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The thermo-hydrodynamic effect of the non-contact mechanical seal includes the liquid film
flow characteristics and heat transfer characteristics of the seal face. It is of great practical
significance to study the effects of friction and thermal deformation on the liquid film flow
characteristics and heat transfer characteristics of the mechanical seal. This paper obtains the
governing equation of the liquid film flow characteristics of the mechanical seal based on the
momentum conservation and mass conservation equations, and then studies the thermo-
hydrodynamic effect mechanism of the mechanical seal face through the coupling analysis of
the interactions between the mechanical seal ring and the liquid film. The research results show
that the mechanical seal face is deformed under the action of friction and mechanical force,
and the liquid film flow characteristics of the end face changes. The liquid film pressure of the
parallel flow channel increases linearly along the axial direction, and the liquid film pressure
of the non-parallel flow channel exhibits a non-linear increase in a “convex” or “concave”
direction; the leakage rate of the parallel flow channel is the smallest, followed by that of the
convergent flow channel and then that of the divergent one. The liquid film bearing capacity
of the convergent channel is the largest and that of the divergent one is the smallest. Overall,
the performance of the parallel flow channel is the most stable. When the mechanical seal face
is only subjected to the friction of the liquid film, the larger the angular frequency, the smaller
the thickness of the liquid film, and the more heat generated by the friction. The heat transfer
coefficient of the rotating ring is much greater than that of the stationary ring, so the heat
absorption of the former is also significantly higher than that of the latter. The research results
can provide theoretical reference for the study of the non-contact mechanical seal mechanism
and the practical application of the thermo-hydrodynamic effect.

1. INTRODUCTION

The low leakage rate and high operating cycle of a
mechanical seal are mainly determined by relevant

The mechanical seal is a device that uses the preload of the
elastic element to achieve the sealing of the axial end face. It
has such advantages as long life, good vibration resistance,
low energy consumption and low comprehensive cost [1]. Its
basic structure is shown in Fig.1. The basic components
include a sealing rotating ring and a stationary ring, an elastic
element, an anti-rotation element, a rotating shaft and a sealing
medium, etc. [2]. The mechanical seal is an effective way to
solve various leakage problems. Improving its performance
can greatly save all kinds of energy and protect the ecological
environment, bringing both economic and social benefits.
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Figure 1. Mechanical seal structure
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characteristics of the mechanical seal faces. The stronger the
end face friction and the greater the contact stress between the
end faces, the smaller the operating cycle of the mechanical
seal and the higher the leakage rate [3-5]. Currently,
researchers generally explain the characteristics of the
mechanical seal face using the mechanism of fluid friction film
formation, the exchange flow theory of boundary friction and
lubrication, the dry friction mechanism and the thermo-
hydrodynamic effect theory, etc. [6-12]. The above theories
can only explain the mechanism of partial face sealing, while
in practice, the end faces are under the joint action of friction,
deformation, flowing deformation, corrosion and other factors.
At present, theoretical analysis cannot truly reflect the seal
face characteristics [13-14].

The “thermo-hydrodynamic effect” caused by the seal face
waviness and temperature difference is another problem for
the mechanical seal. The fluid shear between the end faces
increases the surface temperature and viscosity of the liquid
film, leading to differences in the lubrication performance of
the liquid film in the end face gap and deformation of the end
faces [15-19]. Due to the thermo-hydrodynamic -effect,
mechanical seals have complex problems in heat transfer,
force deformation and thermal deformation [20-25]. At
present, researchers mainly study the thermal deformation and
phase shift THD effect of the mechanical seal face through



theoretical derivation (fluid mechanics or thermodynamics) or
various finite element numerical simulation methods, but the
research progress is still very slow [26-28].

In light of the deficiencies in the above literatures, this paper
discusses the patterns of the liquid film flow characteristics
and the heat transfer characteristics of the mechanical seal face
under the action of friction and thermal deformation. The
research conclusions can provide theoretical reference for the
application of non-contact mechanical seals.

