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Abstract 
Fractured formations commonly occur in deep drilling, leading to a significant loss of 
circulation. However, it is challenging to clarify the plugging process of lost circulation 
materials in fractures under formation conditions. Available evaluation devices for 
fractured formations mostly fail to realistically and visually simulate the actual plugging 
conditions. In this study, based on the method of sand bed filtration testers, a dynamic 
visual evaluation device of plugging fractured formations was designed. The device 
includes a simulated drill bit and wellbore, with the drill bit diameter using 250 mm 
diameter according to core drilling. The annular space depends on the outer cutting 
edges of the drill bit. Moreover, different sizes of rocks are loaded in the visual pore pipes 
on the simulated wellbore to mimic the real condition of fractured formations. The value 
opening of the water pump can affect the pressure in the simulated wellbore. The drilling 
fluid is controlled by a hydraulic system for circulation in both directions, and the pore 
pipes are made of transparent glass for dynamic observation of the plugging process in 
wellbore pores. Each pressure output is equipped with a pressure sensor, and the 
pressure and filtration volume tested by the experimental device reflect the pore 
filtration rate and plugging effectiveness. Furthermore, the effectiveness of the design 
was analyzed using CFD numerical simulation, providing theoretical and technical 
support for construction. 
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1. Introduction 

The oil and gas industry is gradually developing towards more challenging and deeper formations, 
where fractured formations commonly occur[1]. Fractured formations are geological structures that 
result from either tectonic movements or external influences, and are characterized by the presence 
of fractures, weak consolidation, and a fragmented structure[2]. Fracture loss caused by unstable 
formation conditions has emerged as a significant and expensive issue during the drilling operation[3]. 
The loss impedes timely lubrication and cooling of the drill bit and fails to balance formation pressure, 
resulting in poor borehole wall stability[4]. Frequent occurrences of wellbore block fall and collapse 
lead to severe well leaks, especially catastrophic leaks, which can trigger a series of drilling accidents, 
impacting personnel safety, extending construction time, and increasing drilling costs[5]. 

Drilling personnel have employed numerous methods to address the issue of drilling fluid loss in 
fractured formations[6]. Commonly used plugging techniques include bridge plugging, cement slurry 
plugging, chemical polymer plugging, and composite plugging technologies[7]. These techniques 
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have achieved significant results in many engineering applications, yet they sometimes fail to 
effectively seal leaks in certain complex fractured formations. Consequently, developing effective 
plugging and anti-collapse agents has become a primary challenge in researching drilling in fractured 
formations[8]. Our research group has initiated studies on this issue and has designed a series of 
drilling fluid formulas for plugging and preventing collapse. However, these formulas cannot be 
directly applied in actual production for experimental purposes and require indoor experimental 
evaluation using testing devices to assess their sealing performance[9]. 

Due to the concealed nature of drilling operations, it is challenging to accurately analyze the behavior 
of drilling fluids underground at the construction site. Therefore, indoor experimental devices are 
essential for measuring relevant parameters. Over the years, drilling professionals have developed 
numerous drilling fluid performance evaluation devices to address the loss issues in fractured 
formations[10]. These devices include visual sand beds, API filter presses, high-temperature high-
pressure static water loss instruments, and mud plugging instruments[11-13]. They are used to 
experimentally test the rheological properties and filtration loss of drilling fluids, and the data 
obtained are used to evaluate the fluid's ability to treat well leaks. Existing devices each have their 
specific functions, and overall, most are capable of only static testing. However, dynamic observation 
of the sealing process by plugging agents can more effectively address leakage issues. 

Building upon existing devices, both domestically and internationally, the research objective of the 
device designed in this thesis is as follows: The cementing plugging agent performance evaluation 
device is capable of simulating pores of various sizes and shapes. It allows for the observation of 
different drilling fluid formulations during migration, particularly regarding their filtration loss 
through pores and their ability to seal the surface of fractures. After the sealing and consolidation are 
completed, the consolidated experimental samples can be removed for mechanical testing to evaluate 
the drilling fluid's ability to consolidate the rock. The research involves designing the overall structure 
of the device and the hydraulic operation circuit. It aims to simulate actual drilling parameters on a 
laboratory device, observing the sealing process on wellbore pores through either normal or reverse 
circulation of drilling fluid. The data reflected by the experimental device can be used to calculate 
parameters such as pore filtration volume and rate, completing the simulation analysis of fluid flow. 
The ultimate results will guide actual production, enabling the selection of the optimal drilling fluid 
formulation and reducing the occurrence of drilling accidents. 

