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Abstract—Either barrier fluid pressure constant (BFPC) or barrier fluid differential-pressure constant (BFDPC) is
applied for kettle mechanical seals (KMS), large differential-pressure could inevitably appear near the seal faces,
resulting in the seal faces deformation and non-uniform contact, aggravating the seal faces wear. In this paper, the
maximum seal faces contact pressure under the condition of before wear (BW) and after stable wear (ASW) were
calculated by fluid-structure interaction finite element model. Calculating results show that the maximum contact
pressure of ASW is lower than that of BW more than 90% for BFPC and BFDPC applied in KMS. In order to study
the seal faces wear status under the two kinds of means to elevate barrier fluid pressure, the ratios of the maximum
p.V values (PcV)max and allowable p.V values ( [p.V] ) of the sealing pair were calculated. Calculating results indicate
that the process end seal faces for BFPC applied in KMS, the process end and the atmospheric side seal faces for
BFDPC applied in KMS were in alternating wear status, the atmospheric side seal faces for BFPC applied in KMS
were in stable wear status. In order to validate the numerical calculation results, verification tests were performed
and the friction torques for BFPC applied in KMS were obtained, which were in a good accordance with the
calculating results.
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1 Introduction

Barrier fluid pressure constant (BFPC) and nominal clearance caused more serious wear in the
barrier fluid differential-pressure constant (BFDPC) inner side than the outer side of the contact area for
are two means to elevate barrier fluid pressure for contact mechanical seal. Zeng ®! found that the seal
kettle mechanical seals (KMS). For BFPC applied in faces wear mark mainly centers on the outer side of
KMS, barrier fluid pressure is larger than the the contact area for KMS. Gu ™, Johnson and
maximum process pressure constant value, and Schoenheer ! listed wear rates data of the different
remains constant during running period of KMS. For sealing pair materials in different temperature. Liao !
BFDPC applied in KMS, barrier fluid pressure is in calculated the seal assembly deformation based on the
the step with the process pressure, and is larger than ring deformation theory. Green "' considered the
the process pressure constant value. These two means effect of the fluid film pressure and the contact
applied in KMS to elevate barrier fluid pressure will pressure after wear. Wang ® and S. Shankar ! had
inevitably result in the seal faces deformation and conducted research on the seal faces friction
aggravating the seal faces wear. characteristics in different media. Peng '” and "

In recent years, many achievements have been thought that the seal faces wear rate could be
attained through the study of contact pressure and aggravated while process parameters changed.
wear status on the seal faces. Kleemann and Woydt [ The inevitable seal faces non-uniform contact
pointed out that the seal faces wear rates decreased and wear are important cause for the failure of
with the improvement of surface roughness at a stable mechanical seal. To ensure the reliability of
friction coefficient. Wen ' found that convergent mechanical seal and prolong its service life, it is
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important to research contact pressure and wear status
of the seal faces. The stress field on the seal faces was
studied >4

friction performance were analyzed !

I'and the influence factors of the seal faces
17 1n this paper,
the maximum seal faces contact pressure and the seal
faces wear status had been researched and compared
respectively for BFPC and BFDPC applied in KMS,
in order to provide theoretical reference for failure of

KMS.

2 The finite element model of KMS

In this paper, a commonly used structure of KMS
was adopted. The sealing pair model was composed of
rotating ring, stationary ring and rotating ring seat, as
shown in Fig. 1. Since the low rotate speed of KMS,
the influence of rotate speed and temperature were
ignored, in order to simplify the calculating model.
The material properties of the sealing pair are shown
in Table 1. The operating parameters of the sealing
pair are shown in Table 2.

1. Stationary ring
2. Rotating ring

3. Rotating ring seat
4. Axis

Fig. 1. Structure of the sealing pair
Table 1 Material parameters

, , Elastic =~ Poisson
Sealing element Material i
modulus  ratio
Rotating ring M106K 15 GPa 0.27
Stationary ring SiC 410 GPa  0.25
Rotating ring
2205 200 GPa 0.3
seat

Table 2 Operating parameters of the sealing pair

) Atmospheric  Process  Barrier fluid
Barrier
) pressure pressure pressure
fluid
p:/MPa p/MPa p/MPa
BFPC 0 0.1~2.5 2.7
BFDPC 0 0.1~2.5 pi+0.2
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Since the structure of the sealing pair is rotational
symmetry, two-dimensional axisymmetrical model is
utilized in finite element analysis (FEA). Plane 42 was
adopted in FEA, as it can not only guarantee
calculation precision, but also largely improve solving
efficiency.

