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ABSTRACT
Water injection strings in highly deviated wells are subjected to complex forces on the string bore. In 

this work, a mechanical model is developed for these forces and for those on downhole tools. On the 

basis of this model, and taking account of the characteristics of the string in different working conditions, 

a temperature field model and a pressure field model are introduced, and a statically indeterminate 

structural calculation method is adopted. A force tester for highly deviated wells is developed and used in 

eight tests on strings in the Jidong Nanpu oilfield making a comparison between the measurements from 

the tests and the results of calculations using the mechanical model indicates that the mechanical model 

exhibits high computational accuracy, with the errors at the wellhead being no more than 10%, and that 

the forces on packers calculated from the model are in accordance with those measured in the tests. Thus, 

the mechanical model developed in this work is suitable for analyzing the forces on water injection strings 

and downhole tools in highly deviated wells.
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INTRODUCTION
In many offshore oilfields, the restrictions imposed 

by surface and underground conditions are such 

that it is necessary to use directional and horizontal 

wells to enable exploitation. In addition, high-angle 

directional wells account for a high percentage of 

injection wells [1,2]. The use of both multiple pipe 

segments and high angles both increase the effect 

of friction on pipe columns, causing difficulties 

in their lowering and hoisting. Additionally, the 

higher intensity of pipe deformation and creep can 

be ascribed to the large differential forces caused 

by pipe setting, water injection, inverse well-

flushing, and other work conditions [3,5]. Thus, 

the permanent helical buckling of columns, plastic 

failure, fracture failure, early failure of the packer, 

and other detrimental phenomena are prone to 

appear during the operation [6]. These problems, 

in particular with regard to the safety of the pipe 

string and early failure of the packer, are becoming 

increasingly prominent, constraining the development 

of oilfield water injection and directly affecting normal 
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production, with consequent economic losses [7,8]. 

Meanwhile, the water injection technique is being 

extended to zonal approaches and to deep wells 

[9–11], and the higher water injection pressures 

required lead to an increase in pressure differences 

between layers and to more diverse and complex 

working conditions; this results in further challenges 

to the reliability and safety of high-angle well water 

injection strings [12].

Although many theoretical and experimental 

studies have been carried out on various aspects 

of pipe string mechanics [13–20], there has been 

little research on high-angle water injection pipe 

columns, and no mature theoretical description 

of such systems is available. Three deficiencies in 

particular should be mentioned: (i) the existing 

mechanical models of high-angle water injection 

wells have not taken comprehensive account of 

the influence of temperature and pressure fields, 

frictional resistance, and downhole tools on the 

force and deformation of the pipe string; (ii) there 

have been no thorough examinations of the force 

characteristics of the pipe string; (iii) making a 

comparison between the measured data and 

theoretical results has rarely been carried out, owing 

to a lack of measurements of the force state of the 

pipe string, so the existing models have not been 

calibrated and validated satisfactorily, and their 

accuracy and practicability are limited. Therefore, 

this contribution aims to improve the theoretical 

mechanical model of water injection pipe strings in 

high-angle wells to, verify it using field test data, and 

to provide theoretical support for the design and 

construction of water injection pipe columns for 

high-angle wells.

EXPERIMENTAL PROCEDURES
Mechanical Model for Water Injection in 
a Highly Deviated Well
Three Dimensional “Rigid Rope” Model
In this model, the effects of the water injection string 

stiffness and the curvature of the wellbore are taken 

fully into account in the force analysis of the curved 

portion. It is assumed that (i) the interaction between 

the well wall and the pipe string is a rigid continuous 

contact, (ii) the axis of the string coincides with the axis 

of the borehole, and (iii) the computational elements 

of the bent pipe in the sloping plane are iso-curvature 

segments of a circular arc. A three-dimensional “rigid 

rope” mechanical model is then established.

