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Three-cone bit is the key equipment in the exploration
of the oil and natural gas field resources in offshore drilling
and exploration. Harsh marine environment brings many
problems to drilling, one of the most significant questions
which must be answered by the drilling engineers is whether
the reliability of three-cone bit can be guaranteed [1]. However,
statistics indicated that the main reason for the bit failure is
the early seal failure [2].
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ABSTRACT

Three-cone bit is the key equipment in the exploration of the oil in offshore drilling and exploration, the bearing
system and the seal system are the critical components for the bit. Especially in the offshore drilling environment,
the seal design need to be carefully considered. A multi-objective optimization design including orthogonal design
method and F-test with finite element analysis for a three-cone bit seal is proposed. Firstly, the calculation method
of optimization targets are given, including the minimization of maximum contact pressure and leakage rate analyzed
by ANSYS and MATLAB respectively, to maximize seal life and reliability. Then, an orthogonal experiment approach
is used to investigate the effects of the eleven parameters on the seal performance, and the influence degrees of the
seal factors on the optimization targets have been confirmed by F-test, and the reasonable factors can be determined
by the trend of the targets. Finally, in order to validate the analysis results, a new seal was designed and tested on a seal
tester compared to the previous seal. In this test, the seal maximum interface temperature that reflects the position
of maximum contact pressure can be obtained by using three high precision thermocouples. Both the experiment
results and the numerical analyses proved that the maximum contact pressure and leakage rate of the improved seal
have been reduced compared to the previous.
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INTRODUCTION

Offshore platform!

Fig. 1. Schematic diagram of offshore drilling system
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Compared to a common seal, the bit seal has more
complicated structure, and the high temperature and high
pressure of well bottom-hole will lead to the lubricant leakage
increases. The statistics identified that the main reason of the
bit failure is the early seal failure [3]. The seal fail will lead to
the lubricant leakage and fatigue wear caused by the contact
pressure of the seal interface [4]. The structure of the SEMS2 is
shown in Figure 2: the stator, O-ring, and the rubber support
ring are stationary while the rotor rotates together with the
shaft. The rubber support ring and the O-ring can supply
seal pressure for the seal interface.

In the most recent years, several descriptive studies have
been carried out to examine the seal structure and failure
reason. Joseph L [5] pointed out that the life of the cone bit
bearing is determined by the seal and bearing, and forecasted
the life of the lubrication system. Shunhe Xiong [6] produced
an axisymmetric numerical model of mechanical seal for
down-hole tools, and discussed the relationship between
the environmental pressure and the lubricant film. Based
on the hypothesis that the drilling fluid has the same fluid
properties, a transient seal model and a dynamic tracking
model is developed. Considering the seal interface pressure
distribution, the second generation SEMS2 has been and
improved by Baker Hughes in 2003 [7].
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Fig. 2. Seal installation position on the cone bit

As to the bit seal, the sealing force produced by elastomer
is non-linear, which further aggravates the research difficulty.
Although numerical analysis makes great contributions to
the down-hole seal, there still exists some problems for this
new seal design. Its seal properties vary with the amount of
rubber non-linear behavior, down-hole pressure and seal
design parameters. However, very few factors have been
considered for the structure optimum design of the cone bit
seal nowadays. For the seal optimum design, the artificial
neural network [8, 9], Taguchi method [10] and finite element
analysis [11] have been recognized as strong tools. However,
due to the structure and special environment of the bit
seal, the numerical analysis of multiple objectives remains
complex.

In this paper, in order to increases the computational
efficiency, the inverse method is employed to approximate
the pressure distribution of lubricant film by FEM simulation.
Furthermore, an orthogonal experiment with orthogonal
array and F-test are used to determine the importance of the

seal parameters on the optimum targets. Then the optimal
values can be determined by the trend of the average values
of maximum contact pressure and leakage rate, and the
parameters are verified through numerical analyses and
experimental studies.

