tools based on permanent magnets
are the most effective of all types of fishing tools. They
make it possible to retrieve small ferromagnetic objects of

various shapes, sizes, masses and bottom-hole positions.
The effectiveness of accident elimination is primarily de-
termined by the right choice of fishing tool. Using the
wrong tool leads to an increase in the time and money
spent on emergency recovery work in the wells. In some
cases, this can lead to a complication of the accident or
even liquidation of the well.

Magnetic fishing tools, which are currently manufactured
in the world, differ in the way of creation of a magnetic
field, the design of the magnetic system and the material
of permanent magnets. A wide variety of magnetic devi-
ces of the same size leads to the problem of rational se-
lection of tools for efficient fishing operations. So, the aim
of research is development of a new approach to as-
sessing the technical level of magnetic fishing tools of va-
rious types and designs.

LITERATURE REVIEW

In the conditions of the modern development of equi-
pment and technology for repair work, the requirements
for magnetic fishing tools are significantly increasing.
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Their quality and technical level is assessed by a set of
characteristics. The efficiency of the devices during the
removal of metal objects from the wells directly depends
on the power characteristics of their magnetic systems.
The main parameter of fishing magnets is the lifting
force F, which characterizes the value of magnetic
energy in the working gap and is determined by the well-
known Maxwell formula:

__ B2s;
F== (1)

where:

B — magnetic flux density in the working gap,

S¢ —area of the working surface of the magnetic cores,
Uo = 41 - 1077 — magnetic constant.

According to formula (1), the maximum lifting force can
be obtained by saturating the magnetic cores to the ma-
ximum possible values of magnetic flux density and in-
creasing the area of the poles, concentrating and direc-
ting the magnetic flux into the fished object. Magnetic
cores should occupy the largest possible area of the fis-
hing tool’s working surface. Therefore, the constructive
perfection of the magnetic system is determined by the
utilization of the pole area kp [11, 12]:

kp =3 (2)

St
where:
S; — total area of the working surface of the magnetic
system.
For general-purpose magnetic power systems, k, = 0.3-
0.8. Considering that part of the working area is occu-
pied by permanent magnets and circulation holes, for
magnetic systems of fishing tools ky is approaching 0.8.
Objects of various shapes and masses remain on the bot-
tom of the well, so their contact area with the magnetic
cores is much smaller than the area of the system. The-
refore, the relevant parameter for fishing tools is also
the specific lifting force Fs:

F
k=5 (3)

Along with the lifting force F, an important force para-
meter is the attractive force Fa:, which characterizes the
degree of force acting on an object at a distance 6 from
the system [13]. It is possible to assess Fa: with traction
characteristics:

Far = f(6) (4)
While fishing magnets fish ferromagnetic objects, the
working gap 6 is constantly changing. The work done to
attract the object to the poles determines the energy of
the magnetic system with a certain gap [13]:

Wins = [, F(8)d5 (5)
where:

F(8) — the force created by the magnetic system in the
working gap.

The energy of the magnetic system Ws is a general po-
wer characteristic that takes into account both the ma-
ximum attractive force and the steepness of the traction
characteristic.

The quality of the magnetic system is also determined by
the scattering coefficient ksc [12], which characterizes
the magnitude of the magnetic flux loss:

!DO
kse = o, (6)

where:

@, — full magnetic flux of the permanent magnets,

@, — working magnetic flux on the surfaces of the ma-
gnetic cores.

In addition, when assessing the effectiveness of magne-
tic fishing tools, it is also necessary to take into account
the stability of the parameters of the magnetic system,
mechanical strength, dimensions, weight, and the cost
of the device. However, these parameters do not signifi-
cantly affect the rational choice of a tool for fishing ope-
ration. Indeed, the mechanical strength and dimensions
of the device are limited by design requirements and dif-
ficult operating conditions of the magnetic tool in wells
for various purposes. And such factors as the utilization
of the area of the poles, the scattering coefficient, and
the stability of the parameters are determined by the de-
sign of the magnetic system and the materials of the per-
manent magnets.