2. ANALYSIS ON THE LIQUID FILM FLOW
CHARACTERISTICS OF THE MECHANICAL SEAL
FACE

2.1 Analytical algorithm for the liquid film flow
characteristic

The mechanical seal face is deformed by friction and
mechanical force during operation. Fig.2 shows the section
profiles of the flow channels after the end face is deformed.
Fig.2(a)~2(d) represent the parallel flow channel, the
divergent channel, the convergent channel, and the
convergent-divergent channel, respectively.
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Figure 2. Section profiles of the parallel flow channel, the
divergent channel, the convergent channel and the
convergent-divergent channel

In the figures, hmin stands for the minimum film thickness
of the liquid film, which is expressed as:

h=h,,+(y—R)cotd "

The governing equation for the flow of the liquid film is:

d {,3(H +Y tan O)’ dp}_o
dy i dy |
2
Y, H and Pare dimensionless parameters, and there is:
Y=ylb H=h/b P=(p-p)/(p-p) A=plty p=plp, )

Below is the process of how the characteristics of the flow
channels of different types are solved:

(1) In the parallel flow channel, the liquid film pressure
P1=Y and 6=0, so equation (2) can be simplified as:
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The carrying capacity F1 of the liquid film is:
2 R 1 2
F =27zb*(p, - pi)(—+—j+7rb pi(2R+1)
2 3 5)
The leakage rate Q1 is:
. b*(p, — p; °
Q =27R [ wdz = - =P (P, —p) RH®
0 Mo 7 ()

(2) The carrying capacity F2 of the non-parallel flow
channel is:

F, =27b%(p, - p,) A+ 7b°p, (2R +1) o
+|nH+tan9}
: J (8)

(H +tan o)’

A=— =7
(H+tang) —H?

2 _
| 054 R H2 tand(Rtand—H)
tan*0{ H(H+tano)

The volume flow leakage rate Q2 is:

_ ab’(p,—p)RH’tang (H+tang)’
“ Ho 3%  (H+tang) —H?
)
The liquid film pressure P2 is
(H +tan o)’ {1_( H jz}
(H+tan )" —H? H+Y tand (10

(3) In the convergent-divergent channel, let the position of
hmin be in Ym of the convergent-divergent channel, and the
pressure distribution is

u -2
=———C,(H+Ytang,) +C
0-X Zptangl 11( 1) 12 (11)
)7 -2
=———C,|H+Ytang, +(Y -Y_)tand, | +C
1T 2ptand, al (Y Yo )tan 6] # (12)

Equations (11) and (12) represent the pressure distribution
when 0<Y<Ym and Ym<Y<I, respectively.
The carrying capacity F3 of the liquid film is:

F, =270 (P, — P ) (A + A, )+ 207 p (2R +1)

(13)
A= n A+ Yntand; (Rtang, —H)Y, tan g, N AS“ +Clz(RYm+lY,f,)
H H(H+Y,tané,) tan® 6, 2 (14)
_ (Y tang,+Rtand, —H -V, tan 4, )(1-Y, )tan 6, . BCy
27 (H+Y,tang)(H +Y, tang, +tang, -Y, tand,)  tan’4,
B(.z‘,21 n H+Y, tang, +(1-Y, )tan6, +C22|:R(1_Ym)+£(1_Yn2\):|
tan® 4, H+Y, tang, 2 (15)
3
o - 7b*(p, — p;) RAC,, tan 6,
3= =
Hy 3u (16)



2.2 Results and discussion

Fig.3 shows the pressure distribution of the liquid film in
different types of gaps. Curves 1 and 2 in the figure indicate
convergence gaps. hmin is both 0.002mm. For curve 1,
0=0.0002, and for curve 2, 0=0.0004; curve 3 is a
convergence-divergence gap, where hmin=0.0002mm, 01=-
0.0005 and 62=0.0005; curve 4 is a parallel gap, where hmin
=0.002mm and 0=0; curve 5 and curve 6 are divergence gaps,
where hmin is both 0.002mm and for curve 5, 6=-0.0002, and
for curve 6, 6=-0.0004.

