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Abstract: Lost circulation is one of the most common and costly problems in drilling 

operations. Improving the wellbore strengthening by plugging drilling induced 

fractures using rotary jet method is a novel and effective method to mitigate lost 

circulation. A stress analysis model based on elastic-plastic mechanics was established 

to reveal the wellbore strengthening mechanism of rotary jet plugging while drilling. 

The structure of rotary jet tool was proposed and mixture multiphase flow model was 

adopted to optimize the structure of the modulation unit of rotary jet. The field tests of 

engineering prototype were carried out in 8½″ interval of three wells. Satisfactory 

plugging results verify the effectiveness of rotary jet plugging and wellbore 

strengthening technology. 
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1 Introduction 

Lost circulation has been identified as one of the major causes of non-productive time 

and increase of drilling cost, especially in deep-water drilling (Carpenter, 2014). 

Reports show that 12% of the non-productive time in shelf drilling of Gulf Mexico was 

related to lost circulation, which is responsible to 10% to 20% of the cost during the 

whole drilling cycle (Wang et al., 2019). Worldwide, the impact of lost circulation on 

well construction is estimated at 2 ~ 4 billion dollars annually in lost productive time, 

lost drilling fluid, and materials used to prevent the losses (Feng and Gray, 2017). To 

slove lost circulation problems, the primary considerations are to clog fluid loss channel 

and prevent fractures from further propagation or strengthen the wellbore wall. Most 

common plugging and remedial wellbore strengthening involve using particle lost 

circulation materials in drilling fluid to prop, bridge or seal the fractures by use of lost 

circulation materials in drilling fluid. According to whether the drilling operation stops 

during circulating the drilling fluid with particles, these technologies can be divided 

into two categories: stop-drilling plugging and plugging while drilling. Compared with 

stop drilling plugging, plugging while drilling tremendously saves the drilling costs and 

has become a research hotspot in recent years. 

Both stop-drilling plugging and plugging while drilling take advantage of the 

pressure difference between the annulus and the pore pressure of the leakage zone to 

squeeze the particle materials into the leakage zone. The key issue is whether the size 

of the material matches the crack size of the leakage zone, which is the reason for many 

scholars focusing on the formula and interaction mechanisms of particle drilling fluids 

(Fuh et al., 2007). Due to the randomness of the particle material entering the crack and 

the speed of the material entering into the crack depending on the pressure difference, 

the required time and results of plugging are very unstable. For that reason, a 

reinforcement method of plugging while drilling by utilizing rotary jet to accelerate the 

plugging agent entering and quickly seal the leakage formation was proposed (see Fig. 

1): A rotary jet modulation tool with two nozzles on its side wall is directly mounted 
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over the drill bit. A diffused jet with three-dimensional velocity erupts out the nozzles 

and accelerates the particle materials in the annulus impacting and entering the leakage 

formation, so as to realize rapid and efficient sealing of the leakage crack at the crack 

entrance and further improving the pressure-bearing capacity of the wellbore wall. 

Compared with straight flow, the rotating jet has the characteristics of larger impact 

area in a short distance, no center constant velocity core, more uniform pressure 

distribution, and strong entrainment ability, which are beneficial to protect wellbore 

wall and sealing the crack. 

 

Fig. 1.  Schematic diagram of rotary jet plugging technology while drilling. 

 

The main purpose of rotary jet technology while drilling is to strengthen the borehole 

wall. The wellbore strengthening mechanism is that the particle materials rapidly rush 

to the crack at different angles and quickly form sealing under the action of rotating jet. 

Then the crack is widened and the transmission of drilling fluid pressure to the crack 

tip is effectively isolated and the crack expanding is prevented. There have been a lot 

of researches on the use of plugging drilling fluid to strengthen borehole wall, mainly 

focusing on the formula of plugging drilling fluid and the selection and development of 

plugging materials. However, there is still no consensus on the fundamental 

mechanisms to explain how wellbore strengthening works. Wellbore strengthening 

techniques are generally theorized to work by either of the three mechanisms (Feng and 
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Gray, 2017; Mehrabian et al., 2015). 