According to the actual structure and size of
KMS, the sealing pair finite element model were
modeled and contact pairs were used to simulate the
contact surfaces interactions, as shown in Fig. 2.
Quadrilateral elements were adopted and had been
verified by grid independence. There are more than
12000 grids in the finite model.

Fig. 2. Finite element model of the sealing pair

There are three kinds of the seal faces wear
status while KMS is under the operating conditions: (1)
Before wear (BW), the seal faces are parallel planes at
free status, as shown in Fig. 2. (2) After pressure has
increased, the seal faces are in non-uniform contact
status, as shown in Fig. 3. (3) Since non-uniform
contact status generates on the seal faces inevitably,
the seal faces non-uniform wear will appear after a
operating time. In order to make the calculation model
more feasible and closer to true situation, initial taper
was assumed according to the actual seal faces
deformation, as shown in Fig. 4. After stable wear
(ASW), the seal faces contact status is shown in Fig.
5.

il

Fig. 3. The seal faces contact status before wear
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Fig. 4. Certain taper of the seal faces at free state

after stable wear

Fig. 5. The seal faces contact status after stable wear
ASW, the seal faces taper angle was solved by
the calculation procedure, as shown in Fig. 6. To begin
with, initial taper is assumed according to the actual
seal faces deformation, then the seal faces contact
pressure distribution is attained by FEA results. Next,
the ratio 6 of the difference between the maximum
contact pressure (Pm.x) and the minimum contact
pressure (Pmin) and the sum of Pu. and P, Were
compared with 5%. If &< 5%, the error of contact
pressure distribution is considered to be acceptable. If
0> 5%, the seal faces taper angle will be adjusted and
recalculated through the calculation procedure until
the seal faces contact pressure distribution is
acceptable, then the seal faces taper angle will be

outputted.
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Assume the seal
faces initial taper

Calculate the seal faces
contact pressure

Modify the seal
faces taper

udge whether following
equation is less than 5%
(pmax‘pmin)/(pmax+pmin)

Output the seal
faces taper angle

End

Fig. 6. Calculation procedure of the seal faces taper
after stable wear

3 Contact pressure and wear status
analysis of the seal faces for BFPC
applied in KMS

3.1 Contact pressure analysis of the seal faces

For BFPC applied in KMS, the barrier fluid
pressure is larger than the maximum process pressure
constant value during the running period of KMS.
According to the method utilized to solve the taper
angle, the process end and the atmospheric side seal
faces contact pressure were calculated.

(1) BW and ASW, the maximum process end seal
faces contact pressure (Pemax) changed with process

pressure, as illustrated in Fig. 7.
20

/ MPa

P max

0 T T T T T
0.0 0.5 1.0 15 2.0 25
Process pressure p, / MPa

Fig. 7. The maximum process end seal faces contact
pressure changed with process pressure

BW, the maximum seal faces contact pressure

after process pressure had increased (APPI) decreased

54.42% than that of before process pressure rose
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(BPPR). ASW, the maximum seal faces contact
pressure APPI decreased 88.19% than that of BPPR.
For BFPC applied in KMS, it shows that the
maximum seal faces contact pressure decreases with
the increment of process pressure.

APPI in kettle, the maximum seal faces contact
pressure of ASW decreased 91.14% than that of BW.
ASW, the process end seal faces contact status has
been improved obviously.

(2) According to the results of BFPC applied in
KMS, in atmospheric side, the maximum seal faces
contact pressure of BW was 18.82 MPa while the
maximum seal faces contact pressure of ASW was
1.18 MPa. The maximum contact pressure of ASW
decreased 93.73% than that of BW.