A rectangular coordinate system is established as 

shown in Figure 1, and a natural system of coordinates 

on the string axis is also established. The equations 

describing the force on the curved portion of the 

string are then as follows: 

Figure 1: an infinitesimal section force diagram.
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where, α  is the deviation angle of the borehole (rad), 

and ϕ  is the azimuthal angle (rad); Kα  is the rate 

of change of the deviation angle (rad/m), and Kϕ  is 

the rate of change of the azimuthal angle (rad/m);
1 /f m sK ρ ρ= −  is the buoyancy factor (where mρ  is 

the fluid density in the wellbore, and sρ  is the density 

of the string), and q  is the unit weight of the string in 

air (kN/m); mq  is its unit weight in the fluid (kN/m);

nN  is the normal pressure on the string in the normal 

direction (kN), and bN  is the normal pressure on the 

string in the binormal direction (kN), tµ  is the friction 

coefficient in the circumferential direction; αµ  is the 

friction coefficient in the axial direction, and iA  is 

the inner chamber cross-sectional area of the string 

(m2); oA  is the inner chamber cross-sectional area of 

the casing (m2), and oP  represents the pressure in the 

pipe (MPa); fτ  is the fluid force on unit length pipe 

due to the motion of the structure (N/m), and µ  is 

the kinetic viscosity of the fluid (N·s/m2), ω  stands for 

the rotational speed of the string (rad/s), wD  is the 

wellbore diameter (m), R  is the outside radius of the 

string (m), and v  is the fluid velocity (m/s); E  is the 

Young’s modulus of elasticity (kN/m3), and I  is the 

moment of inertia of the string (m4).

Under the effects of axial friction and interlayer pressure 

differences during the operation, once the load at 

the end of the string reaches a certain threshold, pipe 

string buckling instability will occur. This will generate 

additional positive contact pressure and thus additional 

friction. To provide a more accurate description, the 

three-dimensional “rigid rope” mechanical model is 

amended by including a critical load from sinusoidal or 

spiral buckling as follows:
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When there is the axial force, there is no buckling, 

and there is sinusoidal buckling; moreover, when  
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When sinusoidal buckling occurs, the positive 

pressure on the string N becomes sN N+  ; when 

spiral buckling occurs, it becomes hN N+ .

Three-dimensional “Soft Rope” Mechanical 
Model
In this model, the effects of water injection string 

stiffness and the curvature of the wellbore are not 

taken into account in the force analysis. Thus, in 

comparison with the “rigid rope” mechanical model, 

the following simplifying assumptions are made: (i) 

the effects of stiffness on the force of the string are 

neglected; (ii) the shear force on the string section 

is neglected. The resulting three-dimensional “soft 

rope” mechanical model is then given by:
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These are nonlinear differential equations, which 

can be solved by a quasi-Newton method.

Temperature and Pressure Field Models 
for a Water Injection String
Changes in temperature and pressure are significant 

factors in the mechanical analysis of strings. As the 

water is injected and flows down from the top, the 
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forces on the string will vary considerably, with the 

string elongating or shortening because of changes 

in temperature and pressure, while its motion is 

simultaneously restricted, owing to the presence 

of packers and other downhole tools.

Temperature Field Model
The following assumptions are made in the numerical 

simulation models: (i) the stiffness of the string is 

such that it is in rigid and continuous contact with 

the borehole walls; (ii) the axis of the string coincides 

with the axis of the borehole, with the hole trajectory 

of the highly deviated well being described by the 

Frenet formula; (iii) the computational element of the 

pipe string is a circular arc on the sloping plane; (iv) 

before water injection, the pipe string, the fluid in the 

wellbore, and the ground are in thermal equilibrium. 