(a) Fracture propagation resistance: Carefully conducted experimental investigations 

on lost circulation were conducted, and remarkable enhancements in the pressure-

bearing capacity of the wellbore due to wellbore strengthening treatments were 

observed in the DEA-13 project (Morita et al., 1990; Onyia, 1994), regarding the 

particle material seals at the tip of crack and proposed fracture propagation resistance 

theory. Fuh et al. (Fuh et al., 2007; Fuh et al., 1992; Morita and Fuh, 2012; Morita et 

al., 1988) researched the filtration characteristics of drilling fluid at tip of crack and 

thought the crack tip would stop extending when the velocity of drilling fluid flowing 

into the crack tip was less than the velocity of flowing from the crack tip to the reservoir, 

which was only applicable to the reservoir with high permeability. 

(b) Stress cage: With the development of plugging technologies, scholars began to 

realize that the use of reasonable drilling fluid technology can not only prevent lost 

circulation, but also strengthen the wellbore. Another experimental effort to investigate 

lost circulation and wellbore strengthening was the Global Petroleum Research Institute 

2000 (GPRI 2000) project conducted in the late 1990's (van Oort et al., 2011), several 

formulas of drilling fluid were developed to plug up the crack at the entrance of crack 

and strengthen the wellbore (Sweatman et al., 1999; Sweatman et al., 2004; Sweatman 

et al., 1997; Wang et al., 2008; Wang et al., 2005; Wang et al., 2007a; Wang et al., 2007b; 

Whitfill, 2008; Whitfill, 2005; Whitfill and Hemphill, 2003; Whitfill et al., 2007; 

Whitfill et al., 2006). Alberty and McLean (2001) proposed stress cage theory: the solid 

phase material in the drilling fluid entered into the crack and formed a blocking barrier 

near the crack entrance, which could block the transmission of drilling fluid pressure 

and fluid medium. The pressure in the crack gradually dissipated and finally tended to 

the pore pressure. The artificial spacer increased the circumferential stress of the 

wellbore wall while preventing the closure of the crack and strengthened the wellbore 

at last. Alberty and McLean (2004) used the finite element method to prove the increase 

of circumferential stress in the surface of crack and stress cage theory was proved to be 
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correct 

(c) Fracture closure stress (FCS): Dupriest et al. (2005; 2008) proposed the idea that 

improving the fracture closure stress was beneficial to wellbore strengthening. Their 

research suggested that the leakage cannot be controlled effectively by simple plugging, 

and the solid particle material must isolate the crack tip and sufficient crack width was 

necessary to obtain to make fracture closure stress higher than equivalent circulating 

density. Oort (2011) pointed out that the hypothesis of crack length and blockage depth 

in the stress cage theory lacked theoretical basis, and the FCS theory failed to explain 

the importance of plugging material strength and the poor treatment effect of low 

permeability formation. Nair and Abousleiman (2009) summarized the mechanical, 

thermal and chemical methods for improving the pressure-bearing capacity of the 

formation and thought the understanding of the mechanism of wellbore strengthening 

was still vague and the established model could not be widely confirmed by laboratory 

and field tests. 

Other scholars (Green and Sneddon, 1950; Palmer, 1993; Wang et al., 2009) 

discussed the problems of induced stress field, the non-uniform induced stress of cracks 

and multiple cracks. It can be seen from the above research on the wellbore 

strengthening mechanism that fracture propagation resistance theory assumed the solid 

particle materials sealed at the crack tip, which cannot be met due to the propagation of 

fluid pressure usually precedes that of fluid medium. Stress cage theory required that 

the sealing material should have mechanical strength to support the crack to keep open, 

meanwhile, it was also required that the sealing material could form the isolation layer 

with very low permeability in a short time. At present, there is no widely accepted 

theoretical explanation for the mechanism of improving the pressure-bearing capacity 

of the reservoir. The stress cage theory can explain the mechanism of wellbore 

strengthening by quickly sealing the crack entrance to some extent. Unfortunately, the 

presenter of the stress cage effect only put forward the perceptual explanation and its 

field application effect, but did not give the corresponding mathematical analysis. 
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This paper focuses on the rotary jet plugging technology while drilling. First, a 

mathematical model based on stress cage theory was established to analysis the effect 

of circumferential stress increment on collapse, fracture burst pressures at different 

positions of wellbore and the mud-weight window (MWW). Second, a structure of 

rotary jet tool was proposed and mixture multiphase flow model was adopted to 

optimize the structure of the modulation unit of rotary jet. Finally, the field tests of 

engineering prototype were carried out in three wells to verify the stability and 

effectiveness of the prototype. 