2. The Structure Design of the Visual Evaluation Device for Plugging 
Fractured Formations 

In the drilling process, fractured formations are complex, and improper sealing and consolidation can 
lead to serious drilling accidents, endangering the life and health safety of workers[14]. The role of 
drilling fluid is crucial, often referred to as the "blood of drilling." During circulation, it forms mud 
cake on the wellbore walls, consolidating rocks and sealing pores to enhance the cohesive strength of 
the rock[15]. Therefore, the selection and evaluation of drilling fluids have always been a focal point 
of research. The cementing and plugging agent performance evaluation device designed in this paper 
can simulate real formation conditions in a laboratory setting and assess the performance of 
configured drilling fluids. The device aims to demonstrate the impact of different circulation 
processes on sealing and consolidation, while also enabling real-time observation of the rock 
consolidation process. 

2.1 Overall Structure Design 

The evaluation device consists of a main body, a simulated pore throat tube, and a simulated drill bit. 
The overall structure of the device is shown in Figure 1. The simulated pore throat tube is connected 
to the wellbore pipe via flange bolts, with three pore throat tubes arranged in three directions on the 
outside of the wellbore, allowing for multiple comparative experiments by inserting different rocks 
at the same height or the same rock at different heights in the pore throat tubes. Considering the needs 
of laboratory experiments, a flange bolt fixing mechanism is employed to ensure the stability of the 
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pore throat tubes and facilitate their removal after the experiment, as well as to ease the manufacturing 
process. A protrusion is set at the pore location for positioning, and a platform is designed for the 
connection between the pore throat tube and the main body structure to facilitate positioning. The 
pore throat tube, comprising the simulated pore and a transparent tube, is connected via bolts, and its 
connection with the main body is made using a flange connection. The circular flange is welded onto 
the main body, and holes around the flange secure the entire pore throat tube. To facilitate the filling 
of rocks, an internal thread screw is used to ensure a tight fit between the pore throat tube and the 
wellbore wall. A pressure gauge is connected at the end of the pore throat tube, and a sealing ring is 
placed on the sealing cap to achieve an interference fit with the pore throat tube, ensuring no overflow 
of drilling fluid during the flow process, thus maintaining the accuracy of the experimental results 
and the safety of the experiment. Pore discs of varying mesh sizes can be selected as needed, allowing 
for the insertion of rock cuttings or sand into the pore tubes. 

The simulated wellbore pipe and the simulated pore throat tube both have cylindrical exteriors and 
interiors. At one end of the two tubes, a water inlet cap is connected, with a large central hole 
accommodating the central tube that simulates the drill pipe. When inserting the central tube, 
considering the stability of the device during experiments, a groove is set at the bottom of the wellbore 
pipe to secure the central tube, ensuring that the central tube and the wellbore pipe are concentric. 
Additionally, the central tube should be equipped with radial sealing rings and sealed at both ends of 
the cap to prevent drilling fluid from leaking at the water inlet under pressure, which could affect the 
experimental results. One end of the central tube is connected to the wellbore pipe with a water inlet, 
where the flow direction of the drilling fluid, either in normal or reverse circulation, is controlled 
through hydraulic methods. A flow meter is attached to each water inlet to observe the inflow and 
outflow of the drilling fluid, enabling the calculation of the overall fluid loss. Similarly, flow meters 
are connected to each simulated pore throat tube, allowing for the measurement of fluid loss from 
each individual pore. 

