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Abstract. Workover operations are crucial for maintain the normal production of oil, gas and 
water wells and require significant manpower and material resources. In recent years, automation 
equipment has become more widely used in the operations of oilfield workover operations. The 
present paper established the finite element model of the newly developed tubing and sucker rod 
vertically handling equipment, and the deformation, equivalent stress and wind-resistant ability of 
the structure model under dead weight load and wind load are investigated. The wind load is 
equivalent to the wind pressure acting on the structural unit, and the transient wind field is 
composed through linear superposition of harmonic function with random amplitude and 
frequency. Results show that the maximum equivalent stress is much lower than the yield stress 
of the structural material under typical working conditions, the maximum displacement of the 
manipulator position meets the design requirements of positioning accuracy. 
Keywords: finite element analysis, safety assessment, tubing and sucker rod vertically handling 
equipment, wind-resistant. 

1. Introduction 

The workover operation encompasses the entire life cycle of oil and gas development, serving 
as the core for daily production, management, optimization, and maintenance of oil, gas, and water 
wells [1]. Workover operations primarily involve activities such as wellbore cleaning, downhole 
tool tripping, pump inspection, sand washing, unstuck fishing, leak detection and plugging, casing 
identification and repair [2]-[3]. Among these tasks, the significant inclusion of pump inspections 
in oil fields, along with other workover operations that require a substantial number of minor 
repairs, is necessary. This accounts for over half of the total downhole work. However, traditional 
well workover operations suffer from high labor intensity due to simple equipment and low 
automation levels resulting in low production efficiency and compromised safety [4]. In recent 
years, some oil fields of PetroChina and Sinopec have achieved a certain level of automation in 
minor repair equipment operations. They have initially realized the automatic operation of ground 
pipe feeding, suspension, upper and lower shackle systems, which has significantly reduced the 
labor intensity for on-site operators and saved manpower. However, there are still some issues 
with the automatic operation of minor repairs, such as the complicated and time-consuming 
installation process for the automatic operation equipment, inability to achieve automatic 
operation for rods, and high labor intensity for oilfield operators. The fundamental reasons behind 
these problems lie in the immaturity of minor repair's automatic operation technology and its low 
degree of automation. 

There have been numerous advancements in the field of automated pipeline transportation and 
handling in China. For example, Dai et al. have developed an automated pipeline operating 
equipment based on traditional cat-path transfer pipe and flat drainage pipe [5]-[7]. These flat-type 
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pipe arrangement equipment can be widely used in the automatic feeding and arranging of tubing. 
However, in a narrow space, it is difficult to arrange the traditional tiled automatic tubing 
conveying and handling equipment. To address this issue, China Research Institute of Petroleum 
Science and Technology Co., Ltd. has developed a fully automatic tubing and sucker rod vertically 
handling equipment. The equipment adopts the vertical pipe row operation mode, which 
completely solves the space limitation of minor repair operations on cluster well platforms. During 
workover operations, the sucker rod and tubing from the oil well are vertically discharged onto 
the pipe row rack. It can achieve automatic operation without manual intervention throughout the 
entire process of grabbing tubing and rods from the wellhead, transferring them to the pipe rack, 
and discharging them onto it. 

In this paper, the Davenport wind spectrum is transformed into pulsating wind. The finite 
element model of the tubing and sucker rod vertically handling equipment was established, and 
the response of the manipulator in different directions under various wind velocity loadings was 
obtained through time history analysis. Key nodes were selected for characterization. The finite 
element structure safety evaluation was conducted under dead weight, full load, and wind load 
conditions. 

2. Finite element model of the equipment 

2.1. Problem statement 

The structure of the tubing and sucker rod vertically handling equipment is mainly divided into 
two parts: frame and robot arm. The robot arm is connected to the pipe row frame through a sliding 
guide rail to facilitate horizontal migration of both the rod and oil pipe. The sucker rod and tubing 
are arranged on either side of the vertical pipe rack. The bottom of the tubing directly rests on the 
ground’s bottom plate, while its upper part is secured by pneumatic forks attached to the pipe rack. 
The sucker rod hangs within a fixed slot on the finger beam of the sucker rod located on top of the 
pipe rack. Please refer to Fig. 1 for visualization of how pipes are vertically arranged in this 
system. 

In this paper, the finite element model of the tubing and sucker rod vertically handling 
equipment is established. The model mainly utilizes three types of steel: cylindrical steel, hollow 
square steel, and I-section steel. The auxiliary structures, such as the cylinder on the frame, are 
ignored in the modeling since they are non-load-bearing structures during operation. Additionally, 
some mechanical mechanisms are simplified equivalently to focus on material strength and 
deformation at critical sections. 