2 Mechanism of wellbore strengthening 

The following assumptions are adopted: (a) the rock is homogeneous linear elastic 

porous medium; (b) the crack is a vertical micro crack and biplane symmetrical 

distribution; (c) considering the symmetrical distribution crack shape into a part of the 

flat ellipse, as shown in Fig. 2. 

 

 

Fig. 2.  Stress analysis of sketch of stress cage. 

 

According to the continuum mechanics theory, the tangential stress unaffected by 

invading fluid or the presence of the fracture is given by the Kirsh equation (Lee et al., 

2004): 

𝜎𝜃 = 𝜎ℎ + [
1

2
(𝜎𝐻 + 𝜎ℎ) − 𝑃𝑤] (

𝑟𝑤

𝑟
)
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𝑟
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4
        (1) 

𝜎𝑟 = 𝑃𝑤                           (2) 

where 𝜎𝜃  is the circumferential stress; 𝜎𝐻  and 𝜎ℎ  are the maximum and 

minimum horizontal principal stresses, respectively; 𝜎𝑟 is the radial stress; 𝑟𝑤 is the 
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radius of wellbore; 𝑟 is the radial distance measured from the borehole centerline; 

𝑃𝑤 is the pressure in the borehole. 

If the fracture is vertical and propagates perpendicular to the minimum horizontal 

stress, in the vicinity of a vertical borehole the net pressure may be written as: 

∆𝑝 = 𝑝𝑓𝑟𝑎𝑐 − 𝜎𝜃                          (3) 

where ∆𝑝 is the net pressure; 𝑝𝑓𝑟𝑎𝑐 is the pressure inside the fracture. 

The goal of wellbore strengthen is to reduce net pressure by increasing closure stress 

(hoop stress enhancement mechanism) or decreasing the averaged traction applied at 

the fracture surface after seal-off the crack (propagation resistance mechanism) (Zhao 

et al., 2017). After the effect of rotary jet, a filter cake with different shape, location and 

intensity will be formed inside the crack depending on the size and property of the lost 

circulation material (LCM). Compared with the initial state of fracture (no filter-cake 

plugging with clear fluid), the filter cake formed by the proposed tool will conduct both 

mechanisms to reduce net pressure to strengthen the wellbore. Considering the 

uncertainty and complexity of the shape, location and intensity of the filter cake, it is 

difficult to calculated the pressure in the crack. At the same time, it is thought the crack 

heals itself after sealing by the plugging agent, and the crack opens again if lost 

circulation occurs, without paying attention to the morphology and extension of the 

crack. Therefore, only the influence of circumferential stress increment ∆𝜎𝜃  (i.e. 

closure stress increment) on the collapse, fracture burst pressures and the drilling mud-

weight window is analyzed. This closure stress increment ∆𝜎𝜃 increment is the result 

of filter cake and pressure distribution in the crack. Thus, Eq. (1) is converted to: 

𝜎𝜃 = (1 − 2cos2𝜃)𝜎𝐻 + (1 + 2cos2𝜃)𝜎ℎ − 𝑃𝑤            (4) 

The Mohre-Coulomb and the maximum tension stress criterions are adopted to judge 

the instability and fracture burst of the formation: 

𝜏0 =
𝜎1

2
(√𝑓2 + 1 − 𝑓) −

𝜎3

2
(√𝑓2 + 1 + 𝑓)               (5) 

𝜎𝜃 = −𝜎𝑡                           (6) 

where 𝜏0 is the cohesion of rock; 𝜑 is the internal friction angle; 𝜎𝑡 is the tensile 
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strength. 

