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Abstract. The feasibility of a normal perforating operation depends on the perforating tubing string, which 
is the main component of the cluster perforating tool for the exploration and development of unconventional 
oil&gas reservoirs. To improve the efficiency of cluster perforation in horizontal wells, a passing capability 
analysis model for the tubing string in a wellbore was established, thereby generating complex equations with 
coefficients that are solved via geometric analyses and the beam-column theory. This model was based on a 
comprehensive consideration of the friction between the downhole tools and the borehole wall, fluid 
resistance, wellbore geometric constraint, pump thrust, axial tension, tool variable cross-section, tension of 
cable head, and tool elastic deformation. Based on field test data, the pass-through capacity of “1 bridge plug 
+ 4 cluster perforating gun string” in the X206 well and the main factors affecting pass-through ability were 
analyzed to test the validity of the model. The model presented in this paper can provide an effective tool for 
analyzing the design and operation of a cluster perforating string. 

1 Introduction  
In recent years, cluster perforations 1 have resulted in 
revolutionary developments in perforation technologies 2. 
During a cluster perforating operation, the tool string is 
conveyed to the downhole target stratum via a cable; this 
is followed by bridge plug setting and multi-cluster 
perforation 3. As the main component of perforating tools, 
the cluster perforating string plays an important role 
during perforating operations. Generally, the length of the 
tool string can be excessively large. A large tool string can 
easily get stuck, especially under specific well conditions 
such as irregular well trajectories and a high dogleg 
degree. This can result in a sudden rise in the pumping 
pressure, thereby leading to accidents such as premature 
setting of a composite bridge plug, deformation of 
perforated tubing strings, wear failure of tubing-casing 
and strength failure 5. Hence, more accurate safety 
evaluation method of cluster perforating tubing strings is 
urgently needed to ensure the safety of field operation. 

There are a wide range of geometric and mechanical 
methods that can be applied for research on downhole tool 
pass-through capacity. In the early years, a calculation 
method for downhole tool pass-through capacity under 
rigid conditions was proposed 6. Later, the rigid pass-
through capacity model was perfected and a mechanical 
model for solving the pass-through capacity of downhole 
tools was established, using the beam-column theory 
under flexible conditions 7. Based on this, Di et al. 8 
considered the influence of a centralizer on the pass-
through capacity of the drilling tool, however, the 

influence of axial force was not be taken into account. 
Therefore, it is impossible to accurately predict the 
magnitude of pump thrust at different positions. In 1997, 
He et al. 9 established a friction calculation model for 
casing in horizontal wells through mechanical analyses. 
Subsequently, for the analysis of casing friction, Sui et al. 
10 considered the effect of rotating down. In 2008, Wang 
11 elaborated on a mechanical analysis method for the 
downhole tool pass-through capacity. In 2013, Zhu et al. 
12 established the control equation for the length of the 
tool string under rigid conditions. However, as the 
deformation of the string was not considered, the 
calculation result was conservative. In 2016, Feng et al. 
13 carried out a study on the pass-through capacity of the 
string under the assumption that the position of the 
maximum curvature of the borehole trajectory was the 
sticking point of the multi-layer splitter string, which was 
an inaccurate assumption. 

Currently, for the calculation of downhole tool pass-
through capacity, a majority of relevant studies 14 
consider the drill tool and pipe as examples and simplify 
the downhole tool string to an analysis model of the beam 
with an equal cross section under the transverse 
component of the net weight and axial pressure. Existing 
studies also assume that the tool string is stuck at a 
position of maximum dogleg degree. These models are 
appropriate for rigid tool strings; however, for tool strings 
with greater flexibility, including cluster perforating 
strings, such simplifications and assumptions are 
significantly different from the actual situation, resulting 
in a conservative prediction. 
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In this study, a pass-through capacity analysis model 
for a cable pumping cluster perforating string in a 
wellbore was established, and the field test data was used 
to verify the effectiveness of the model. The model was 
based on the comprehensive consideration of factors such 
as the friction force between the downhole tools and 
wellbore, wellbore geometry limitation, pump thrust, 
axial tension, string variable cross section, tension of 
cable head and tool elastic deformation. 

