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Abstract

This study investigates the non-Newtonian effects on liquid film seal performance by con-
sidering cavitation and thermoelastic deformation—critical factors in high-pressure seal-
ing applications such as nuclear reactor coolant pumps and aerospace systems. We devel-
oped a coupled numerical model that simultaneously solves the Reynolds equation using
a power-law constitutive model to analyze hydrodynamic performance and employs the
energy equation and thermal-structural analysis to determine the temperature distribu-
tion and radial taper deformation of the seal rings. The results reveal that the power-law
exponent (n) critically influences sealing behavior: shear-thinning fluids (n < 1) reduce the
load capacity by 12.7% due to expanded cavitation zones, whereas shear-thickening fluids
(n > 1) increase the friction torque by 18.3% through thermally-induced tapered conver-
gence effects. We established quantitative relationships between rheological properties,
thermal deformation, and sealing performance, demonstrating that non-Newtonian char-
acteristics fundamentally alter the fluid—structure interaction mechanisms in liquid-film
seals. These findings provide a theoretical foundation for optimizing seal designs under
extreme operating conditions where conventional Newtonian assumptions prove inade-
quate, particularly addressing the critical need for enhanced reliability in nuclear and aer-
ospace sealing systems.

Keywords: liquid film seal; hydrodynamic performance; non-Newtonian effect; thermal
effect

1. Introduction

Due to their low abrasion, low leakage, and low power consumption, mechanical
liquid film seals have been widely used in rotating machinery, such as in chemical engi-
neering and energy systems [1,2]. To improve lubrication conditions, various groove pat-
terns are machined on the surface of either the rotating or stationary rings [3-5]. Thanks
to the combined hydrostatic and hydrodynamic effects generated by their grooves, these
face seals can operate without contact [6]. Several machining methods—including laser
texturing, pulse air arc treatment, electro-polishing [7], and a novel high-speed scratching
technique [8,9] —have been employed to fabricate surface textures. Owing to their excel-
lent hydrodynamic performance, spiral-groove face seals are among the most typical and
widely used shallow-groove face seals [10].
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A mechanical liquid film seal is a key component commonly used in rotating equip-
ment—ranging from washing machines to rocket engines—both to prevent hydraulic
fluid from leaking into the environment and to ensure the reliable performance of the
hydraulic system [11-13]. Adding long-chain polymer additives to the lubricant can re-
duce the friction coefficient of the surfaces, as well as heat generation and wear, leading
to better lubrication performance [14,15]. However, these additives cause the lubricant to
exhibit non-Newtonian flow characteristics. In fact, the non-Newtonian effect of the liquid
film is an important factor in improving lubrication and reducing friction and wear, espe-
cially in mechanical seals under heavy load and high-speed conditions [16]. Compared
with Newtonian fluids, non-Newtonian fluids exhibit nonlinear stress—strain relation-
ships under liquid film conditions. In practical applications, many sealing media show
non-Newtonian lubrication characteristics, particularly in aero-engines, nuclear coolant
pumps, and other rotating equipment operating under extreme conditions [17,18]. To nu-
merically simulate such lubrication phenomena, a Reynolds equation incorporating rele-
vant non-Newtonian constitutive equations—derived from the simplified Navier-Stokes
equation and the continuity equation—was derived. Excessively high temperatures of the
liquid film or seal rings, caused by energy dissipation, are an important factor leading to
seal failure. High temperature can cause deformation of the seal rings and degradation of
lubrication, which can ultimately result in seal failure. Describing the nonlinear relation-
ship between the shear stress and the shear rate is key to simulating the lubricant behavior
within the liquid film.

Considerable research has been conducted to investigate the non-Newtonian behav-
ior and its effect on seal performance. However, few studies have considered both non-
Newtonian and thermal effects simultaneously. In this paper, a mathematical model that
accounts for both non-Newtonian and thermal effects is established. The governing equa-
tions are discretized using the finite difference method to calculate the pressure and tem-
perature of the liquid film, the thermo-mechanical deformation of the seal rings, and the
resulting sealing performance. Lubricating fluids with different power-law exponents are
used in the numerical simulation. The effects of operating conditions —including pressure
and rotational speed—and groove parameters—such as groove number and groove
depth—are investigated in this study.