Contrast the equations of wellbore stress component (2) and (4) with the Mohre-

Coulomb and maximum tension stress criterions, considering the influence of 

circumferential stress increment ∆𝜎𝜃 , the collapse and fracture burst pressures at 

different positions of borehole wall can be calculated by the following equations: 

𝑃𝑐 =
𝑓1[(1−2cos2𝜃)𝜎𝐻+(1+2cos2𝜃)𝜎ℎ+∆𝜎𝜃]−2𝜏0

𝑓1+𝑓2
                (7) 

𝑃𝑓 = [(1 − 2cos2𝜃)𝜎𝐻 + (1 + 2cos2𝜃)𝜎ℎ + ∆𝜎𝜃] + 𝜎𝑡          (8) 

where 𝜎𝑡  is the tensile strength of rock; 𝑃𝑐 , 𝑃𝑓  are the collapse and fracture burst 

pressures at different positions of borehole wall; 𝑓1 = √𝑓2 + 1 − 𝑓, 𝑓2 = √𝑓2 + 1 +

𝑓, 𝑓 = tan𝜑. 

Fig. 3 shows the effect of circumferential stress increment ∆𝜎𝜃 on the collapse and 

fracture burst pressures of the borehole Wall. The collapse and fracture burst pressure 

increase with increasing ∆𝜎𝜃 . The increase of fracture burst pressure is in favor of 

wellbore strengthening, while the increase of collapse pressure is bad for borehole wall 

stability. Fig. 4 shows the effect of ∆𝜎𝜃  on drilling mud-weight window under 

different in-situ stress anisotropy. From Fig. 4, the mud-weight window increases with 

increasing ∆𝜎𝜃  under different in-situ stress anisotropy. The mud-weight window 

increment (the difference between the MWW with and without ∆𝜎𝜃) increases with 

increasing ∆𝜎𝜃. 
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Fig. 3.  Effect of ∆𝜎𝜃 on collapse and fracture burst pressures. (a) Collapse pressure 𝑃𝑐; (b) 
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Fracture burst pressure 𝑃𝑓. (
𝜎𝐻

𝜎ℎ
 = 1.5, 𝜎ℎ = 50 MPa, 𝜏0 = 6 MPa, φ = 0.76 rad, 𝜎𝑡 = 2 MPa). 
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Fig. 4.  Effect of ∆𝜎𝜃 on drilling mud-weight window (MWW) under different in-situ stress 

anisotropy. (a) MWW; (b) MWW increment. 

 

Based on the above analysis, the most important effect of rotary jet modulated by the 

proposed tool is to accelerate the formation of filter cake. The crack is sealed and 

widened by the filter cake, which makes it more difficult to re-open by increasing the 

closure stress (i.e. hoop stress enhancement mechanism). On the other hand, the 

pressure behind the filter cake in the crack gradually reduces from the borehole pressure 

to the pore pressure, which is equivalent to improve the usable borehole pressure 

(propagation resistance mechanism) (Zhao et al., 2017). 

3 Rotary jet plugging tool 

3.1 Structure design 

The rotary jet plugging tool suitable for 8½″ borehole is designed in the High-pressure 

Water Jet Research Center of China University of Petroleum in China. The overall 

structure of the tool is shown in Fig. 5. The lower end of the tool with a 4½REG internal 

thread is designed to connected directly with the drill bit. The upper end of the tool with 

a 4½REG internal thread connects with drill-string. The outer and inner diameters of the 

tool are 160 mm and 75 mm, respectively. The outer diameter of the reinforce section 

ranges from 180 mm to 190 mm, and the side view of the reinforce section is a square 
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with side length of 140 mm. The length of the tool ranges from 450 mm to 500 mm. 

The lateral rotary jet nozzles are the core elements of the tool. The fixed guide vanes in 

the nozzles are selected as the way to generate the rotary jet, that is, the flow direction 

of drilling fluid is changed by the guide vane, so that the pure axial flow becomes a 

rotary jet with three-dimensional velocity. The lateral nozzle diameter is constrained by 

the hydraulic energy of drill bit, here, the lateral displacement accounts for 15% of the 

total displacement of drilling pump, i.e. the diameter of nozzle of rotary jet tool equals 

one half the diameter of drill bit nozzle 𝑑𝑟 = 0.5𝑑𝑏 . Other structural parameters: 

diameter of lateral liquid channel of rotary jet tool 𝐷 = 24 mm; length of exit section, 

contraction section and blade are 𝐿𝑜 = 5 mm, 𝐿𝑠 = 10 mm and 𝐿 = 16 mm; wheel 

hub diameter of blade 𝑑 = 8 mm; guided angle of the blade 𝛽 = 70° and the number 

of blades is three. The cone angle of the contraction section equals 80°. 