2 Pass-through capacity analysis model  

2.1 Determination of well trajectory curvature 
radius  

The borehole curvature, which describes the degree of 
curvature of the well trajectory, directly affects the pass-
through capacity of downhole tools. The pass-through 
capacity of downhole tools decreases as the radius of the 
borehole curvature decreases. Therefore, the method to 
determine the borehole curvature radius is provided in this 
study. A section of the well trajectory for any two adjacent 
measuring points is set as shown in Fig. 1 17. 

It is assumed that the well trajectory has N  
measuring points and 1N    sections. Concurrently, 
assuming that the sounding increment of the adjacent 
measuring points section i  is S , the increment of the 
deviation angle is  , and the increment of the azimuth 
angle is  . Thus, the overall angle change rate (dogleg 
degree) in section i  is iK , which is expressed as 
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The hole curvature radius in section i  is defined as 
1

i
i

R
K

                 (2) 

Assuming that the dogleg degree iG (°/30 m) in well 
section i   is known, the radius of curvature iR   can be 
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Figure 1. Section of the well trajectory between adjacent 
measuring points 

2.2 Conditions of string strings passing through 
wellbore 

As shown in Fig. 4, the hole curvature radius is R  , 
wellbore diameter is bd , outside diameter at the midpoint 
of the perforating string is zd  , outside diameter of the 
bridge plug is qd  , total length is L  , and bending 
deformation caused by the wellbore constraint in the 
middle of the string is cy . 

According to the geometric relationship shown in Fig. 
2, the following can be obtained: 
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Figure 2. Analysis diagram of pass-through capacity for the 
cluster perforating tubing strings 

The field test indicates that the maximum deflection 
when running a clustered perforating string occurs near 
the midpoint of the string. For convenience in the 
calculation, the midpoint of the tubing string is considered 
to be the maximum deflection position. The pass-through 
capacity of the string can be described by the following 
equations: 

Through:               max cy y                  (5) 
Not through:            max cy y                 (6) 

2.3 Force and deformation analysis 

According to Eq. (5), and (6), the pass-through capacity 
of the tubing string is related to the maximum deflection 
when running, which can be obtained by analyzing the 
force and deformation of the tubing string. 

(1) Force analysis 
For horizontal wells, the friction between the tubing 

string and inner wall of the wellbore increases as the 
deviation angle increases. When the tubing string cannot 
run on its own under the influence of gravity, fluid is 
generally pumped at the wellhead, forming a differential 
pressure thrust (pump thrust). This enables the tubing 
string to smoothly reach the bottom of the well. While 
running the cluster perforating tool, the axial and 
transverse force components of the tubing string, total 
resistance, friction force of the cable, and pump thrust, can 
be expressed as follows: 
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(2) Deformation analysis 
In order to analyze the pass-through capacity of the 

cluster perforating string in the wellbore, the deformation 
analysis of the string under various forces in Eq. (7) 
should be performed. 

The concrete cluster perforating tubing string structure 
is composed of several tools with different lengths and 
outer diameters. Hence, the calculation of the pass-
through capacity is significantly complicated. Therefore, 
the specific string structure must be simplified to some 
extent. In this study, part of the string with the same outer 
diameter is regarded as a section of beam, and the entire 
cluster perforating string is connected using several 
sections of the beam with different outer diameters, as 
shown in Fig. 3. In the process of running, the tubing 
string is carried by the cable and runs at a relatively stable 
speed. In this case, the string is affected by the net weight, 
cable tension, wellbore friction and fluid resistance. This 
is equivalent to a variable cross section of a simply 
supported beam under axial tension and transverse 
distributed load, as shown in Fig. 4. 

EI1
EI2 ... EIn-1 EIn

Li

Ln-1

L2

L1

Ln

x

y  

Figure 3. Schematic diagram of the of cluster perforating 
string structure 
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Figure 4. Force analysis diagram of the cluster perforating 
string 

① According to the static equilibrium relationship, 
the reaction force of the two ends of the beam can be 
obtained, where siniq W  , 0 0L  : 
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② Bending moment at any point of the beam can be 
expressed by: 

 

 