2. Mathematical Model
2.1. Structure Model

The groove structure of the friction pair is illustrated in Figure 1. The grooves are
distributed on the rotating ring, while the stationary ring is groove-free. A hydrodynamic
effect is generated by the spiral grooves as the rotating ring rotates at a speed w. A hydro-
static effect is present in both the groove and dam areas. The combination of hydrostatic
and hydrodynamic effects enables the seal rings to operate without contact. Fluid enters
the gap between the stator and rotor, providing lubrication.
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Figure 1. Structure diagram of groove. (a) Diagram of rotating ring; (b) rotating ring.

In Figure 1, ri and 7o denote the inner and outer radii of the sealing face, while rg and
rg2 are the inner and outer radii of the spiral groove. The spiral angle is represented by «,
and 0. represents the circumferential angles of the groove and land. The inner and outer
pressures are denoted by pi and p, respectively. The geometric parameters and operating
conditions are summarized in Table 1.

Table 1. Structure and condition parameters spiral groove.

Parameter Value Parameter Value
Inner radius, r/mm 45 Critical cavitation pressure, p./MPa 0
Outer radius, ro/mm 54 Inner pressure, pi/MPa 0.4
Inner groove radius, rgi/mm 47.75 Outer pressure, po/MPa 0.1
Outer groove radius, rg/mm 52.25 Rotating speed, w/(r/min) 3000
Groove depth, hg/um 10 Spiral angle, a/(°) 22.5
Groove number, Ng 24 Groove width/land width 1

In Figure 2, ri and 1o are the inner and outer radii of the sealing face. rq1 and rg are the
inner and outer radii of the spiral groove. a represents the spiral angle. 0. represents the
circumferential angles of the groove and land. pi and p» are the inner and outer pressures.
The values of the geometric parameters and the conditions are shown in Tablel. The value
of the liquid properties is shown in Table 2. Ng is the number of grooves. 40# lubricating
oil was used in the experiment.
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Figure 2. Deformation of radial taper.

Table 2. Fluid property parameters.

Parameter Value Parameter Value
Density of medium, p/(kg-m) 817.9 Viscosity of oil, u/Pa-s 0.03
Ambient temperature/°C 20 Temperature of lubricant/°C 20

2.2. Governing Equations

The calculation is simplified by the assumptions: (1) The lubrication is a power-law
fluid [19] and its flow is laminar, non-inertial and incompressible, (2) the angular misa-
lignment of the friction pair and the fluid inertial are neglected, (3) the waviness of the
seal ring surface is neglected, (4) the pressure and temperature of the liquid film do not
change in the direction of film thickness, and (5) the velocity of the fluid is the same as the
solid on interface.

Based on the assumptions, the N-S equation can be simplified:
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For a power-law model fluid, the rheological equation, which describes the nonlinear
relationship between shear stress and shear rate, is defined as follows [9]:
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In Equation (1), 7" is the shear rate (in s?), Tz« is the shear stress (in Pa), m is the con-
sistency coefficient (in Pa-s"), u is the apparent viscosity (in Pa's), and n is the power-law
index (dimensionless). A Newtonian fluid has n =1, a pseudoplastic fluid has n <1, and a
dilatant fluid has n > 1.

The velocity boundary conditions:
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Equation (1) is integrated in the z direction:
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The continuity equation integrated in the z direction:
O ¢h O ¢h O ¢h
™ L pudz + 5.[0 pvdz + % L pwdz =0 (6)

Inserting Equations (3) and (5) into Equation (6), the non-Newtonian fluid Reynolds
equation in polar coordinates can be written as:

ro0\ m rof 5 m Or ner 00

1 1
NUSR TEALY R

When the pressure drops below the critical pressure at the ambient temperature, cav-
itation occurs in the liquid film. The liquid film is divided into a full liquid film and a
cavitation region. p is the density of the full liquid film (in kg/m?), and p. is the density of
the cavitation region (in kg/m?). To describe the liquid cavitation behavior, the JFO bound-
ary condition is adopted. Based on References [20-22], in the predictive calculation of the
cavitation zone for liquid-lubricated mechanical seals, the JFO model demonstrates higher
accuracy and better computational convergence when compared with experimental cavi-
tation results. The switch function g and the general variable ¢ are defined [23] as follows:

g=0 ¢=1, (full liquid film) g
g=1 ¢<1, (cavitation region) ©)
p=> )
p.
According to Equations (8) and (9), the pressure of a liquid film can be defined as:
p=p +ghlng
g (10)
p=p=-
op