BW, contact pressure mainly focuses on the
outside of the seal faces, results in the seal faces being
in poor contact status. ASW, the atmospheric side seal
faces contact status has also been improved obviously.

3.2 Wear status analysis of the seal faces

Only do materials of sealing pair be used in
allowable p.V values ( [p.V] ), could they satisfy the
requirements of working life and wear rates [4].
According to analytic results of the seal faces contact
pressure, the ratios of the maximum p.V values
(PcV)max and the [p.V] were calculated, as illustrated in
Fig. 8.

2 EBW&BPPR
18 process end
1,6 BW&APPI
process end
1,4
2 12 B ASW&BPPR
=" process end
!
N B ASW&APPI
é_ 0,8 process end
0,6 -
=BW
0,4 - atmospheric
side
0,2 1 ASW
0 - atmospheric
side

Different working conditions

Fig. 8. The ratios of the (pV)max and the [p.V] of the
seal faces under the different operating conditions
For process end, it is obvious that the seal faces
of ASW&APPI are in good wear status while the seal
faces of BW&BPPR are in worse wear status. For
atmospheric side, the seal faces of BW are in worse
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wear status while the seal faces of ASW are in good
wear status.

For BFPC applied in KMS, the process end seal
faces are in alternating wear status while the
atmospheric side seal faces are in stable wear status
under the operating conditions.

4 Contact pressure and wear status
analysis of the seal faces for BFDPC
applied in KMS

4.1 Contact pressure analysis of the seal faces

For BFDPC applied in KMS, the barrier fluid
pressure is larger than process pressure constant value,
and the barrier fluid pressure is in the step with the
process pressure. According to the method of solving
the taper angle, the process end and the atmospheric
side seal faces contact pressure were calculated.

(1) BW and ASW, the maximum process end
seal faces contact pressure (Pemax) changed with

process pressure, as illustrated in Fig. 9.
10 4

—a— BW
—o—ASW
8 -
£
6 -
L R
é
o
4
\
2 -
\\.\\\
T
0 T T T T T T T T T T
0.0 0.5 1.0 1.5 2.0 25

Process pressure p, / MPa
Fig. 9. The maximum process end seal faces contact
pressure changed with process pressure

BW, the maximum seal faces contact pressure
APPI increased 68.88% than that of BPPR. ASW, the
maximum seal faces contact pressure APPI decreased
87.23% than that of BPPR. It shows that the
maximum seal faces contact pressure increases with
the increment of process pressure BW and decreases
with the increment of process pressure ASW.

APPI in kettle, the maximum seal faces contact
pressure of ASW decreased 91.14% than that of BW.
ASW, the seal faces contact status has been improved
obviously.

(2) BW and ASW, the maximum atmospheric
side seal faces contact pressure (Pemax) changed with
process pressure, as illustrated in Fig. 9.
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0.0 ' 0.5 ' ITO ' ITS ' 2:0 ' 2!5
Process pressure p; / MPa
Fig. 10. The maximum atmospheric side seal faces
contact pressure changed with process pressure

BW, the maximum seal faces contact pressure
APPI increased greatly than that of BPPR. ASW, the
maximum seal faces contact pressure APPI had
decreased 93.29% than that of BPPR. It shows that the
maximum seal faces contact pressure increases with
the increment of process pressure BW and decreases
with the increment of process pressure ASW.

APPI in kettle, the maximum seal faces contact
pressure of ASW had decreased 94.05% than that of
BW. ASW, the seal faces contact status has also been
improved obviously.

4.2 Wear status analysis of the seal faces

According to analytic results of the seal faces
contact pressure for BFDPC applied in KMS, the
ratios of the (P.V)max and the [p.V] were calculated, as
illustrated in Fig. 11.

2

mBW&BPPR
1.8 process end
BW&APPR
1.6 process end
14 = ASW&BPPR
3 process end
S 12
< B ASW&APPR
E d
process en
S 1
= ®BW&BPPR
0,8 atmospheric side
0.6 BW&APPR
atmospheric side
0.4 ASW&BPPR
02 atmospheric side
| ASW&APPR
0 - atmospheric side

Different working conditions

Fig. 11. The ratios of the (pV)max and the [p.V] of the
seal faces under the different operating conditions
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For process end and atmospheric side, the seal
faces of BW&APPI are in worse wear status while the
seal faces of ASW&APPI are in good wear status.