The initial temperature distribution is exhibited as 

the table geothermal gradient. After water injection, 

heat transfer in the radial and vertical directions of the 

wellbore due to mass transfer and thermal conduction 

is taken into account; (v) when discredited in the 

spatial domain, the material properties of each micro 

body domain such as the heat transfer coefficient and 

the specific heat are relatively stable; (vi) the water 

injection rate, water injection temperature, annual 

average subsurface temperature, and the geothermal 

gradient are constant; (vii) sufficiently far from the 

wellbore axis, r≥Rmax, the rock formation temperature 

is the original ground temperature. At the surface of 

the earth, Z=Zm, the temperature Tm does not change 

with time; below the surface, Z>Zm, the original rock 

formation temperature satisfies a linear relationship: 

Tdz=Tm+α z, where α is the rock formation temperature 

gradient; (viii) given the variety of conditions occurring 

in oil production operations, the influence of the last 

process on the next process must be considered in the 

Figure 2: Infinitesimal body diagram.

On the basis of the above assumptions, in light of the 

first law of thermodynamics and the basic principles 

of heat transfer, considering the liquid in the pipe 

string, the string wall, and the liquid in the annulus, 

and with the stratigraphic unit taken as a control 

volume (see Figure 2), the mathematical model of 

the temperature field is given by the following energy 

balance equations:
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where, Cf is the specific heat of the fluid in the 

pipe string (J/(kg·°C)), and tfα  is the coefficient 

of convective heat transfer between the fluid in 

the string and the pipe wall (W/(m2·°C)); λf is the 

friction coefficient of the fluid in the string (which 

is related to the fluid Reynolds number and the 

flow pattern), and ρf is the fluid density in the 

calculation of wellbore temperature field.
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string (kg/m3); νf is the speed of fluid motion (m/s). 

tk  , ak  , ck  , ek , and wk  are respectively the heat 

conductivity coefficients of the injected fluid, the 

cylinder wall, the fluid within the annulus, the rock 

formation, and the original liquid mixing unit; tc

, ac , cc , ec ,and wc  (J/(kg·°C)) are the respective 

specific heat capacities; and tρ , aρ , cρ , eρ , and 

wρ  (kg/m3) are the respective densities. tor , cor , 

cir , tir , and cer  (m) are respectively the radius of 

the outer wall of the pipe string, the radius of the 

outer wall of the casing, the string inner radius, 

the radius of the inner wall of the casing, and the 

cement ring radius. The spatial domain is discredited 

using high-precision isoperimetric elements, and an 

optional implicit finite difference time domain with 

variable steps is used in a loop iteration, which allows 

the efficient and accurate calculation of the whole 

temperature field [21].

Pressure Field Model
The momentum equation for one-dimensional flow 

of the fluid under pressure is:

f gadP dPdPdp
dz dz dz dz

= + +
                                              

(6)

The variation in pressure due to changes in frictional 

resistance is given by:

fdp
dz

τ= −                                                                                (7)

The variation due to changes in kinetic energy is given:

2

2

(1/ )a mdP U d
dz dzA

ρ
=                                                                  (8)

Also, the variation due to changes in gravity and the 

hole deviation angle is given:

cos( )gdP
g

dz
ρ θ=                                                                     (9)

Then, neglecting  changes  in fluid density, one way obtain:

 cos( )f gdP dPdP g
dz dz dz

τ ρ θ= + = − +                           (10)

The pressure distribution along the well depth is 

found by integration, taking account of the boundary 

conditions:

 0 0( ) [ ( ) cos( )]zP z z g dz Pτ ρ θ= − + +∫                          
(11)

When the coefficient of frictional resistance τ  is 

constant, Equation 11 can be simplified:

0( )= cos( )P z z g z Pτ ρ θ− × + × +                                (12)

Mechanical Models for Pipe String and 
Downhole Tools
As shown in Figure 3, the packers are numbered 

from top to bottom, 1, ... n, the pipe anchoring tools 

as M1, M2, …, Mn+1, the corresponding forces on 

the packers as F1 , F2 ,…, 
 Fn

, the annulus pressures 

under the packers as 1P , 2P ,…, nP , and the lengths 

of the string between the packers as 1L , 2L ,…, nL . 