MATERIAL AND METHODS

MATERIAL PARAMETERS

The material of the head seal and cone insert is hard metal
alloy YG8, the backup ring and the head energizer are made of
HNBR rubber with a hardness of about 80 IRHD, a material
that ensures high temperature resistance together with high
compatibility for lubricants, and this material also exhibits
highly nonlinear elastic. In this paper, the Mooney-Rivlin
model belongs to a type of constitutive models to describe
rubber is selected to describe the mechanical properties
of rubber with less than 150% deformation. The function of
strain potential energy can be expressed as [12]:

W =C,(I,-3)+C,(1,-3) @

Where C, C, are Mooney-Rivlin coefficient, I I, are
the first and second order invariable strain values. The
relationship of stress, strain potential energy, and strain can
be expressed as:

o=0W/oe @

As to the incompressible materials, shear modulus G and
rubber material parameters can be written as:

G=2(C,+C,) ®)

The performance parameters C, and C, can be obtained
by uniaxial compression tests, furthermore, the constitutive
model parameters of rubber material can be fitted by means
of the least square method. According to the fitting results,
the constants C,, C,are 1.856 and 0.046 respectively.

CALCULATION METHOD OF OPTIMIZATION
TARGETS

SEAL CONTACT PRESSURE

The interface between the stator and the rotor isolates
the lubricant from the drilling fluid, and lubricant pressure
is higher than drilling fluid by means of the piston balance
system, which can prevent the drilling fluid from flowing
into the bearings. According to the experimental data, the
environmental pressure difference between the lubricant
and drilling fluid ranges from 0.3MPa to 0.7MPa [3]. The
seal interface contact pressure in downhole condition can
be calculated by finite element simulation. The seal assembly
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process is first simulated, wherein the shaft is fixed and the
axial compressive displacement of stator is 3 mm(Figure
3a). Secondly, the lubricant pressure 30.5MPa and drilling
fluid pressure 30MPa are exerted on the inside and outside
of the seal, respectively, shown in Figure 3b.The result of the
contact pressure are depicted in Figure 3¢, which shows the
outer contact pressure of the interface is smaller than that of
the inner at the high pressure environment, and the contact
distribution can result in the inner position to be worn easily
in the drilling process. Hence, the maximum contact pressure
P should be an optimization objective.

| | Displacement

CPRESS (MPa)

Interface

Drrilling
fhuid

(a) First step {b) Second step

[¢) contact pressure

Fig. 3. The steps of the finite element analysis.

SEAL LEAKAGE RATE

The leakage rate is an important index to evaluate the seal
life, which can be computed by solving Reynolds equation.
Due to the low rotational speed, the inverse method is used
to analyze the film thickness of the seal interface to simplify
the numerical computation. Due to the axisymmetry of seal
geometry and load, the seal surface deformation and flow
field of the seal interface can be assumed to be axisymmetric.
Based on these hypothesis, the lubrication equation can be

expressed as[13]:
3
¢,rh” oP _0 @
T ar 12 ar

The boundary conditions are: P=P1, at r=r0 (lubricant-
side); P=P2, at r=rl (drilling fluid-side). Where y represents
the dynamic viscosity of the lubricant; P1, P2, h, r0, and
rl are the lubricant pressure, drilling fluid pressure, film
thickness, inner radius of the seal, and the outer radius of
the seal, respectively. The leakage rate Q can be calculated
from Equation (5):

27 pghrh® 0
Q- porhop )

12u 8r

The contact pressure gradient distribution of the seal
interface can be obtained by finite element simulation.
Combined with the Equation (4), the film distribution
of the seal interface can be calculated. Based on the film
distribution, the seal leakage at the minimum film thickness
can be obtained according to the Equation (5).
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MULTI-PARAMETER OPTIMIZATION DESIGN

It is obvious that the environmental pressure difference
and seal geometric parameters have great influences on
the contact pressure and leakage rate. In order to optimize
the structural parameters of the seal, the orthogonal design
tests and F-tests are used to evaluate the impact degrees on
the seal performance.

The seal parameters include environmental pressure
difference Ap and ten geometric parameters. The geometric
parameters are shown in Figure 4.
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Fig. 4. Parameters of the bearing seal.

The orthogonal design can improve experimental efficiency
and has been widely used in industry. In this trial, the factors
are labeled as A-M, and each factor has three levels, and
the range of each factor has been determined by design
experience. The orthogonal design can be conducted by
L27(3") Orthogonal Array [14-15]. The levels and factors are
given in Table 1.