The Reynolds equation for a power-law model [22,24] fluid considering cavitation is
defined as:
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In the process of heat dissipation into a liquid film, convection and conduction are

the modes of action. To indicate the main heat dissipation, a Peclet number Pe. is intro-
duced and defined as:

k28
pc Vi

(12)

In (12), k is the heat conductivity (in W/(m-K)), p is the density of fluid (in kg/m?3), c is
the specific heat capacity of liquid (in J/(kg-K)),  is the thickness of liquid film (in m), B is
the flow length of the liquid (in m), and V& is the liner velocity of liquid flow (in m/s).

In a coupled surface, the energy generated in z is equal to the conduction from the
liquid film to the seal rings. According to Reference [25], the Peclet number (Pe) represents
the ratio of conductive heat transfer to convective heat transfer. In an idealized scenario,
an infinite Pe indicates that heat dissipation occurs entirely via conduction, whereas a Pe
of zero implies pure convection. Empirically, convective heat transfer dominates within
the lubricating film when P. < 0.1, while conduction becomes dominant when P. > 0.4. In
the context of liquid-lubricated mechanical seals, the axial film thickness is extremely
small —typically three orders of magnitude less than the radial dimension—and the flow
velocity is relatively high. Consequently, the Pe of the lubricating film far exceeds 0.4.
Therefore, heat transfer within the sealing interface is predominantly conductive, and con-
vective heat dissipation can reasonably be neglected. That means thermal conduction is
the main heat dissipation method, the energy equation of liquid film is considered non-
Newtonian, and cavitation can be simplified and defined in polar coordinates:

8(V8Tj 8(8Tj Hr(T,-T) (ﬁuj rh* (8}7)2 (8})}2
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At the interface between the seal gap, the heat balance equation is defined as:

(L L _0
Oz Oz A

(14)

The temperature and heat distribution can be seen as invariant when the seal system
operation is stable. The heat transfer can be simplified with no variance in the circumfer-
ence and shows axisymmetric distribution; the heat-conduction equation is simplified as:

2 2
or 101 2T _ -
or ror Oz

In Equations (13)—(15), H is the convective heat transfer coefficient (in W/(m?K)), ki
and k2 are the coefficients of heat conductivity of the rotating ring and the stationary ring
(in W/(m-K)), and T, T2 are the temperatures of the rotating ring and the stationary ring
(in Kor °C).

Because of the axisymmetry of heat distribution in the seal rings, a two-dimensional
ring section is used to calculate the deformation. Taper deformation of the seal rings fa is
introduced to estimate the deformation and is defined as:
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In Equation (16), . is the equivalent radius of the seal ring (in m), as is the cross-
sectional area (in m2), « is the linear expansion coefficient (in K1), Jx is the axial moment
of inertia of the seal ring (in m*), and Jx is the product of inertia (in m*).

3. Results
3.1. Model Verification

To verify the accuracy of the simulation method, a leak test experiment for the spiral
groove was carried out. Figure 3a shows the internal cavity structure of the experimental
equipment (Machine Shop, China University of Petroleum (East China), Qingdao, China),
and Figure 3b shows the medium used in the experiment. During the operation process,
pi=0.4 MPa, po = 0.1 MPa, and the properties of the medium are shown in Table 2.

Figure 4 shows a comparison of the leakage obtained from the numerical simulation
and the experiment at different rotational speeds. As shown in Figure 4, the error between
simulation and experiment is acceptable, and the leakage trends of the two curves are
similar. The accuracy of the simulation meets the requirement. The experimental leakage
data presented in the figure are the average values obtained from three repeated tests.

A
Q\\ 4:1 g%

Oil outlet S/

Thermocouple

Stationary ring

Rotating ring

Support seatx
Sleeve Mechanical seal

—_ Vo iechamiealseal

[E—7Z NN

(b)

Figure 3. Experimental equipment. (a) Internal cavity structure; (b) 40# oil.
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Figure 4. Comparison of numerical simulation and experimental values of leakage.