 

 

Fig. 5.  Schematic diagram of the rotary jet tool and nozzle. 

3.2 Optimization of structural parameters 

3.2.1 Numerical model 

The mixture multiphase flow model in Fluent software, which follow the Euler-Euler 

approach, were used to calculate the multiphase flow fields of the rotary jet with 

plugging particles. The relative velocity 𝑣⃗𝑞𝑝  between dispersed phase and primary 

phase is given by  

javascript:;
javascript:;
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𝑣⃗𝑞𝑝 = 𝜏𝑞𝑝𝛼⃗                             (9) 

𝛼⃗ = 𝑔⃗ − 𝑣⃗𝑚 ∙ ∇𝑣⃗𝑚 −
𝜕𝑣⃗⃗𝑚

𝜕𝑡
                         (10)

 

𝜏𝑞𝑝 =
(𝜌𝑚−𝜌𝑝)𝑑𝑝

2

18𝜇𝑞𝑓𝑑
                           (11) 

where 𝛼⃗ is the acceleration of a dispersed bubble, m/s2; 𝜏𝑞𝑝 is the relaxation time of 

a dispersed bubble, s; 𝑓𝑑 is the drag force, N. 

Based on the continuity equation of the primary phase, the volume fraction equation 

of bubbles is given as 

𝜕

𝜕𝑡
(𝛼𝑝𝜌𝑝) + ∇ ∙ (𝛼𝑝𝜌𝑝𝑣𝑚) = −∇ ∙ (𝛼𝑝𝜌𝑝𝑣𝑑𝑟,𝑝)                (12) 

where 𝛼𝑝  is the volume fraction of the bubble. The mean quality velocity 𝑣⃗𝑚  is 

defined as 𝑣⃗𝑚 =
∑ 𝛼𝑘𝜌𝑘𝑣⃗⃗𝑘

𝑛
𝑘=1

𝜌𝑚
, m/s. The drift velocity 𝑣⃗𝑑𝑟,𝑝 is given by 𝑣⃗𝑑𝑟,𝑝 = 𝑣⃗𝑝 −

𝑣⃗𝑚, m/s. 

The 𝑘 − ε  model is utilized to illustrate the turbulence and close the equations, 

which is appropriate for compressible fluid flow. 

{

𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑗

𝜕𝑘

𝜕𝑥𝑗
− (𝜇 + 𝜇𝜏)

𝜕𝑘

𝜕𝑥𝑗
) = 𝜏𝑡𝑖𝑗𝑆𝑖𝑗 − 𝜌𝜀 + 𝑄𝑘

𝜕(𝜌𝜀)

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑗𝜀 − (𝜇 +

𝜇𝜏

1.3
)

𝜕𝜀

𝜕𝑥𝑗
) = 1.45

𝜀

𝑘
𝜏𝑡𝑖𝑗𝑆𝑖𝑗 − 1.92𝑓2𝜌

𝜀2

𝑘
+ 𝑄𝜀

    (13) 

where 𝜏𝑡𝑖𝑗 = 2𝜇𝜏 (𝑆𝑖𝑗 −
𝑆𝑛𝑛𝛿𝑖𝑗

3
) − 2𝜌𝑘𝛿𝑖𝑗/3  and the eddy viscosity 𝜇𝜏 =

0.09𝑓𝑢𝜌𝑘2/𝜀 . The near wall attenuation functions are given as 𝑓𝑢 =

𝑒(−3.4/(1+0.02Re𝑡)2)  and 𝑓2 = 1 − 0.3𝑒(−Re𝑡
2) , where Re𝑡 =

𝜌𝑘2

𝜇𝜀
 . The wall terms are 

given as 𝑄𝑘 = 2𝜇(
𝜕√𝑘

𝜕𝑦
)2  and 𝑄𝜀 = 2𝜇

𝜇𝜏

𝜌
(

𝜕2𝜇𝜀

𝜕𝑦2 )2 . 𝑆𝑖𝑗  stands for the mean-velocity 

strain-rate tensor, and 𝛿𝑖𝑗 stands for the Kronecker delta (Stoesser and Nikora, 2008). 