Thus, the main parameters and criteria for assessing the
effectiveness of magnetic devices include the maximum
and specific lifting force, traction characteristic, as well
as the energy of the magnetic system. A more detailed
analysis of these characteristics makes it possible to es-
tablish certain patterns. So, to fish ferromagnetic ob-
jects, it is necessary to create maximum lifting force. On
the bore-hole bottoms there is a gap between the fished
objects and the magnetic system. Therefore, to attract
ferromagnetic debris, it is necessary to create a suffi-
cient magnetic field. That is, the fishing tool must have a
flat traction characteristic. It is possible to increase the
area of the force of a magnetic field on objects by incre-
asing the length of the permanent magnet. However,
due to the limited external diameter of the system, this
leads to a decrease in the area of the working surface of
the poles and, as a result, a decrease in the total lifting
force. Thus, a technical contradiction arises —an increase
in the lifting force inevitably leads to a decrease in the
attractive force in the working gap, i.e., to obtain an
abrupt traction characteristic.

This example clearly shows the close relationship of the
parameters with each other. Therefore, for the correct
assessment of the technical level of the magnetic tool, it
is necessary to take into account the whole complex of
criteria. It is worth noting that identifying some of them
is a complex and cumbersome task.
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DEVELOPMENT OF COMPLEX CRITERION FOR THE
ASSESSMENT OF THE TECHNICAL LEVEL OF MAGNETIC
FISHING TOOLS
Based on the analysis of the main parameters and criteria
for assessing the effectiveness of fishing tools, their com-
plex dependence on the design features of magnetic sys-
tems, materials of permanent magnets and magnetic co-
res, as well as operating conditions, is established. There-
fore, to assess the operational parameters of the systems,
a complex criterion k¢ is proposed. Using the ratios of the
achieved and limit values of the total and specific lifting
force, the criterion k. allows to objectively assess the effi-
ciency of magnetic devices:

ke =k - ks (7)
where:
k; — coefficient of total lifting force,
k¢ — coefficient of specific lifting force.
The coefficient of total lifting force is determined as fol-
lows:

(8)
where:

F. — conditional lifting force. F. is determined during
testing, provided that the working surface of the magnetic
system is completely contacted by a plate made of steel
1010.

F, —theoretically achievable lifting force. The value of the
theoretical lifting force is determined provided that the ma-
gnetic cores fill the entire area of the magnetic system.

Specific lifting force coefficient:
— FS
s Fsth

(9)
where:

Fyn — the theoretically achievable specific lifting force,
Foep, = 1.82 N/mm?2 [13].

Theoretical values of the total F;;, and specific Fy, lifting
force are determined by the Maxwell formula (1).

Then, expressing Fs in terms of (3), the complex criterion k.
will take the form:

402 F2
ke = gia e (10)
where:
B,,, — maximum magnetic flux density for soft magnetic ma-

terial.

METHODOLOGY OF RESEARCH

In order to assess the technical level of the currently known
serial models of magnetic fishing tools, their qualimetric
analysis is also carried out. For this purpose, the passport
parameters of fishing magnets of 185 models manufactu-
red by 15 engineering companies in six countries of the
world have been collected. It is worth noting that some ma-
nufacturers currently do not exist, but their products conti-
nue to be used, which gives reason to enter it into the total
data.

When conducting qualimetric analysis, methods of mathe-
matical statistics are used, including the apparatus of re-
gression analysis. For the study, the following parameters
are selected: outer diameter D, specific lifting force Fs, mass
m.

Obviously, the lifting force increases with an increase in the
diameter of the device. This is due to the large area of the
poles of the magnetic cores, and not implemented design
concepts or a reasonable choice of materials. Therefore, in
order to achieve the generality of the studied parameters
of devices of various diameters (the ability to consider the
parameters of the entire set of models as a single sample),
the above parameters are replaced by their specific equiva-
lents:

— specific lifting force 4F/ntD?, N/mm?;

— specific material consumption m/F, kg/N.
Unfortunately, information on the mass of fishing tools is
very limited: no more than a third of manufacturers report
its value. Therefore, it is impossible to obtain a represen-
tative sample, which forced us to abandon the study of the
parameter of specific material consumption.