For BFDPC applied in KBC, the process end and
atmospheric side seal faces are in alternating wear
status under the operating conditions.

10 and Fig. 11, the
atmospheric side seal faces of BFPC applied in KMS

According to Fig.

are in best wear status, and the atmospheric side seal
faces of BFDPC applied in KMS are in worst wear
status. The process end seal faces wear status of
BFDPC applied in KMS is better than that of BFPC
applied in KMS.

5 Verifying contact status

As ar esult of the specific characteristics of
mechanical seal, it is difficult to obtain the seal faces
contact pressure under the operating conditions. But it
is relatively easier to measure the friction torques
between the seal faces and the rotation axis, which is
deeply connected to contact pressure and contact
status of the seal faces.

Table 3 Friction torques expression

Calculation basis Friction torques

Test values of BW Tu

Test values of ASW T,
Calculated by integral of BW Te
Calculated by integral of ASW T’
Results from empirical T,

formulae

In this paper, BFPC applied in KMS was utilized
to verify the calculating results. Five kinds of friction
torques values were obtained and analyzed, and
friction torques expression are shown in Table 3.

T, and T,,” were measured from BFPC applied in
KMS. The experimental device is showed in Fig. 12.
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Fig. 12. The experimental device for measuring

friction torques
T, and T," were calculated by integral, and the
seal faces contact pressure values were from FEA
results, calculation equation is as follows:

T,=2nl-[p, -r*-r

Where f represents the seal faces friction coefficient,
in this paper, f=0.08. r represents the radius of the seal
faces, mm. p. represents the seal faces contact
pressure values, calculated by FEA, MPa.

T were calculated by average contact pressure,
calculation equation is as follows:

T,=p -A-f-d /2

Where A represents contact area of the seal faces, mm’.

d,, represents average diameter of the seal faces, mm.
p. represents the average seal faces contact pressure,
MPa.

4000 4

3000

T/N.mm

2000

1000

T T
0.0 0.5 1.0 15 2.0 2.5
P /MPa

Fig. 13. The friction torques changed with
process pressure
The Fig. 13 shows that the friction torques T,, and
T,' , calculated from finite element method, are
closer to the measured value T, and T, . It is
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obvious that there is a significant difference between
T, and Ts. These datum verify the accuracy of the
former calculating results.

The main reason is that p. of T,; were regarded as
uniform distribution without considering the influences
of the seal faces deformation. Before wear, contact
pressure mainly focuses on the outside of the seal
faces, which enlarges the friction torques observably.
After stable wear, the actual seal faces contact pressure
and the calculating seal faces contact pressure tend to
distribute uniformly, which results in the empirical
formulae values being close to the calculating values
by FEA and test values.

6 Conclusions

In this paper, the seal faces wear status of BFPC and
BFDPC applied in KMS were analyzed under the
different operating conditions. The main conclusions
are as follows:

(1) For BFPC and BFDPC applied in KMS, the
maximum seal faces contact pressure of ASW
decreases more than 90% than that of BW.

(2) For BFPC applied in KBC, the process end
seal faces are in alternating wear status while the
atmospheric side seal faces are in stable wear status
under the operating conditions. For BFDPC applied in
KBC, the process end and the atmospheric side seal
faces are in alternating wear status under the operating
conditions.

(3) Based on analysis of the seal faces wear
status, the atmospheric side seal faces of BFPC
applied in KMS are in best wear status, the process
end seal faces of BFDPC applied in KMS take the
second place, the process end seal faces of BFPC
applied in KMS take the third place, and the
atmospheric side seal faces of BFDPC applied in
KMS are in worst wear status.

(4) The friction torques experiment verified that
the seal faces deformation will result in the seal faces
contact pressure distribution non-uniform. The
calculating results of the seal faces contact pressure
and wear status by FEA are credible. It also indicates
that the friction torques values calculated from
empirical formulae is basically usable for ASW under
the operating condition.
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