Simple arithmetic is adopted to solve the coupling of pressure and velocity. The inlet 

boundary is velocity inlet and the inlet velocity is 7 m/s (corresponding to displacement 

of 30 L/s). The volume fraction of particle phase of CaCO3 is 5%. The outlet boundary 

is pressure outlet and the outlet pressure is 20 MPa. Considering the symmetry of the 

rotary jet plugging tool, take one half as computing area and use a polyhedron for mesh 
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division and add a boundary layer. The total number of grids is 5870,275 (see Fig. 6). 

 

 

Fig. 6.  Boundary conditions and meshing of one half the rotary jet tool. 

 

3.2.2 Flow field characteristic 

The effect action area and the additional impact pressure of the rotary jet were selected 

as the optimal indexes, and the dimensions of several important parameters (see Fig. 5, 

including: blade rotation angle γ, blade length L, contraction section length 𝐿𝑠, nozzle 

diameter 𝑑𝑟 and lateral channel diameter D) of the rotary jet modulation tool were 

optimized by numerical simulation. The diameter of the lateral channel was fixed D = 

24 mm and the remaining four parameters were analyzed through orthogonal test, as 

shown in Table 1. The pressure field contour of the lateral rotary jet impacting the 

borehole was shown in Fig. 7. It can be seen from Fig. 7, the additional impact pressure 

of rotary jet on borehole wall is less than 1.5 MPa. Considering that the safety window 

of drilling pressure is greater than 10MPa in most cases, we can conclude that the 

impact pressure of the rotary jet will not damage the borehole wall under simulating 

parameters. In addition, the action areas all exceed 250mm2, which satisfy the 

requirement that the action radius exceeds 6mm. Except for the fourth and the eighth 



 

 13 / 24 

groups forming ring action regions, the results of other groups were all within a 

reasonable range. The reason for the ring action regions is that the curl of the rotary jet 

is relatively large, which can be improved by reducing the guide angle of blade 𝛽 (by 

reducing the blade rotation angle γ or increasing the blade length L) or the cone angle 

of the contraction section (by increasing the length of the contraction section 𝐿𝑠). 

 

Table 1  Orthogonal design table and simulation results. 

No. γ (°) 𝐿 (mm) 𝐿𝑠 (mm) 𝑑𝑟 (mm) 

Action 

area 

(mm²) 

Highest 

impact 

pressure 

(MPa) 

1  150° 14  10  6  258.11 21.22 

2  150° 16  12  7  318.88 21.12 

3  150° 18  14  8  375.12 20.98 

4  180° 14  12  8  451.15 20.31 

5  180° 16  14  6  250.64 21.45 

6  180° 18  10  7  341.46 20.82 

7  210° 14  14  7  373.41 20.38 

8  210° 16  10  8  443.27 20.31 

9  210° 18  12  6  256.83 21.19 
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Fig. 7.  Pressure contour of the lateral rotary jet impacting the borehole wall (> 20.1 MPa was 

chosen as the effective action area). 

 

The range analysis was carried out with the action area and additional impact 

pressure as indicators respectively, and obtained the influence of factors increased in 

the order of contraction section length 𝐿𝑠, blade length L, blade rotation angle γ, and 

nozzle diameter 𝑑𝑟. The optimal assembly of structure parameters is 𝑑𝑟 = 7 mm, φ 

= 150°, 𝐿 = 14mm and 𝐿𝑠 = 12mm. Next, the influence of lateral channel diameter 
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on the action area and impact pressure was investigated by controlling variables. The 

experimental scheme and simulation results were shown in Table 2 and Fig. 8. It can be 

seen from the simulation results that the action area decreased and the additional impact 

pressure increased with increasing lateral channel diameter. 

 

Table 2  Effect of rotary jet under different lateral channel diameter. 