To study the lifting force from the values of specific para-
meters 4F/nD? and passport parameters D, a two-dimen-
sional sample is formed and tested for homogeneity. By
methods of regression analysis, a two-dimensional array is
approximated by monotonic continuous functions 4F/rmD? =
f (D). The result is a mathematical model that reflects the
average technical level of the studied models of magnetic
fishing tools.

Also important is the task of determining the parameters of
the magnetic tools corresponding to the modern world
level. For this, those from which the relative deviations of
the specific lifting force calculated by the equation of the
average level are positive values are selected from the ge-
neral set of models. The resulting array is subjected to re-
gression analysis, similar to a full array of data. The obta-
ined empirical equation describes the current world level of
magnetic fishing tools with a specific lifting coefficient.

RESEARCH RESULTS OF THE TECHNICAL LEVEL OF MA-
GNETIC FISHING TOOLS

According to the results of the qualimetric analysis, equa-
tion (11) and (12) is obtained, which are mathematical mo-
dels of the average and modern world level for the studied
models of magnetic fishing tools:

2 =0.0911- D176 (11)
— = 04796 - D700 (12)

It is worth noting that power dependence is chosen as an
approximating function, devoid of local extrema in the re-
gion of specifying the argument, and with minimal standard
deviations describes the empirical dependencies under
study. The function graphs constructed according to equa-
tions (11) and (12) are shown in Fig. 1.



T. ROMANYSHYN et al. — Assessment of the Technical Level of Magnetic Fishing Tools 81

0,7 - a
E 0,6 o
2
5 c]
8 0,5 a
e » UE 3] [a]
o 2}
c B @ O 3]
£ 04 Og g o
,—j /] o] - 3] 8 o a y= 0,4796)('0'059
= a (4] ]
5 03 - og B0 B B B g = 5 8
g ﬂ ) n 8 &9 8 9 .
“ 02 8 o - - y =0,0911x0176
» o o
g & o DD E & o o # oo o B - S o
o BB oo o® o & o 0
0,1 [= = | % O g o o =]
Oopo
0
0 50 100 150 200 250 300 350 400 450 500

Diameter of magnetic fishing tool D, mm
o All models of magnetic fishing tools

Tools exceed the average level
- Approximating function of the average level
= Approximating function of a modern world level
Fig. 1 The dependence of the specific lifting force of magnetic fishing tools on the outer diameter

As it is possible to see, the models of magnetic tools loca-
ted below the graph of the average level do not corre-
spond to the average technical level. The location of the
point between the two functions indicates that the fishing
magnet exceeds the average technical level, but does not
reach the modern world level. And, accordingly, the pre-
sence of a point above the function of the modern world
level indicates the perfection and competitiveness of such
models on the world market.

Assessment of the technical level of magnetic fishing tools
according to the proposed complex criterion k¢ is given for
devices [14, 15]. For this, its components are found — spe-
cific ks and total k: force coefficients. In these fishing tools,
the average values of the specific lifting force are close to
the theoretically achievable value of 1.82 N/mm?. There-
fore, the coefficient ks calculated according to (9) is in the
range 0.90-0.95 (Table 1).

Table 1
Design parameters of magnetic systems
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90 5000 4183 3048 1.64 0.66 0.90 0.59
115 8200 7085 4916 167 063 092 0.58
136 11000 9847 6629 166 061 091 0.56
195 19400 17662 11242 173 0.60 0.95 0.57
270 42100 39740 25160 1.67 0.58 0.92 0.53

The theoretical values of the total force F are calculated
provided that the magnetic cores fill the entire area of the
magnetic system. Since circulation holes and permanent
magnets occupy part of the working surface area of the
system, according to (8), relatively small values of the to-
tal lifting coefficient k: are obtained. As a result, the com-
plex criterion k¢ is from 0.53 to 0.59, depending on the
diameter of the fishing tool.