2
1 L 1 1 1

2
2 L 2 2 1

1 1 1 1 2

2
n L n n n 1

1

1 n 1 n
1

1( )              (0 )
2
1( )
2
1  ( )
2

1( )
2

1 ( ) 
2

                                 

n

i i i i
i

M x R x P y q x x L

M x R x P y q x L

q LL x LL L x L

M x R x P y q x L

q LL x L LL L x L





 


     

    

     
 

   

      
 


















(9) 

where ( 1, )iP i n   is the axial tension in section i  , and 

i 0P   is 
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(10) 
③  The approximate differential equation for the 

deflection curve of the beam is 

1( )   ( )i i i i iEI y M x L x L
           (11) 

④ The general solution of the differential equation is 
as follows: 
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(13) 
The deflection and slope equations of the beam 

determined using Eq. (12) can be further expressed as 
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To solve Eq.(11), the corresponding boundary 
conditions and continuous conditions must also be known. 
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The boundary conditions are as follows: 
1 n n(0) 0 ( ) 0y y L ，           (15) 

In the continuous condition, the deflection and slope 
at the variable cross section 
are equal: 
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2.4 Solution of the model  

On substituting Eq. (15) and (16) into Eq. (14), the 
equations of deflection and slope in the matrix form can 
be expressed as 

HX b               (17) 
where i H AR AI   and i b BR BI   are both 
complex numbers. 
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terms in Eq. (18) are as follows: 
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The Eq. (17) were solved by the complex coefficient 
all-selected principal element Gaussian elimination 
method, and then the Eq. (22) was substituted into the Eq. 
(14) to obtain the deflection and corner equation of the 
variable-section simply supported beam. On this basis, the 
maximum deflection maxy   of the string under the 

situation of no borehole wall constraint can be obtained. 
In the actual situation of the wall constraint, when c 0y   
and  max c b wy y d d     , the maximum deflection 

 max c b wy y d d   . 
The abovementioned derivation is for the axial force 

0iP  , that is, tension. For horizontal wells, as the string 
runs, the deviation angle increases and the axial 
component of the net weight decreases. In this case, the 
string may be subjected to axial pressure, that is 0iP  , 
due to resistance or pump thrust. In this case, ik   is 
replaced 18 by Eq. (24) and substituted into the 
abovementioned equation to obtain the deflection and 
slope equation under pressure. 

i
i

i

Pk
EI

                 (24) 

The calculation code based on the abovementioned 
theoretical model is written using the Fortran language, 
and the procedure shown in Fig. 5. 
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Begin

Input parameter

Calculate ymaxCalculate yc

Δy<0Y N

The tubing string is stuck at 
this measuring point

The pipe string can pass 
through this measuring point

Output Δy、ymax and yc at the measuring point

Calculate Δy=ymax-yc

End

Calculate Δy=ymax-yc

 

Figure 5. Flow chart of solving model 

3 Results and discussions 
Considering the running of a “1 bridge plug + 4 cluster 
perforating gun string” in well X206 as an example, a field 
test of the pass-through capacity of a cable pumping 
cluster perforating string in a wellbore was performed. 

As the measured borehole trajectory parameter is a 
discontinuous point, the least square method is adopted to 
fit the actual borehole trajectory data through cubic spline 
interpolation, to facilitate observation. Starting from the 
well depth of 3800 m, the measuring points of the 
borehole trajectory of X206 was fitted. The fitting 
trajectory is shown in Fig. 6, and the well’s inner diameter 
is 114.3 mm. As can be seen from the borehole trajectory 
of well X206, it is a typical horizontal well. Moreover, the 
well depth corresponding to the measuring points is 
shown in Fig. 7. 
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Figure 7. Correlation 
between measuring points and 

well depth 

The “1 bridge plug + 4 cluster perforating string” run 
in the X206 well and the perforating tool with the same 
outer diameter were segmented. The cluster perforating 
string was divided into 8 sections. The size parameters are 
shown in Table 1. The relevant calculation parameters are 
listed in Table 2. 

In the field test, the string ran at a relatively stable 
speed. When the string ran into a well depth of 3800-3900 
m, the string exhibited signs of resistance and deceleration, 
because the section of the well transitioned from the 
vertical well to the build-up well. The well depth of 3900-
4500 m is termed as the “build-up” section, and the well 
depth exceeding 4500 m is termed as the “horizontal” 
section. When the string runs to a depth of approximately 

4500 m, it is difficult for the string to run under the 
influence of gravity alone. At this point, the string is run 
to the bottom of the well by applying pumping thrust. 