  

Fig. 1. Fully automatic tubing and sucker rod vertically handling equipment and the finite element model 

The finite element model of the tubing and sucker rod vertically handling equipment is also 
shown in Fig. 1. The model material is Q345 steel, which has an elastic modulus of 210 GPa, a 
Poisson’s ratio of 0.33, a yield limit of 345 MPa, and a density of 7850 kg/m3. The overall finite 
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element model consists of 129513 elements and 226560 nodes. For the main frame made up of 
hollow square steel, we selected the 3D linear beam element BEAM188 for simulation with a total 
number of elements is 2218 and nodes number is 2166. The shell element SHELL181 is selected 
to be modeled as a plane in order to facilitate the subsequent load application, with 1496 elements 
and 1632 nodes. The SOLID186 element was used for 3D simulation modeling of the robot arm. 
The total element number of finite element model is 125617 and the total node number is 222918. 

2.2. Wind load construction 

Davenport wind velocity spectrum was adopted in this study [8]: 𝑛𝑆௩ሺ𝑛ሻ𝐾𝑣̅ଵ଴ଶ = 4𝑥ଶሺ1 + 𝑥ଶሻସ ଷ⁄ ,    ሺ𝑛 ≥ 0ሻ, (1)

where 𝑛 denotes the frequency, 𝑣̅ଵ଴ is the average wind velocity at 10 m height within 10 minutes, 𝐾 is the ground roughness coefficient, which varies range is 0.003-0.03, and 𝑥 = 1200𝑛/𝑣̅ଵ଴. 
In the finite element analysis of structural dynamics, a random wind field is used and the power 

spectrum is set to the same as Davenport spectrum. Assuming that the random wind field is a 
smooth Gaussian random process, the harmonic superposition method is used to construct the 
random wind field through a series of harmonic functions of random amplitude and frequency. 
The random wind velocity is written by [9]-[11]: 

𝐯ሺ𝐱, 𝑡ሻ = ෍ ሾ𝐀௡ cosሺ𝐤௡ ∙ 𝐱 + 𝜔௡𝑡ሻ + 𝐁௡ sinሺ𝐤௡ ∙ 𝐱 + 𝜔௡𝑡ሻሿே௡ୀଵ , (2)

where 𝐀௡ and 𝐁௡ are uncorrelated random vectors, and are chosen according to a prescribed 
power law energy spectrum: |𝐀௡|ଶ = |𝐁௡|ଶ = 2𝐸ሺ𝑘௡ሻ∆𝑘௡. (3)𝐤௡ denotes wave vectors, and the number vector of wind velocity can be given by: 𝑘௡ = |𝐤௡| = 𝑘ଵሺ𝑘ே 𝑘ଵ⁄ ሻሺ௡ିଵሻ ሺேିଵሻ⁄ . (4)𝑁 denotes the node numbers, and 𝜔௡ is the frequency given by: 𝜔௡ = 𝜆ඥ𝑘௡ଷ𝐸ሺ𝑘௡ሻ, (5)

where 𝜆 is the instability parameter, which varies between 0 and 1, and 0.5 is adopted in the 
present investigation. 

Power spectrum is assumed to have the expression: 𝐸ሺ𝑘௡ሻ = 𝐸଴𝐿ሺ𝑘௡𝐿ሻି௣, (6)

where the upper limit length scale of the inertial range𝐿 = 2𝜋/𝑘ଵ, 𝐸଴ is a constant, 𝑝 is the power 
of the energy spectrum. 

According to the above algorithm, random wind velocity can be constructed. The total time is 
600 seconds, and the interval is 0.1 seconds. The ground surface roughness is 0.005, the number 
of nodes is 6000. The frequency range is from 0.001 Hz to 6 Hz. 

In addition, according to “GB/T 25428-2015 Drilling and workover derrick and base of drilling 
and production equipment for the oil and gas industry”, the relationship between wind velocity 
and wind pressure is as follows [12]: 



SAFETY EVALUATION OF TUBING AND SUCKER ROD VERTICALLY HANDLING EQUIPMENT UNDER STOCHASTIC WIND LOAD.  
XINZHONG WANG, SHENGSONG HUANG, TAO LI, DONGHUAN LIU 

 VIBROENGINEERING PROCEDIA. NOVEMBER 2023, VOLUME 53 87 

𝑃 = 0.611𝑉௞ଶ𝐶௛𝐶௦, (7)

where 𝑃 is the wind pressure, 𝑉௞ is the wind velocity, 𝐶௛ is the wind pressure height change 
coefficient, take 𝐶௛ = 1, 𝐶௦ is the shape coefficient, for tower derrick and light derrick 𝐶௦ = 1.25. 
When the vertical piping equipment considers the wind load and the vertical root is full, the wind 
velocity it can carry should not be less than 36 m/s. 