DISCUSSION
The obtained mathematical models (11), (12) allow to as-
sess the technical level of magnetic fishing tools and solve
the problem of the optimal choice of a particular model.
So, these dependencies can be used at the stage of desi-
gning tools based on permanent magnets, namely to de-
termine the parameters corresponding to the modern
world level. It is also possible to assess the competitive-
ness of fishing magnets that are already mass-produced
at a specialized engineering company. In addition, with
their help, it is possible to identify potentially promising
models for the acquisition.
The technical level of magnetic fishing tools can be faster,
but with less accuracy determined graphically using Fig. 1.
To do this, it is necessary to calculate the specific parame-
ter of the lifting force and reflect the point corresponding
to the model under study. This will allow for a qualitative
assessment of the tool with a specific lifting force coeffi-
cient and assign it to one of the categories:
1) the model does not reach the average technical level;
2) the model corresponds to the average level, but does
not reach the modern world level;
3) the model exceeds both the average and the modern
world technical level.
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It is worth noting that the rapid development of science
and technology contributes to the intensive updating of
the range of oil and gas equipment and tools, including
magnetic fishing tools. The results can be updated by ad-
ding new models and removing obsolete ones with the
subsequent finding of approximating functions.

The search for technical decisions the implementation of
which in the design of fishing magnets will provide them
with a high technical level deserves special attention. Ana-
lysis of graphical dependencies (Fig. 1) shows that tools
with alnico or ceramic permanent magnets are below the
functions of the modern world level. Devices with highly
coercive neodymium and samarium-cobalt permanent
magnets are world-class. It should be noted that these
materials are much more expensive than ceramic or al-
nico permanent magnets [16], which significantly increa-
ses the cost of the fishing tool.

However, as a result of a more detailed analysis, it is po-
ssible to conclude that fishing tools with rare-earth ma-
gnets have a different technical level. So, in the tools de-
scribed in [17, 18] a U-shaped magnetic system is used,
which is characterized by significant magnetic flux scatter-
ing. Accordingly, such devices have low lifting forces, de-
spite the use of Nd-Fe-B magnets. Magnetic systems of ar-
mor type [19], which have the advantage of minimizing
the scattering of the magnetic field and the possibility of
transformation of magnetic flux density, significantly in-
crease the power characteristics of the tool. In order to
maximize the use of permanent magnet energy in armo-
red magnetic systemes, it is important to establish rational
geometric relationships between permanent magnets
and magnetic cores.

The calculation of the complex criterion confirms the pre-
sented theses. In the studied tools [14, 15] high values of
the criterion kc (up to 0.6) are obtained due to the imple-
mentation of the proposed technical decisions. For com-
parison, kc is determined for systems with ceramic ma-
gnets, it varies in the range 0.15-0.22 [13]. The criterion kc
can be calculated for various magnetic lifting tools, for
example, magnetic tools with a moving magnetic system
[20] or tools for cleaning a wellbore [1].

Thus, the proposed complex criterion makes it possible to
assess the efficiency of using the energy of permanent
magnets in the force dimension, that is, the perfection of
magnetic systems of fishing devices. Together with the re-
sults of qualimetric analysis, it is possible to thoroughly
assess the technical level of the magnetic tool. The above
methods may be used along with existing criteria for de-
termining the technical level.

CONCLUSIONS

A complex criterion has been developed for assessing the
technical level of magnetic fishing tools of any size and de-
sign. Due to the ratio of actual and theoretically achieva-
ble lifting force values, the proposed criterion, in compa-
rison with existing methods, makes it possible to objec-
tively assess the perfection of fishing magnets. The value
ke is calculated for magnetic systems with rare-earth and
ceramic permanent magnets, which are in the range of
0.53-0.59 and 0.15-0.22, respectively.

As a result of the qualimetric analysis of the passport pa-
rameters of 185 serial models of magnetic fishing tools,
mathematical models of the average and modern world
technical level are obtained. The obtained results allow to
assess the technical level of tools at the stage of deve-
lopment and testing of a prototype, to make reasonable
decisions on future competitiveness or the need for chan-
ges in the range of production.

Based on the results of theoretical studies, technical deci-
sions are proposed that should be implemented in ma-
gnetic fishing tools to ensure a high technical level. It has
been established that the use of armor-type magnetic sys-
tems based on highly coercive rare-earth magnets with ra-
tional geometric dimensions of system elements will
make it possible to obtain high parameters of fishing tools
with the maximum use of permanent magnet energy.
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