Tab. 1. Levels and factors of seal parameters

Factors Parameters | Unit Levels
Axial length of the stator(A) L1 mm 4 5 6
Wldth of the sealing L2 mm 5 55| 6
interface(B)
Length of the wedge angle L3 mm 1 5 3
(9]
Inside angle of the stator (D) a deg 30 25 20
Outside angle of the
ctator(E) B deg | 30 | 45 | 60
Wedge angle of the stator (F) 0 deg 2 5 8
Bottom width of the stator L4 mm 5 25 3
(©)
Hardness of the energizer(I) HA HIRD | 70 | 80 | 90
Hardnessl of the rubber HB HIRD | 70 80 90
support ring (J)
Axial displacement of the H mm | 14 | 16 | 18
rotor(K)
lef.erence of the AP MPa | 03 | 05 | 07
environmental pressure (M)




RESULTS

MAXIMUM CONTACT PRESSURE AND LEAKAGE
RATE

According to the fluid numerical model, the contact
pressure gradient distribution can be analyzed by ANSYS.
Coupled with the film thickness, the leakage rate Q can be
computed by MATLAB. In this paper, the environmental
temperature 7=50° and the shaft rotating speed n=200 r/min.
Based on the orthogonal design tests, the maximum contact
pressure and the leakage rate are presented in Figure 5. It can
be seen that the maximum contact pressure for the 27 trials
range from 54.68 MPa to 122.1 MPa; the numbers relatively
small are 2, 3, 13, and 14. Meanwhile, the number 2, 3, 13,
and 26 trails have relatively larger leakage rate.
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Fig. 5. Maximum contact pressure and leakage rate.

IMPACT FACTORS

According to the results of orthogonal design tests, the
variance of the factors can be calculated [16]:

s-iykeifyy ) ©
_all "' k=1 “

Where,

K =3 (7)
=

n, a, and b stands for the total number of trials, number
of trials for each level, and levels for each factor, X; is the
calculations of the trial j at level i(i=1, 2, ..., b; j=1, 2,..., a).
The variances of the maximum contact pressure P and leakage
rate Q can be seen in Table 2.

Tab. 2. Results of variance analysis of the factors

Factors
Variances A B C D E F G 1 ] K M
Q 186.55| 93.40 | 36.88 | 586.5 | 6.99 |13.64 [141.92| 21.53 | 96.20 | 5.35 |545.62
P 27.53|17.96 | 4.26 | 17.96 | 5.94 | 1.59 | 5.01 |35.71|22.46| 124 | 2.21

F-TEST

Based on the orthogonal design and analysis of variance,
the influence degree of the factors on the optimization
objectives can be confirmed by F-test [17]. The F values of the
maximum contact pressure and leakage rate can be calculated
by Equation (8):

‘ ®)

Where f, and f, are respectively the degrees of freedom of
the factor i (i=A, B..., M) and of the error; S, and S, are the
sum of squares of factor i and error respectively. The F-test
values can be expressed as the ratio of the variance of the
factor i to the variance of the error. In this paper, according to
the orthogonal design tests, n=27, a=3, and the trial number
of each factor is 9, so the degrees of freedom f, =2, f, =8.

The criteria of F values can be found from F distribution
table. If ®=0.1, the confidence level is 90%. For the factors,
the larger the F values is, the greater the impact on the
optimization objective is. If F>F,  (2,8), the factor i is highly
significant, marked as“****” If F (2,8)>F>F  .(2,8).
The factor i marked as “***”. With the F value increasing
from 0.005 to 0.05, the impact on the maximum contact
pressure and leakage rate reduces gradually. If F| _(2,8)>F,
, the influence of the factors can be neglected.

According to the criteria, the F values of P and Q for the
eleven factors are shown in Table 3. It can be seen that the F
values of factors C, E, and F are lower than F_ .(2,8), which
means that these factors have little or no effect on P and Q,
and the other eight factors need to be further discussed.

Tab. 3. Evaluation results of the factors

F values
Factors | A B C D E F G 1 ] K M
9.84 | 6.42 | 1.52 | 6.42 | 2.12 | 0.57 | 1.79 [12.77]| 8.03 [44.66| 0.79

ok 4 ok o ok Hokokokk

P

24.49112.26| 4.84 |77.02| 0.92 | 1.79 |18.63| 2.83 |12.63| 0.70 | 71.64

00k | ekt * Hokokk A Hkok kA

Q

DISCUSSION

OPTIMAL VALUES OF THE OTHER FACTORS

As described above, the influence of the factors C, E, and
F can be ignored. For the other eight factors, each factor has
nine calculation results on the maximum contact pressure P
by the orthogonal array, and so does the leakage rate Q. The
average values of Pand Q for the same level can be defined
as K-Q and K-P, then the optimal values can be determined
by the trend of the curve of K-Q and K-P. Figure 6 presents
the trends of K-P and K-Q against the levels for the factors.
It can be seen that the factors G and ] have great effect on the
K-P, and the factors B and D have highly effect on the K-Q.
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In order to extend the seal life, the average values of P and
Q need to be reduced as much as possible. According to the
trend of K-P and K-Q, the level 1, level 1, level I, and level 3
are chosen as the optimal values for the factors G, J, B, and D.
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Fig. 6. Average values of the maximum contact pressure and leakage rate.