 

 
Figure 1. the structure design of the visual evaluation device for plugging fractured formations. (1-

the side cover to the central tube; 2-central tube; 3-visual pore tube; 4-the side cover to the pore 
tube; 5-pressure sensor connector; 6-wellbore tube; 7-base; 8-simulated pore; 9-fluid income 

connector) 
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2.2 Operating Principle of the Device 

The central tube is fixed to the wellbore pipe using bolts, washers, and nuts. An annular radial sealing 
ring is added between the central tube and the wellbore pipe to prevent radial leakage of fluid. A step 
is created at the connection point of the two tubes, where two axial sealing rings are placed for easy 
assembly and to ensure sealing and concentricity. Considering the alignment of the central tube with 
the wellbore pipe, a groove is set at the lower end of the wellbore pipe to ensure concentricity, and a 
water inlet is set at the lower end of the central tube to simulate real conditions. The cap of the central 
tube at the top of the device is connected in the same manner as the central tube and wellbore pipe, 
with a step and a radial sealing ring at the cap and central tube junction to prevent water spillage. The 
central hole on the cap of the central tube has a diameter of 40mm with internal threading, fitting a 
standard pipe connector with an opening diameter of 40mm on one end and 24mm on the other. The 
pipe connectors connected to the upper opening on the outside of the wellbore pipe and the bottom 
opening of the device have the same size and connection method as the pipe connector on the cap of 
the central tube. The pore throat tubes are connected to the wellbore pipe via a flange plate, and the 
connection between the pore throat tube and the flange plate is fixed with embedded countersunk 
cross screws. The fixing method of the side cover of the pore throat tube is the same as that of the 
central tube cap, connected by bolts. A 16mm diameter hole with internal threading is set in the 
middle of the pore throat tube side cover, and a standard pipe connector with one end diameter of 
16mm and the other end diameter of 12mm is used for the connection. 

 

 
Figure 2. the assembly of the visual pore tube (1-pore plate; 2-visual tube; 3-side cover; 4-stress 

sensor connector) 

 

As illustrated in Figure 2, during the experiment, the side cover of the porous tube is removed, and 
rock samples simulating fractured strata are placed into the porous tube. A sealing cap is then installed 
via a positioning device, and the sinking screw is tightened. The joints on one side of the porous tube 
and the central tube are connected to an overflow valve and a pressure gauge to facilitate pressure 
output. Additionally, a pressure gauge is attached to the water inlet. Prior to the commencement of 
the experiment, pressure calibration is conducted with clean water to ensure that the pressure inside 
the porous tube is consistent with that inside the wellbore. After calibration, drilling fluid is 
introduced. The upper end joint is connected to the water inlet pipe, allowing drilling fluid to flow 
into the device. The water inlet and outlet pipes at the upper end are linked to a four-way three-
position reversing valve, which controls the circulation pattern of the drilling fluid. 

When the reversing valve is adjusted for forward circulation of the drilling fluid, the fluid enters 
through the central tube, exits from the bottom water outlet, and returns upward through the annulus 
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between the central tube and the wellbore casing. During this return, a portion of the drilling fluid 
enters the transparent tube through the pores of the simulated porous tube, while the remainder returns 
to the drilling fluid reservoir, completing one cycle. Conversely, when the valve is adjusted for reverse 
circulation, the drilling fluid enters through the annulus, with a portion entering the transparent tube 
through the pores and the rest exiting from the bottom water outlet, returning upward through the 
central tube to the drilling fluid reservoir, thus completing a cycle. 

Initially, the connected pressure gauges indicate identical pressures in both the overall annulus and 
the porous tube. As the drilling fluid passes through the pores, it consolidates the rock samples and 
forms a mud cake at the pore sites, eventually resulting in a lower pressure in the porous tube than in 
the annulus. By observing the pressure gauges, the commencement of pore plugging is indicated when 
the porous tube pressure starts to fall below the annular pressure. When the pressure differential 
stabilizes, it signifies the completion of plugging. During the experiment, the real-time consolidation 
of the drilling fluid can be observed through the transparent tube or recorded with a camera installed 
outside the porous tube. Upon completion of the experiment, the residual drilling fluid inside the 
device is drained through an outlet at the bottom, and the device is cleaned. The porous tube can also 
be removed to measure the thickness of the mud cake on the porous network and the amount of fluid 
loss. 

2.3 The Design of Hydraulic System 

 
Figure 3. Hydraulic control system of the device 

 

The apparatus employs a hydraulic system to control the overall pressure state and fluid circulation 
within the device. The real-time plugging of the drilling fluid is characterized based on changes in 
pressure, with pressure gauges connected to both the simulated porous tube and the wellbore casing. 
During the initial influx of drilling fluid, the internal pressure of the device is in a rising phase. At 
this stage, when the pores have not yet been plugged, the pressure in the porous tube aligns with the 
wellbore pressure, resulting in no pressure differential as indicated by the pressure gauges. However, 
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as time progresses, the drilling fluid gradually plugs the pores and consolidates the rock. Once the 
pores are sealed, the pressure stabilizes and a pressure differential is established relative to the 
wellbore pressure. This pressure difference can be used to assess the effectiveness of the plugging. 
Additionally, the pressure curves can be observed in real-time by connecting the system to a computer. 