3.2. Temperature of Liquid Film

Figure 5 shows the temperature of the liquid film with n=0.93, n=0.95, n =1.05 and
n =1.07 in the spiral groove.

As shown in Figure 5, the temperature distribution of the liquid film is similar across
cases; the temperature in the dam is higher than that in the groove. The larger film thick-
ness in the groove provides better heat transfer, which makes the temperature distribution
more uniform. The temperature increases as n increases at the same rotational speed.
Compared with the pseudoplastic fluid (1 < 1), the temperature of the dilatant fluid (n >
1) is affected more significantly by n. The shear viscosity of the fluid with n > 1 is higher,
which generates more heat and results in a higher temperature. At the same time, the
higher liquid temperature leads to greater radial taper deformation, which further in-
creases friction and temperature. This phenomenon is more pronounced when n is larger
and the temperature is higher. The temperature at the inner diameter is higher than that
at the outer diameter, a trend that is more obvious for n > 1.

55 100 100
54
53 80 80
52 1B
£ 51
E % 60 60
~
49
43 40 40
47
46 20 20

4 6 8 10 12

(a) w =3000 r/min, n =0.93
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Figure 5. Temperature of liquid film.

3.3. Temperature of Seal Rings

Figure 6 shows the temperature of the seal rings in the fluid medium with n =0.93, n
=0.95, n =1.05, and n = 1.07, respectively. Based on the law of energy conservation com-
bined with the properties of heat transfer, the temperature of the friction pair at @ = 3000
r/min, pi = 0.4 MPa, po = 0.1 MPa, was calculated. The properties of the sealing ring are
listed in Table 3.

As shown in Figure 6, the overall temperature of the seal rings increases with increas-
ing n. The peak temperature occurs at the interface between the rotating ring and the sta-
tionary ring. Due to the better convective heat transfer conditions on the outer diameter,
the convective heat transfer coefficient at the outer diameter is higher than that at the inner
diameter, which makes the temperature on the outer side slightly higher. The taper defor-
mation leads to a decrease in the clearance near the outer diameter of the seal ring, which
aggravates the wear of the seal face, resulting in a rapid rise in the liquid film temperature
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at the outer diameter. Meanwhile, the increase in the liquid film temperature further pro-
motes the taper deformation, and the two factors reinforce each other.

Table 3. Properties of seal rings.

materials silicon carbide
rotor heat conduction coefficient/W-(m-°C)~! 25
elastic modulus/GPa 200
materials graphite
stator heat conduction coefficient/W-(m-°C)"! 10
elastic modulus/GPa 25

0.058

0.056

0.054

0.052

0.05

0.048

0.015 0.02 0.025 0.03 0.035 0.04

0.058
0.056
0.054 /
&
0.052
o
0.05 Y
)
0.048 \ /
1 1 1 1
0.015 0.02 0.025 0.03 0.035 0.04
(b) n=0.95
T T 50
0.058
45
0.056
0.054
0.052
o
w0
0.05
0.048
L 1
0.015 0.02 0.025 0.03 0.035 0.04
(c)n=1.05
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Figure 6. Temperature of seal rings.

3.4. Operation Conditions

Figure 7 shows the changes in sealing performance parameters —including cavitation
ratio, leakage, friction torque, the thermal peak of the liquid film and radial taper— as w
increases from 2700 r/min to 4200 r/min. The pi= 0.4 MPa, po = 0.1 MPa.

Figure 7a shows that the cavitation rate 1) increases as w increases with different n. At
the same speed, the cavitation rate increases as n increases. The property of shear-thick-
ening accelerates the occurrence of cavitation in the liquid film. As shown in Figure 7b, Q
increases as n decreases at the same w. Figure 7c indicates a small difference in Tt among
different n, but shear-thinning and shear-thickening can increase Tt. According to Figure
7d, more heat is generated in the liquid film as the w increases, which results in the in-
crease in Tmax.

Figure 8 shows the changes in sealing performance parameters for Ap ranging from
0.4 MPa to 0.8 MPa and w = 3000 r/min.