No. D (mm) Action area (mm²) 
Highest impact 

pressure (MPa) 

1 24 334.26 20.77 

2 26 318.83 21.07 

3 28 314.23 21.36 

 

 

Fig. 8.  Pressure contour of the lateral rotary jet impacting the borehole wall under different 

lateral liquid channel diameter (> 20.1 MPa was chosen as the effective action area). 

 

The influence law of five main structural parameters on the action area and additional 

impact pressure of rotary jet is shown in Table 3. From the perspective of reducing the 

water power consumption of drill bit, the lateral channel diameter is better to take a 

smaller value. Meanwhile, we need larger lateral channel diameter to improve the 
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additional impact force. The lateral channel diameter is set as D = 26 mm through 

comprehensive consideration. According to above structural parameters, an 

engineering prototype of rotary jet plugging toll is developed 35CrMo alloy steel, as is 

shown in Fig. 9. 

Table 3  Influence of main structural parameters on the jet effect. 

Factors Action area 
Additional impact 

pressure 

Blade rotation angle γ ↑ ↑ ↓ 

Blade length L ↑ ↓ ↑ 

Contraction section length 𝐿𝑠 ↑ ↓ ↑ 

Nozzle diameter 𝑑𝑟 ↑ ↑ ↓ 

Lateral channel diameter D ↑ ↓ ↑ 

 

 

Fig. 9.  Engineering prototype of rotary jet plugging tool. 

4 Field tests 

The field tests of engineering prototype were carried out in 8½″ interval of three wells: 

Dingbei 30, Fuping exploratory well 1 and LP14H of Shengli oilfield in Bohai Bay 

Basin of China. The stratum formation and drilling parameters of test wells are shown 

in Table 4. The bottom hole assemblies of well Dingbei 30 and Fuping 1 are the same: 

a PDC drill bit 215.9 mm in diameter + Rotary jet tool 178mm in diameter + a non-

magnetic drill collar 177.8 mm in diameter + a helical centralizer 214 mm in diameter 

+ seven drill collars 177.8 mm in diameter + thirty heavy weight drill pipe 127 mm in 
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diameter + a lot of drill pipe 127 mm in diameter. The bottom hole assembly of well 

LP14H is: a PDC drill bit 215.9 mm in diameter + Rotary jet tool 178mm in diameter 

+ a back-pressure valve + a non-magnetic drill collar 177.8 mm in diameter + a drill 

collar 177.8 mm in diameter + a helical centralizer 214 mm in diameter + eight drill 

collars 177.8 mm in diameter + seventeen heavy weight drill pipe 127 mm in diameter 

+ a lot of drill pipe 127 mm in diameter. The components of drilling fluid for preventing 

lost circulation of the three wells are the same: 5% SDL (150 mesh) +5% SQD-98 (180 

mesh) + 5% SQD-98 (120 mesh) + 5% walnut shell (10 mesh) + 3% walnut shell (5 

mesh) + 2% asphalt + 5% QS-2 (400 mesh). 

 

Table 4  Stratum information and drilling parameters of test wells. 

Well name Dingbei 30 Fuping 1 LP14H 

Test interval (m) 3095~3546 2025~2374 2959~3213 

Test stratum 

Liujiagou, 

shiqianfeng and 

shihe blocks 

Liujiagou block 

Liujiagou and 

shiqianfegn 

blocks 

Drilling 

parameter 

WOB (KN) 120~140 80~120 60~120 

Displacement (L/s) 32 30~34 28~31 

Stand pipe pressure 

(MPa) 
15 11 13 

Rotate speed (r/min) 60 80 50~70 

Density of drilling fluid (g/cm3) 1.23 1.25 1.26 

Maximal temperature (℃) 90 63 75.2 

Circulation time (h) 131.5 113 63.75 

Drilling time (h) 113 89 52.84 

 

The pressure-bearing capacity of test wellbores after using rotary jet plugging 

technology are shown in Fig. 10. In order to test the wellbore strengthening effect of 

rotary jet tool, a higher drilling fluid density was used in the three test wells. The density 

of drilling fluid of well Dingbei 30 in test interval was 1.23 g/cm3 and no lost circulation 

happened. In contrast, the lost circulation happened when the drilling fluid density 

equaled 1.02g/cm3 in the same stratum of offset well Dingbei 28, which was 3320 m 

from well Dingbei 30 as the crow flies. The density of drilling fluid of well Fuping 1 in 

test interval was 1.25 g/cm3 and no lost circulation happened, in contrast, the lost 
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circulation happened when the drilling fluid density equaled 1.02g/cm3 in the same 

stratum of offset well Fugu 7, which was only 7 m from well Fuping 1 as the crow flies. 