To facilitate the normal circulation of drilling fluid, the hydraulic system requires components such 
as a mud pump, a drilling fluid reservoir, reversing valves, speed control valves, check valves, and 
overflow valves. The simplified circuitry of the hydraulic system is depicted in Figure 3. The drilling 
fluid is driven by the mud pump from the upper end of the apparatus into the simulated wellbore. The 
flow direction of the drilling fluid is alternated using a four-position three-way reversing valve, with 
the central position of the valve employing a pressure-holding circuit to achieve both forward and 
reverse circulation of the drilling fluid. After circulating through the simulated stratum and 
completing a cycle within the wellbore, the drilling fluid returns to the reservoir via a pressure 
reducing valve. During the construction of the hydraulic system, the installation of the overflow valve 
and the speed control valve is crucial for the normal operation of the apparatus. The adjustment of 
the overflow valve ensures the stability of the overall hydraulic circuit pressure. Meanwhile, the speed 
control valve is used to regulate the flow rate of the drilling fluid within the device. 

3. The Simulation and Analysis of Drilling Fluid Flow in the Device 

Validating the effectiveness of equipment is a prerequisite for production and processing. To achieve 
this, the relevant fluid parameters, based on actual working conditions, should be set and imported 
into Fluent software. The first step involves calculating the basic parameters of the drilling fluid. 

3.1 Fluid Dynamics Analysis of Drilling Fluid Flow in Pipes 

In the flow dynamics within the drilling fluid apparatus, two primary flow patterns emerge: laminar 
and turbulent. The laminar state of drilling fluid is preferable for its superior capacity to carry rock 
cuttings and its minimal impact on wellbore integrity. Therefore, the setting of the drilling fluid pump 
should be calibrated to maintain a laminar flow within the evaluation device. Fluid mechanics 
principles dictate that when the Reynolds number (Re) exceeds 13800, the flow state of the drilling 
fluid within the device is turbulent; conversely, when Re is less than 2320, the flow is laminar. 
Treating the drilling fluid as a Bingham plastic, turbulent flow is observed when the composite 
Reynolds number exceeds 2000. From this, a formula for calculating the critical flow velocity of 
drilling fluid can be derived[16]: 

 

 𝑣௖௥௜௧௜௔௟ =
ଵ଴ఎುೇାଵ଴ඥఎುೇ

మାଶ.ହଶ×ଵ଴రఘఛబ(஽ିௗ)మ

ఘ(஽ିௗ)
                      (1) 

 

In the equation, 𝑣௖௥௜௧௜௔௟ represents the critical velocity, measured in centimeters per second (cm/s). 
The term 𝜂௉௏  denotes the plastic viscosity of the drilling fluid, with its unit being millipascal-seconds 
(mPa·s). The symbol τ signifies the yield stress, measured in pascals (Pa). The parameter ρ indicates 
the density of the drilling fluid, which is measured in grams per cubic centimeter (g/cm³). The variable 
D corresponds to the inner diameter of the wellbore casing, measured in centimeters (cm), while d 
represents the outer diameter of the central pipe, also in centimeters (cm). 

The pump volume of the drilling fluid can be determined based on the formula[17]: 

 

 𝑄 = 𝑚
గ

ସ
(𝐷ଶ − 𝑑ଶ)𝑣ଵ                          (2) 

 

Q represents the pump volume of the drilling fluid, measured in cubic meters per minute (m³/min). 
v1 is the return speed of the drilling fluid in the annulus between the wellbore casing and the central 
pipe, measured in meters per minute (m/min). D denotes the inner diameter of the wellbore casing, 
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measured in meters (m). d signifies the outer diameter of the central pipe, also measured in meters 
(m). m is the coefficient accounting for the uneven return speed caused by the irregularities between 
the wellbore casing and the central pipe, with values ranging from 1.03 to 1.1. 