Subsequently, the pass-through capacity analysis 
model for the cable pumping cluster perforating string 
was used to analyze the downhole performance of the “1 
bridge plug + 4 cluster perforating gun string” in well 
X206 and compared with the field test results. 

Table1. Size parameters of the cluster perforating string 

Sequence 
number 

Outer 
diameter/m Volume / m3 Length/ m 

1 0.043 0.00078 0.58 
2 0.073 0.00043 0.12 
3 0.083 0.01335 2.52 
4 0.089 0.01374 2.25 
5 0.073 0.00537 1.367 
6 0.089 0.02246 7.104 
7 0.099 0.00756 2.119 
8 0.103 0.00504 0.98 

Table2. Related parameters of calculation 

Parameters Value 
String elastic modulus 206GPa 
String density 7850kg/m3 
Cable linear density in well fluid 230kg/km 
Well fluid density 1100 kg/m3 
String down speed 1.45m/s 
Friction coefficient 0.25 
Fluid resistance coefficient 165 

3.1 Situation analysis of string stuck 

During the running process of the string, the net weight 
and axial tension cause a certain bending deformation. 
When the maximum deflection maxy  is less than the cy  
value of the corresponding measuring points, that is, 

max cy y , the string will get stuck. Fig. 8 is a schematic 
diagram of maxy  and cy ; it presents the changes in the 
measuring points when string is run into the X206 well. 
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Figure 8. Variation in ymax and yc at different measuring 
points 

In Fig. 8, for the first 6 measuring points, max cy y  
for three measuring points, and the string was blocked at 
these positions. This was attributed to the large dogleg 
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degree and small deviation angle of the well segment. In 
the measuring points between 6 and 32, the dogleg degree 
is large, and the deviation angle increases gradually. 
Hence, maxy   as well as cy   are large. In this case, 

max cy y  , and the string will not be blocked. After the 
string runs through measuring point 32, the change in 

maxy   and cy   is consistent, and cy   is always less than 

maxy  because the string is close to the inner wall of the 
wellbore due to net weight deformation in the horizontal 
section. These observations are consistent with the actual 
phenomena observed in the field. 

3.2 Analysis of downhole mechanical analysis 

As the string runs, the deviation angle and the resistance 
to the string increases. When the resistance is greater than 
the axial component of the net weight of the string, the 
string will stop running. At this point, the pump thrust is 
needed to push the string down to the bottom of the well. 
According to Eq. (7), the string’s friction, axial forces and 
the cable friction force vary with the measuring points 
while applying the pump thrust, as shown in Fig. 9. 
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Figure 9. Change in friction and axial force of the string 

Observing Fig. 9, the build-up section is between 
measuring points 1 and 30, and the deviation angle 
increases gradually, so the axial component of the string 
decreases, and the friction of the string increases. The 
horizontal section of the well is after the measuring point 
of 30, and the deviation angle fluctuates around 90°. 
Therefore, the friction of the string changes steadily, and 
the axial force fluctuates around 0 N. As the downhole 
cable gradually increases with the downhole string, the 
friction force generated by the net weight component of 
the cable increases gradually in the build-up section and 
the horizontal section. With the combination of Eq. (7) 
and Fig. 9, the pump thrust can be calculated, as shown in 
Fig. 10. 
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Figure 10. Schematic diagram of the change in pump thrust 

Fig. 10 shows that the difference between the 
calculated and measured pump thrust is small in quantity, 
and consistent throughout. The main reasons for the 
difference are due to the fact that the calculation of the 
pump thrust 19 is relatively complicated, it is not only 
related to the above various resistances, but also affected 
by string structure, pumping fluid impact force, the fluid 
velocity calculation method, and other factors [20]. 