And the density of drilling fluid of well LP14H in test interval was 1.26 g/cm3 and no 

lost circulation happened, in contrast, the lost circulation happened when the drilling 

fluid density equaled 1.02 g/cm3 in the same stratum of offset well LP1T, which was 

only 4510 m from well LP14H as the crow flies. The application results of the three 

wells indicated that the rotary jet plugging tool could be used over 130 hours without 

maintenance, which verified the reliability of the tool. On the other hand, no lost 

circulation happened after improving the density of drilling fluid to a relatively high 

level, which verified the wellbore strengthening was improved by usage of rotary jet 

tool. It's important to note that the improvement of drilling fluid density was limited to 

the 0.21 ~ 0.24 g/cm3
 range mainly due to the negative effect of high density on rate of 

penetration and the risk of well leak. 

1.02

1.23

1.02

1.25

1.02

1.26

Offset 1: Dingbei 28

Test 1: Dingbei 30

Offset 2: Fugu 7

Test 2: Fuping 1

Offset 3: LP1T

Test 3: LP14H

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Drilling fluid density (g/cm3)

 

Fig. 10.  Pressure-bearing capacity of test wellbore after using rotary jet plugging technology. 

Conclusions 

The mechanism and application of mitigating lost circulation and wellbore 

strengthening of rotary jet while drilling were studied in this paper, the following 

conclusions were obtained: 

(1) A stress analysis model based on elastic-plastic mechanics was established to 

reveal the wellbore strengthening mechanism of rotary jet plugging technology while 
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drilling: the particle materials rapidly rush to the crack at different angles, enrich at the 

crack entrance and quickly form sealing under the action of rotating jet. The 

transmission of drilling fluid pressure to the crack tip is effectively isolated and the 

crack expanding is prevented. The existence of circumferential stress increment makes 

the stress of the crack surface increases and the borehole wall more stable due to ‘stress 

cage effect’. 

(2) One type structure of rotary jet tool was proposed and obtained the influence law 

of the rotary jet nozzle structure parameters on the wellbore strengthening effect. The 

optimization design method of the rotary jet plugging tool was established, which lay a 

foundation for the further optimization of rotary jet tools. 

(3) An engineering prototype of rotary jet tool, suitable for 8½″ wellbore, were 

developed and tested in three wells in Bohai Bay Basin of China. Satisfactory wellbore 

strengthening results verify the stability of prototype and effectiveness of rotary jet 

plugging and wellbore strengthening technology. 

Nomenclature 

𝜎𝐻   Maximum horizontal principal stress 

𝜎ℎ   Minimum horizontal principal stress  

𝜎𝑟   Radial stress of wellbore 

𝜎𝑡   Tensile Strength of rock 

𝜎𝜃, ∆𝜎𝜃 Circumferential stress of wellbore wall and circumferential stress 

increment, respectively 

∆𝑝 Net pressure 

𝑝𝑓𝑟𝑎𝑐 Pressure inside the fracture 

𝑃𝑤 Pressure in the borehole. 

𝑟   Radial distance measured from the borehole centerline 

𝑟𝑤   Radius of wellbore 

𝑟𝑓   Distance between the crack tip and center of wellbore 

𝜏0   Cohesion of rock 
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φ   Internal friction angle 

𝑑   Wheel hub diameter of blade 

𝑑𝑏   Equivalent diameter of nozzle of drill bit 

𝑑𝑟   Diameter of nozzle of rotary jet tool 

𝐷   Diameter of lateral liquid channel of rotary jet tool 

𝐿𝑜, 𝐿𝑠, 𝐿 Length of exit section, contraction section and blade, respectively 

γ   Blade rotation angle 

𝛽   Guide angle of the blade 

𝑃𝑐, 𝑃𝑓 Collapse and fracture burst pressures at different positions of wellbore 
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