For the relevant parameters of drilling fluid, the formula developed by our research team for dealing 
with well leakage problems in fractured strata is employed. This plugging and collapse-prevention 
drilling fluid formula consists of a solution made with phosphoric acid, sodium silicate, and lithium 
silicate. The experimentally measured density of the drilling fluid is 1.17 g/cm³, the yield stress is 1.4 
Pa, and the plastic viscosity is 19 mPa·s. The simulated wellbore casing in the device has an inner 
diameter of 256 mm, and the outer diameter of the central pipe is 250 mm, with a simulated wellbore 
length of 600 mm. Based on Formula (1), the critical return velocity in the annulus, v critical, is 
calculated to be 173.6 cm/s. Taking m as 1.1, the pump volume of the drilling fluid, Q, is calculated 
to be 24 L/min according to Formula (2). 

Due to the presence of pores in the simulated wellbore section, there will be a pressure loss. Treating 
the drilling fluid as a Bingham plastic, the pressure loss within the device can be calculated according 
to Formula (3)[17]: 

 

 Δ𝑝 =
଼ఎொ௅

௥ర
                               (3) 

 

In the formula, η represents the plastic viscosity of the drilling fluid, Q is the pump volume of the 
drilling fluid, L is the length of the wellbore, and r is the radius of the wellbore. Substituting the 
plastic viscosity η=19 mPa·s, the wellbore length L=600 mm, the wellbore radius r=128 mm, and the 
drilling fluid pump volume Q=24 L/min into Formula (3), the pressure loss in the wellbore, Δp, is 
calculated to be 141.79 Pa. During the experimental process of the device, the pressure inside the pipe 
is maintained between 0.7-1 MPa, thus a pump pressure of 1 MPa can be selected. 

3.2 Simulation of Drilling Fluid Flow in Pipes 

 
Figure 4. Velocity distribution cloud diagram in the Y-axis direction 
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Figure 5. Radial velocity distribution cloud diagram 

 

 
Figure 6. Reynolds number distribution cloud diagram 

 

The Reynolds number distribution cloud diagram reveals a correlation between the Reynolds number, 
flow velocity, and diameter. According to Bernoulli's equation, as the cross-sectional area through 
which a liquid flows decreases, its velocity increases. At the lower nozzle section, the cross-sectional 
area of the drilling fluid flow undergoes an abrupt reduction, leading to a sudden increase in velocity 
and, consequently, a dramatic change in the Reynolds number. The cloud distribution in the image at 
the nozzle section aligns with the actual Bernoulli equation, confirming that the established model 
fundamentally meets the requirements. 

Figure 4 primarily examines the axial flow velocity of the drilling fluid in the annulus. The velocity 
at the inlet is significantly lower than at the annulus outlet, attributable to the substantial difference 
in cross-sectional area between the inlet and the annulus as described by Bernoulli's equation. This 
difference results in a proportionate increase in velocity: the inlet velocity is 0.0815 m/s, while the 
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simulated outlet velocity of the annulus is 0.7161 m/s. Calculating the ratio of these areas confirms 
that both adhere to the computed results. In design considerations, the substantial disparity in inlet 
and outlet velocities leads to variations in pressure. This necessitates further analysis using pressure 
cloud diagrams to assess potential weak points in the apparatus that could affect performance and 
safety. Figure 5, depicting the radial velocity distribution cloud diagram, focuses on observing the 
simulated velocity distribution in pore tubes. With the maximum simulated value at 0.6553 m/s, it is 
essential to consult pressure cloud diagrams for a comprehensive analysis. 

 

 
Figure 7. Overall pressure distribution cloud diagram 

 

 
Figure 8. Wall shear stress distribution cloud diagram 

 

As indicated by Figures 7 and 8, it is observed that at the initial diameter change at the nozzle section, 
the overall pressure and shear stress are at their maximum. The highest pressure at the simulated pore 
tube outlet is near the nozzle. This is attributed to the impact of the drilling fluid, which has a high 
viscosity and contains certain particles, on the nozzle, the trough below the nozzle, and the bottom of 
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the wellbore. Additionally, the bottom of the wellbore forms a right angle, leading to stress 
concentration, thus these areas experience greater stress. This phenomenon also explains the principle 
behind the wear of drilling tools, significantly impacting the efficiency of practical engineering 
projects. In the design of experimental apparatuses, it is crucial to consider modifications based on 
these weak areas. 
 