Figure 8a shows that the cavitation rate ) decreases as Ap increases for different n. At
the same pressure, the cavitation rate increases as n increases. The liquid film exhibits a
higher cavitation rate with a larger n. As shown in Figure 8b, Q decreases as n decreases
at the same Ap. Figure 8c indicates that Tt increases as Ap increases. The difference in Tt
among different n decreases as Ap increases. When Ap > 0.8 MPa, the difference in Tt can
be ignored. The liquid film with a larger n exhibits a higher temperature level, which is
caused by the increase in Tt. According to Figure 8d, the thermal peak of the liquid film,
Tmax, increases as Ap increases. However, the growth of Tmax is small, which results from
the fact that the increasing leakage reduces heat generation to a certain extent.
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Figure 7. Influence of rotating speed on seal performance. (a) Cavitation rate; (b) leakage; (c) friction
torque; (d) thermal peak of liquid film.
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Figure 8. Influence of differential pressure on seal performance. (a) Cavitation rate; (b) leakage; (c)

friction torque; (d) thermal peak of liquid film.

3.5. Groove Parameters

Figure 9 shows the changes in sealing performance parameters with the groove depth
hg from 4 um to 16 pm.

Figure 9a shows that the cavitation rate ) increases as hg increases for different n. The
growth rate slows gradually as hg increases. Increasing the groove depth enhances the
hydrodynamic effect of the liquid film to a certain extent. The strengthening effect weak-
ens gradually when hg is above a certain value. According to Figure 9b, for 4 < hg <8 um,
Q increases as hg increases; for hg > 8 um, Q decreases as hg increases. As shown in Figure
9¢, for 4 < hg <12 um, the changes in Tt are negligible; for 12 < hg < 14 um, Tt increases as
hg increases; and for /g > 14 pm, Tt decreases as hg increases. As shown in Figure 9d, Tmax
first increases and then decreases as hg increases. Increasing hg enhances the
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hydrodynamic effect, which thickens the liquid film to maintain the balance of the seal.
However, the enhanced effect weakens as hg increases, and combined with the new equi-
librium of the liquid film, fluctuations in Q, Tt, and Tmax occur. For the fluid with a larger
n, the fluctuation amplitudes of Tt and Tmax are larger.

Figure 10 shows the changes in sealing performance parameters with the groove
number Ng from 22 to 40.

Figure 10a shows that the cavitation rate 1 decreases as N; increases for different n.
Within the range of Ng examined in this study, the hydrodynamic effect of the liquid film
diminishes as N increases. The liquid film thickness decreases to maintain the pressure
equilibrium. This reconfiguration of equilibrium causes fluctuations in Q, Tr, and Tmax.
This indicates that the changes in seal performance are undulatory rather than linear with
the groove number. According to Figure 10b, for 31 < N; < 40, Q first decreases and then
increases as Ng increases. As shown in Figure 10c,d, for 31 < Ng < 40, Tt and Tmax first in-
crease and then decrease as Ng increases. In this study, the range 31 < Ng < 40 is where
these variations occur. The fluctuations are more pronounced when the fluid exhibits
shear-thickening properties.
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Figure 9. Influence of groove depth on seal performance. (a) Cavitation rate; (b) leakage; (c) friction

torque; (d) thermal peak of liquid film.
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Figure 10. Influence of groove number on seal performance. (a) Cavitation rate; (b) leakage; (c) fric-

tion torque; (d) thermal peak of liquid film.

4. Conclusions

The non-Newtonian effect on liquid film seal performance and seal rings considering
the thermal effect is investigated. Then, based on the results, the influence of operating
conditions and groove structure on seal performance is studied. The main conclusions are
as follows:

(1) Compared with the pseudoplastic fluid, the non-Newtonian effect has a greater in-
fluence on the temperature and deformation of the dilatant fluid.

(2) Higher liquid temperature results in a larger radial taper, which accelerates friction
and increases the temperature, two factors that reinforce each other.

(3) The non-Newtonian fluid shows similar trends under different operating conditions,
but the variation is different.

(4) The change in seal performance is nonlinear as the groove parameters increase. The
groove structure affects the seal performance by altering the hydrodynamics of the
liquid film.

Despite significant progress, this study has certain limitations. Validation based
solely on leakage data, while convincing, would benefit from additional data types. Fur-
thermore, whether different behaviors occur under more extreme conditions remains un-
clear. Nonetheless, our findings may contribute to further research on fluid—solid interac-
tion and dynamic behavior in sealing systems.
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