The general force equations for an n-time statically 

indeterminate structure are then given by the 

following equations:

Figure 3: Force diagrams of pipe string and downhole tools.
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where, ip∆  and it∆  are the displacements in the 

iX  direction due to differential pressure and 

temperature; ijδ  is the displacement in the iX   

direction due to unit force 1jX =  , and iF  is 

the internal force at the level i packer caused by 

a dummy unit load;  ipF  and itF  are the internal 

forces due to differential pressure and temperature 

respectively.

The internal forces on the statically indeterminate 

structure are given by the superposition principle:

 1 1 2 2 +i n n ip itF F X F X F X F F= + + + +                    (14)

Strength Calculations for a Water Injection 
String in a Highly Deviated Well
To ensure the safety of the water injection string, its 

tensile, compressive, and collapsing strengths are 

first calculated. The force intensity is then obtained 

using the distortion energy theory. Finally, the 

synthesis safety factor is calculated.

The tensile-strength safety factor is given by the 

following equations:

rd
rd

e

F
K

q L
=

×                                                                  (15)

e i i o oq q gA gAρ ρ= + −                                              (16)

Brst-strength safety factor is given by the following 

equation:
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The safety coefficient for resistance to external 

pressure is given by the following equation:
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From the distortion energy theory, the tri-axial 

stress is given by the following equation:

( ) ( ) ( )2 2 21
2xd r z z rθ θσ σ σ σ σ σ σ = − + − + − 

              (19)

Force Measurements for a High-angle 
Pipe String
To verify the correctness of the model, a force 

tester, the composition of a resistance strain 

gauge transducer, a data acquisition circuit board, 

a power module, and a force test structure have 

been developed. The force test structure is 

composed of an inner barrel and an outer barrel, 

as shown in Figure 4. The data acquisition circuit 

board is contained within an electronic equipment 

enclosure, which is positioned eccentrically 

between the inner and outer barrels. The resistance 

strain gauge transducer is fixed to the inner ring 

groove. The complete force test substructure is 

shown in Figure 5. This force tester was used in site 

tests on a string in the Jidong Nanpu Oilfield, as 

described in the next section.

Figure 4: Mechanical structure of the test instrument.
1-screwed joint; 2,9-seal ring; 3,8-seal retainer; 4-outer 
barrel; 5-electronic equipment; 6-acquisition of circuit 
board; 7-inner barrel; 10-baffling barrel; 11-parallel 
external pipe thread; 12-slot.

Figure 5: Complete force test substructure.

The synthesis safety factor is also given by the 

following equation:

 Min( , , , )rd rpi rpo xdK K K K K=                                    (20)
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Examples of Analysis and Experimental 
Verification
The mechanical model was used to analyze the 

forces on an unbalanced injection string in the third

phase of the NP-XX well in the Jidong Nanpu 

Oilfield in different working conditions. The 

structure of the string and the positions where 

the experimental instruments were installed are 

shown in Figure 6; the azimuthal angle and hole 

drift angle parameters are shown in Figure 7, and 

the construction parameters of the well are listed 

in Table 1.

Table 1: Construction parameters of NP-XX

Parameter Value

Inverse well-flushing time 60 min

Injection time 120 min

Injection rate 150 L/min

Inverse well-flushing rate 300 L/min

Surface temperature 22 °C

Fluid 23.5 °C

Injection pressure 10 MPa

Inverse well-flushing pressure 3 MPa

Density of injected liquid 1250 g/cm3

Setting pressure 15 MPa

JDY341-110 packer 1 2877.73 m

JDY341-110 packer 2 2911.03 m

JDY341-110 packer 3 2925.01 m

Wash-down valve 2955.7 m

Force tester position 1 15.45 m

Force tester position 2 1244.6 m

Force tester position 3 2866.09 m

Force tester position 4 2867.47 m

Force tester position 5 2910.15 m

Figure 6: String structure.

De
pt

h 
(m

)

Angle(°)

Figure 7: The azimuth angle and hole drift angle 
parameters.