Then the structural dynamic equations of the structure can be written as: 𝐌𝐔ሷ + 𝐂𝐔ሶ + 𝐊𝐔 = 𝐅, (8)

where 𝐌, 𝐂 and 𝐊 denote mass matrix, damping matrix and stiffness matrix respectively, 𝐔ሷ , 𝐔ሶ  
and 𝐔 denote acceleration vector, velocity vector and displacement vector respectively, and 𝐅 is 
the external force vector. The load on the finite element model is illustrated in Fig. 2. The finite 
element equations of Eq. (8) can be solved with proper boundary conditions and initial conditions. 

 

Fig. 2. Illustration of load on the finite element model 

3. Static numerical results 

In order to evaluate the safety of the structure under extreme wind conditions, finite element 
analysis was performed using the model described in section 2.1 under extreme wind conditions 
with a static wind velocity of 36 m/s. The strength analysis of the structure was carried out by 
finite element method. The numerical results of equivalent stress are given in Fig. 3. 

  

Fig. 3. Equivalent stress contour 

When the equipment is fully loaded and the wind velocity is 36 m/s, the maximum equivalent 
stress of the frame is 77.7 MPa, and the global maximum equivalent stress appears at the last 
connection of the robot arm is 147 MPa. It is far less than the yield limit of the material, and the 
structure is safe. 
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As can be seen from Fig. 4, due to the structural stiffness, the maximum total displacement of 
the structure is about 18 mm, which occurs at the grasping end of the robot arm. The total 
displacement can be divided into horizontal displacement in plane (𝑥, 𝑧) and vertical displacement 
in 𝑦-direction. The horizontal displacement has a great influence on the positioning accuracy of 
the manipulator, which is related to the reliability of the automatic operation process. As can be 
seen from Fig. 5, the displacement in the 𝑥-axis direction is about 0.0688 mm, and the maximum 
displacement in the 𝑧-axis direction is 13.7 mm. Therefore, the displacement in the 𝑧-axis 
direction has a greater impact on the positioning accuracy. 

 
Fig. 4. Total displacement contour 

 
a) 𝑋-axis displacement component 

 
b) 𝑍-axis displacement component 

Fig. 5. Horizontal displacement contour of the robot arm 

4. Dynamic numerical result 

In order to further study the influence of dynamic wind load on the positioning accuracy of the 
manipulator, the displacement dynamic response of the grasping end of the manipulator in the 
horizontal plane under the action of random wind velocity (20 m/s, 30 m/s, 40 m/s, respectively) 
was investigated. Fig. 6 shows displacement response time-history of the typical position in two 
orthogonal directions on the horizontal plane. 

By comparing the numerical results under different wind velocities, it can be seen that the 
increase of wind velocity has basically no effect on the displacement response of the typical 
position in the 𝑧 axis direction. The maximum displacement occurs in the initial transient stage of 
load excitation, with a maximal value of about 28 mm, and finally stabilizes at about 15 mm. The 
steady-state results are similar to the static results given in section 2.3. In the 𝑥-axis direction, 
under the action of 40 m/s random wind field, the maximum displacement of the front end of the 
manipulator in the 𝑥-axis direction is 0.8 mm. With the increment of wind velocity, the 
displacement of typical position in this direction increases, and the vibration effect becomes more 
obvious. 
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a) 𝑋-axis displacement component 
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b) 𝑍-axis displacement component 

Fig. 6. The displacement time-history response of the typical position 

5. Conclusions 

In this paper, the finite element model of the tubing and sucker rod vertically handling 
equipment is established. Davenport wind velocity spectrum is introduced to simulate the random 
time domain of natural wind. The stress and deformation of the pipe frame and the displacement 
of the grasping end of the robot arm under the action of dead weight load and static wind load are 
analyzed by finite element simulation. In the case of 36 m/s, the maximum vertical displacement 
is 18 mm, which appears at the grasping end of the robot arm. The global maximum equivalent 
stress is 147 MPa, which is far less than the material yield limit of 345 MPa. Then, the effect of 
fluctuating wind on the positioning accuracy of the manipulator is given, and it is found that when 
the structure enters the steady-state response stage, the results are similar to those in the static 
state. To sum up, under the meteorological environment investigated here, the strength and wind 
resistance performance of the project equipment is sufficient. 
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