For the factors A, I, K, and M, Figure 6 shows that the
factors I and M have greater impact on the K-P than the
K-Q, so the K-P should be mainly considered, and the
minimum average values for the Iand M are level 2 and level
1 respectively, shown in Figure 6(a). By the same reason, the
factors A and K have greater impact on the K-Q than the K-P,
according to Figure 6(b), the level 2, level 2 are considered as
the reasonable levels for the seal.

COMPARISON OF SEAL PERFORMANCE

The optimal levels of the seal factors have been obtained
through the orthogonal design and F-test, and the comparison
of the improved and previous seal is shown in Figure 7. It
can be seen that the width of the sealing interface and inner
angle of the stator is 4.0mm and 20° versus 5.5 mm and 25°
of the previous seal.

Figure 8 shows the contact pressure distributions of
improved and previous seal interface. It can be seen that
the highest contact pressure is decreased from 73.51MPa
to 56.80 MPa, and the middle interface contact pressure
distributions are more uniform, which will offer good
lubrication environment for the seal. Figure 8 also shows
the improved seal increased the outer contact pressure to
55.24MPa versus 48.428MPa for the previous seal, which
means that the improved seal can prevent penetration of
abrasive particles at the seal outer edge.

Fig. 7. Seal structure: improved versus the previous.
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Fig. 8. Comparison of seal contact pressure

SEALING PERFORMANCE TEST

It is difficult to obtain seal contact pressure through
experiments. However, the higher contact pressure is the
more the friction heat is, so the contact pressure distribution
is consistent with temperature distribution, and the
interface temperature for the rotor can be measured by
three thermocouples at different radius. The seal sample is
shown in Fig.8, and the head seal and cone insert are made
of stainless steel, after low temperature plasma carburizing,
the surface hardness, wear resistance and fatigue capability
of stainless steels are largely increased. The schematic of
the mechanical seal test rig is shown in Figure 10. The two
sides of the cylinder are the lubricant and the water, and
an spring in the cylinder can ensure that the lubricant
pressure is 0.5 MPa higher than that of the water pressure,
the seal leakage can be calculated through the piston area
and the piston displacement which can be measured by the
displacement sensor.

Fig. 9. Thermocouples installation of the rotor
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Fig. 10. Schematic of the mechanical seal test rig.

In seal testing, the water pressure is 3MPa. Figure 11
shows that the surface temperature and seal leakage rate
rise increases as the seal speed increases. It can be seen that
the improved seal temperature is lower than the previous,
and both of the trend of the seal leakage rate and the surface
temperature are almost the same. When the seal speed reaches
160r/min, the improved seal reduces the temperature to 73°
and leakage rate to 2.65 mm?/s versus 76.5° and 3.01 mm?/s
for the previous seal.
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Fig. 11. Comparison of the sealing performance of the test

CONCLUSIONS

This paper has studied the structural optimum design of
offshore drilling seal using the numerical simulation and
orthogonal design method to extend the sealing life. The
contact pressure distribution is obtained by finite element
analysis and the pressure gradient distribution is found, then
the leakage rate has been computed by MATLAB. The seal
parameters are improved after multi-parameter optimization.
The numerical analyses and the experiment validate that the
maximum contact pressure and leakage rate of the improved
seal have been reduced compared to the previous.

(1) On the basis of the fluid mechanics and the numerical
method, a new optimization design method of SEMS2 seal has
been put forward under the offshore drilling environment.

(2) How to select seal characteristic parameters for
decreasing the contact pressure and leakage rate has been
analyzed. The result shows that the width of the seal interface,
inside angle of the stator, length of the wedge angle, and the
bottom width of the stator are important factors and play an
important role in the design of the bit seal.

(3) The numerical analyses and experiment validate
that the maximum contact pressure and leakage rate for the
improved seal have been reduced compared to the previous,
thus the optimization method for the bit seal proves to be
correct.

(4) Furthermore, the ideal single seal is proposed to have
the following characteristics: a more uniform contact pressure
distributions to reduce wear and to prolong seal life, and
a larger contact pressure on the outer edge to prevent the
abrasive particles from coming through.
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