It can be seen from the figure that the liquid film pressure
of the parallel gap increases linearly along the Y-axis; the
pressure in the convergence gaps (1 and 2) is always greater
than that in the parallel one, and it exhibits an “upward convex’
distribution; the liquid film pressure in the divergence gaps is
always smaller than that in the parallel one, and it exhibits a
“downward concave” distribution; the pressure in the
convergence-divergence gap increases slowly first and then
rapidly, and on the whole, the liquid film pressure in the
convergence gap is much greater than that in the divergence
gap.
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Figure 3. Liquid film pressure in different types of gaps
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Figure 4. Leakage rates of the parallel flow channel and the
non-parallel flow channel
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Figure 5. Carrying capacity of the liquid film in different
types of flow channels

Fig.4 shows the leakage rates of the parallel flow channel
and the non-parallel flow channel. As can be seen, the liquid
leakage rate of the mechanical seal face is proportional to the
thickness of the liquid film, and also to the pressure difference
between the outer diameter and the inner diameter of the liquid
film. Through comparison of the leakage rates of different
flow channels, it can be found that the leakage rate of the
parallel flow channel is the smallest, followed by that of the
convergent channel and then that of the divergent channel.

Fig.5 shows the carrying capacity of the liquid film in
different types of flow channels. As can be seen, the flow
channels in terms of the liquid film carrying capacity from
large to small are the convergent channel, the parallel flow
channel and the divergent channel. In the convergent channel,
the carrying capacity F is proportional to the absolute value of
the angle, while in the divergent one, the former is inversely
proportional to the latter. When the bearing capacity of the
mechanical seal is less than the spring force, the thickness of
the liquid film decreases, and ultimately the contact friction
occurs between both ends of the seal, intensifying the
deformation and the generation of friction heat.

3. ANALYSIS ON THE HEAT TRANSFER
CHARACTERISTICS OF THE MECHANICAL SEAL

This section further analyzes the heat transfer characteristics
of the mechanical seal. When the liquid film thickness of the
seal face is constant, the heat flux density q and the heat
generated by friction Qrare:

2 2
q—z'ra)—'ur @
J 7)
Ro ”ﬂa)z 4 4
=" 2zrqdr = 2 (R -R
Qf '[Ru ”rq r 26 ( 0 |) (18)

When the liquid film thickness changes linearly, the
thickness can be expressed as:

5(r)=6+(r-R)tan g

(19)
At this time, the frictional heat Qris:

_ mua®
" 3tan' B

L(as—ff)+9d(5§—@2)+18d2(5°‘5i)+6d3'n[iﬂ (20)



Assuming there is no leakage or other form of heat loss, all
the heat generated on the end faces will be transferred to the
rotating and stationary rings. Then the heat transfer coefficient
of the rotating ring o, and that of the stationary ringas can be
expressed as:

0ty =0.1352] (0.5Re? +Re?) | /D, o

— 0.8 0.4
a,. =0.01151¢ Re**Pr®* /s, @)

The equation of the heat exchange between the rotating ring
and the stationary ring in the seal face:

{Qr = A’afr (ef _gr)

Qs = AEafs (gf _65) (23)

Q: and Qs respectively represent the heat transferred to the
rotating ring and the stationary ring; 65, 6., and 6 respectively
represent the temperature of the liquid film, of the rotating ring
and of the stationary ring.

The governing equation for heat conduction is:

0’0 0°0
—2+—2=0

24

The general solution to equation (24) can be expressed as:

AO(x,y)= i B, [ exp(k;x)+exp(—kx) Jcosky
= (25)

According to the condition of the heat flux boundary, the
above equation is transformed into:

[ exp(k;x)+exp(—kx) ]sinkbcosk;y
k [ exp(kL)—exp(—kL)](kb+sinkbcoskb)

2q
AB(X,y)=—x
A (26)

The heat transfer characteristics of the mechanical seal are
analyzed according to the above derivation. Fig.6 shows the
relationship between the heat generated by friction and the
angular frequency of the mechanical seal face. The liquid film
thicknesses of curves 1-3 are all 2mm, and that of curve 4 is
6mm; 0,=0,=0, 6,=0.0005, and 05=0.01. It can be seen that
when there is no direct contact between the rotating ring and
the stationary one, and the friction only occurs on the liquid
film of the end face, the frictional heat is proportional to the
angular frequency. When 0 is constant, the smaller the
thickness of the liquid film is, the more heat the seal face will
generate due to friction.