For general working conditions, if the string can run 
to the bottom of the well, it can also pass through the 
wellbore smoothly when pulled up. The difference is that 
the cable head may be pulled off due to excessive tension, 
so the cable head should be checked before designing the 
string. During the process of pulling the string at a 
relatively stable speed, the tension exerted by the cable 
head can be expressed as 

2
L d m r

1cos sin
2

F WL WL f C A            (25) 

Combined Eq. (25) with field data, the change of 
tension of cable head in the pulling can be obtained 
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Figure 11. The change of tension of cable head in the pulling 

Fig. 11 shows that during the pulling process, the cable 
head tension was about 2.5 kN in the horizontal section. 
With the pulling of the string, the deviation angle 
decreases, the axial component of the string increases, and 
the cable head tension increases. When the string reached 
the measuring point 5~8, the cable head tension reached 
the peak value of 5.56 kN. In the field test, the peak 
tension of cable head was between 5~5.5 kN, and the 
allowable tension was 12 kN, so the calculation of cable 
head tension in this model is close to the reality. 
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4 Conclusions 
(1) Based on a comprehensive consideration of factors 
such as the friction force between the downhole tools and 
borehole wall, fluid resistance, wellbore geometric 
limitation, pump thrust, axial tension, string variable cross 
section, and tool elastic deformation, a pass-through 
capability analysis model for a cable pumping cluster 
perforating string in a wellbore was established. For this 
model, the geometric analysis method and the beam-
column theory are mainly used to establish the complex 
coefficient equations to be solved. According to the 
continuous and boundary conditions, the pass-through 
capacity of downhole tools in wellbores with different 
structures can be solved using the mathematical model 
and proposed solution method. 

(2) On the basis of the field test data, the pass-through 
capacity of a cluster perforating string and the main 
factors affecting the pass-through capacity were analyzed. 
The field data were compared with the model prediction 
results to verify the effectiveness of the model. Prior to 
designing and running the string, the analysis model can 
be used to predict the sticking points of the string and the 
required pump thrust. 

(3) When the string runs through the sticking points, a 
relaxing cable tension or an acceptable pump thrust is not 
sufficient to run the string, indicating that the string 
cannot pass through the well section. Therefore, it should 
be replaced with a string of smaller outer diameter or a 
shorter length of string for perforating. In this study, for 
the calculation of fluid resistance, the values of drag 
coefficient and the string running velocity were within a 
certain range. To obtain a more accurate relative velocity 
and fluid resistance coefficient when running the cluster 
perforating string, the drag coefficient should be 
determined through several calibration tests, and the 
running velocity of the string should be measured at each 
measuring point 
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Nomenclature 

S  Sounding increment of the adjacent measuring 
points section i , m 

  Increment of the deviation angle, rad 
  Increment of the azimuth angle, rad 

iK  Overall angle change rate in section 

iR  Hole curvature radius in section i , m 

iG  Dogleg degree, °/30 m 

bd  Wellbore diameter, m 

zd  Outside diameter at the midpoint of the 
perforating string, m 

qd  Outside diameter of the bridge plug, m 
L  Total length of tubing string, m 

cy  bending deformation caused by the wellbore 
constraint in the middle of the string, m 

maxy  Maximum deflection of pipe string, m 

pF  Axial component of the string, N 

nF  Transverse component of the string, N 

fF  Total resistance of the string, N 

dF  Friction force suffered by the cable, N 

bF  Pump thrust, N 

W  String and cable weight per unit length in well 
fluid, N/m 

W   Cable weight per unit length in well fluid, N/m; 

L  Length of cable in deviation section and 
horizontal section, m 

  Deviation angle, (°) 

f  Friction coefficient between pipe string, cable 
and wellbore 

dC  Fluid resistance coefficient 

r  Corresponding velocity of the string and the 
well liquid, m/s 

m  Well fluid density, kg/m3 
A  Maximum cross-sectional area of the string, m2 
iy  Deformation deflection in section i , m 

iy   Corner in section i , rad 

LR  Reaction force of the left end of the simply-
supported beam, N 

RR  Reaction force of the right end of the simply-
supported beam, N 

iLL  Distance from the variable cross section to the 
origin of coordinates, m 

iq  Distributed load of section i  of beam, N/m 

iL  Length of section i  of beam, m 

LP  Cable tension, N 

fiF  Friction force on each beam, N 
E  Elastic modulus of perforating string, Pa 
iI  Moment of inertia of section i  of beam, m4 

iP  Axial tension at section i  of perforating 
string, N 

LF  Cable head tension, N 
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