 
Figure 9. Pressure cloud diagram and trace result graph 

 

 
Figure 10. Trace line distribution diagram at the nozzle 
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From the aforementioned diagrams, it is observed that as the drilling fluid flows through the apparatus, 
the majority of the flow lines entering the pore tube are concentrated in the upper part of the tube. 
This results in higher pressure in the upper section, with most of the weak areas being located on the 
upper part of the flange plate. Based on the distribution diagram at the nozzle, there are also weak 
areas around the simulated drill bit near the nozzle. Therefore, improvements should be made to the 
relevant parts of the design to enhance the apparatus's stability when operating under long-term high-
temperature and high-pressure conditions. 

3.3 Modification of the Design of the Device Structure 

In the analysis of section 3.2, it was observed that the upper half-side of the simulated pore tube 
experiences higher pressure. Consequently, adjustments are proposed for the flange connection 
illustrated in the subsequent figure. The initial design did not account for the fact that the holes in the 
porous plate and those in the flange are significantly distanced from the central axis and are closer to 
the boundaries, predisposing them to stress concentration and an increased risk of rupture. To mitigate 
this issue, two modifications are suggested: firstly, enlarging the diameter of the holes to increase 
their distance from the boundaries, thereby reducing stress concentration; secondly, enhancing the 
thickness to strengthen the connection. These design changes aim to improve structural resilience and 
reduce the potential for failure. 
 

 
Figure 11. Flange Connection Point 

 

The connection point between the porous plate and the porous tube also exhibits stability issues. To 
address this, a step is designed at the porous plate, and an axial sealing ring is added at the raised part 
of the step. The sealing ring is tightly fitted to the porous tube using an interference fit, enhancing the 
sealing of the apparatus. This allows pressure to be evenly distributed across the entire annular cross-
section of the porous tube, rather than being concentrated solely in the upper half. Additionally, this 
design aligns the porous plate and tube concentrically, reducing vibration during equipment operation 
and prolonging the lifespan of the threaded area of the porous tube. 
 

 
Figure 12. Fixation of the Porous Plate 
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Rounded corners are established at the bottom of the well casing to prevent stress concentration at 
right angles, thereby avoiding the occurrence of material fractures due to stress concentration under 
conditions of high stress and vibration. 

 

 
Figure 13. The bottom of the wellbore 

 

To mimic the actual conditions of the drill bit, the thickness of the drill bit matrix is appropriately 
increased, incorporating a certain degree of inner blades. This approach not only enhances the drill 
bit's resistance to abrasion but also more effectively simulates the actual conditions of the drill bit. 

 

 
Figure 14. The drilling bit 

 

In addition to modifying specific parts of the apparatus, considering the overall distribution of its 
weight, it is necessary to add supports at the porous tube locations to uphold the side walls and reduce 
their downward deformation tendency. In the process of improving the apparatus, enhancements 
should be made not only in terms of its dimensions and connection methods but also by appropriately 
increasing the apparatus's stability under the overall external environment, as well as the 
reasonableness and convenience of these improvements. 
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4. Conclusion 

To effectively validate the sealing performance of the drilling fluid formula designed, the preferred 
formula is deployed in a field experiment. This paper introduces a novel performance evaluation 
device for sealants in fractured strata cementation. Using this test device, indoor experiments are 
conducted to assess the sealing capability of the formula. The research conducted in this paper 
includes the following: 

(1) By referring to the working principles of existing sealant performance evaluation devices, we 
understand how these devices test sealant performance. The design of the overall structure of the 
performance evaluation device for sealants in fractured strata cementation and the construction of the 
hydraulic system for each actuator are completed using fundamental principles of fluid mechanics, 
mechanical design, and hydraulic transmission. 

(2) A detailed analysis of the assembly and working principles of each component of the performance 
evaluation device is conducted. The design of the overall structural dimensions and the selection of 
component sizes are completed, along with an introduction to the selection of materials for the 
device's construction. 

(3) The fluid dynamics analysis of the drilling fluid's flow state within the device is completed. The 
required pump volume and the pressure loss in the simulated wellbore when the drilling fluid is in a 
laminar flow state are calculated. 
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