Fig.7 shows the relationship between the heat transfer
coefficient of the rotating ring and the angular frequency. Fig.8
shows the ratio of the heat received by the rotating ring to that
by the stationary ring. As can be seen, the heat transfer
coefficient of the rotating ring is proportional to the angular
frequency, and the heat absorbed by the rotating one is much
larger than that absorbed by the stationary one (the former is
more than 9 times the latter). This is because the thermal
conductivity and heat exchange area of the material used to
make the rotating ring are both better than those of the
stationary ring. In practice, the rotating ring plays a major role
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in heat dissipation.
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Figure 6.

Relationship curve of the frictional heat and the
angular frequency
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Figure 7. Relationship curve of the heat transfer coefficient
of the rotating ring and the angular frequency
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Figure 8. Ratio of the heat received by the rotating ring to
that by the stationary ring

Fig.9 and Fig.10 respectively show the relationships
between the inner diameter (ID)/outer diameter (OD)
temperature change of the rotating ring face and the angular
frequency and the thermal conductivity. As can seen from Fig.
9, with the angular frequency increasing, the ID/OD
temperature of the rotating ring also increases on the whole.
Due to the poor heat dissipation conditions of the end face ID
material, the ID temperature of the rotating ring significantly
increases when the mechanical seal face is subjected to friction
[29], while there is only a slight increase in the OD
temperature. When the difference between the ID and OD
temperatures is too large, the mechanical seal face may
experience serious friction, leading to a larger leakage rate and
deformation of the end face [30].

From Fig.10, it can be seen that, when the thermal
conductivity increases, the ID temperature of the rotating ring
rapidly drops while the OD temperature sees only a slight drop,



i.e. the greater the thermal conductivity of the material, the
lower the temperature of the mechanical seal face.
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Figure 9. Relationship between the ID/OD temperature
change and the angular frequency of the rotating ring face
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Figure 10. Relationship between the ID/OD temperature
change and the thermal conductivity of the rotating ring face

4. CONCLUSIONS

This paper studies the liquid film flow characteristics and
heat transfer characteristics of the mechanical seal face under
the action of friction and thermal deformation through
theoretical analysis. The conclusions are as follows:

(1) The mechanical seal face is deformed under the action
of friction and mechanical force, and the liquid film flow
characteristics of the end face changes. The liquid film
pressure of the parallel flow channel increases linearly along
the axial direction, and the liquid film pressure of the non-
parallel flow channel exhibits a non-linear increase in a
“convex” or “concave” direction; the leakage rate of the
parallel flow channel is the smallest, followed by that of the
convergent flow channel and then that of the divergent one.
The liquid film bearing capacity of the convergent channel is
the largest and that of the divergent one is the smallest. Overall,
the performance of the parallel flow channel is the most stable.
In the preliminary design of the mechanical seal, the form of
contact between the rotating and stationary rings or the shape
of the end face should be adjusted to ensure the flow channels
are convergent.

(2) When the mechanical seal face is only subjected to the
friction of the liquid film, the larger the angular frequency, the
smaller the thickness of the liquid film, and the more heat
generated by the friction. The heat transfer coefficient of the
rotating ring is much greater than that of the stationary ring, so
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the heat absorption of the former is also significantly higher
than that of the latter.

(3) When the angular frequency increases, the ID
temperature of the rotating ring significantly increases, while
the OD temperature increases at a smaller rate; when the
thermal conductivity of the rotating ring increases, the 1D
temperature rapidly drops while the OD temperature sees
almost no change.
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