Figure 8 compares the measurements from the 

force tester with the computations using the 

model in different working conditions. It can be 

seen that the string was subjected to a press by 

57 kN force on the wellhead during the process 

of packer setting, which led to a corresponding 57 

kN decrease in tensile force in the wellhead pipe 

segment during water injection and backwashing. 
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Figure 8: Results in various conditions.

Lowering down tube Static

Setting 15Mpa (before Lifting) Setting 15Mpa (after Lifting)

Water injection Inverse well-flushing

Unsetting Lifting

Axial force (KN, pressure presents positive) Axial force (KN, pressure presents positive)

Axial force (KN, pressure presents positive)

Axial force (KN, pressure presents positive)

Axial force (KN, pressure presents positive)Axial force (KN, pressure presents positive)

Axial force (KN, pressure presents positive)

Axial force (KN, pressure presents positive)
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Owing to friction, the effect of pressure on the drill 

string force decreased with increasing well depth. 

The error in the calculated results compared with 

the measurements in the upper part of the tool 

section was small (<10%), while in the lower part 

of the tool section, owing to the small force and 

the limits on measuring conditions, the errors 

were larger. However, the calculated values of the 

drill string force were basically consistent with the 

values measured in the test.

Table 2: Comparison of measured and calculated 
forces for eight different loading conditions

 Segments  Field
Test  Calculation Error

1
 Oil casing stage

injection 45 40.8 -9.33%

2 One-stage two-
pass 45 46.4 3.11%

3  Two-stage
thee-pass 45 42.5 -5.56%

4  Three-stage
three-pass 45 42.7 -5.11%

5  Two-stage
two-pass 48 44.6 -7.62%

6 Three-stage 
four-pass 45 47.4 5.33%

7 Two-stage 
three-pass 42 44.5 5.95%

8  Three -stage
four-pass 45 44.0 -2.22%

Table 2 compares the calculated results with the 

measured values of the drill string force when the 

strings were loaded together with the associated 

errors for eight different loading conditions. It is 

obvious that the errors in the calculated values of 

the lifting force on the string were within 10%, and 

the model is basically suitable for an engineering 

application.

Table 3: Force on packers

Packer 
number

Depth
(m)

Force (kN)
(Downward Presents Positive)

1 2877.73 22.092

2 2911.03 -0.434

3 2925.01 -24.415

Table 3 shows the forces on the packers. In the 

condition of water injection, the packer at the first 

level was subjected to a downward force of 22.092 

kN and the bottom packer to an upward force of 

24.415 kN, which means that the pressures on 

the packers at both ends are greater than that on 

the intermediate packer. The pressure difference 

between the top and bottom packers generates 

a force that pushes the packers upwards and 

downwards. However, when the middle layer is 

injected with water, the upper and lower packers 

form a “self-balancing” system which will be 

pushed, so the upward and downward movement 

of the packer group will be prevented. Therefore, 

this corresponds well to practical engineering 

experiences.

CONCLUSIONS 
(1) A mechanical model has been developed 

for analyzing the forces on an injection string 

with multiple packers in a highly deviated well 

with restrictions imposed by the presence of 

downhole tools. The model calculates the forces 

on the downhole tools and the string under various 

operating conditions, so the model provides a 

theoretical basis for the design and construction of 

injection strings. 

(2) The combined effects of the temperature field, 

the pressure field, friction, and the restrictions by 

the downhole tools have been taken into account 

in the design of the model. Making a comparison
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the design of the model. Making a comparison 

between the model calculations and field test 

results indicates

that the computational accuracy of the model can 

satisfy practical engineering requirements.

(3) The results of the calculations provide a 

reasonable explanation for the “upward and 

downward push” phenomenon in which the force 

on the packers at both ends is greater than that 

on the intermediate packer. In practice, the ends 

of the packers should be anchored to prevent the 

motion of the packer group.
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