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ABSTRACT

The uneven distribution of fluid pressure in the spiral groove area leads to the elastic deformation of the seal
faces, which not only affects the sealing performance but also affects the running stability. In this paper, a nu-
merical model of a high-speed spiral groove liquid face seal is proposed with the consideration of elastic
deformation and cavitation medium compressibility. The novelty of this study is that the pressure of the cavi-
tation region is modeled as an uneven distribution rather than as a constant. This uneven pressure distribution of
sealing surfaces is generally regarded to have an influence on face deformation. Based on the assumption that the
fluid exists at a complete gas state in the cavitation, the elastic deformation and pressure distribution of sealing
surfaces are calculated. The influence of elastic deformation on sealing performance is further investigated.
Results show that the elastic deformation of sealing surfaces and cavitation effect has a significant influence on
the stability of sealing clearance, which may produce a negative effect on the sealing performance of liquid face
seals. The face deformation causes a divergent gap between two seal faces. With the increase of rotational speed,
the elastic deformation of sealing surfaces reduces at low seal pressure but increases at higher seal pressure,
which may influence the cavitation behavior and pressure distribution of surfaces. Furthermore, the sealing
performance of spiral groove liquid face seal becomes more complicated because of the coupling effect of
cavitation effect and elastic deformation. The changing trend of sealing performance is different under various
seal clearance and seal pressure. The obtained results may provide guidance for the future design of liquid face
seals in engineering applications under high-speed conditions.

1. Introduction

deformation, and this deformation was conical. When the supply pres-
sure was 1.48 MPa, the vertical deflection of the inside and outside of the
seal ring were 0.0009 and 0.0080 mm, respectively. With the growth of

The liquid spiral groove face seal, as a kind of non-contact shaft seal,
has been widely used in rotating machinery [1-4]. Generally, due to the
hydrodynamic effect of face spiral grooves [5], a micron-scale clearance
is generated to separate the seal faces of the rotor and stator during the
operation [6]. The stability of this clearance between the seal faces is the
key to ensuring the safe and reliable operation of the seal. However, this
stable clearance is easily influenced by the elastic deformation of sealing
surfaces [7-14], which may have a significant impact on sealing per-
formance and even result in sealing failure, especially considering the
cavitation effect [15-17]. More attention has been attracted to investi-
gating the elastic deformation of sealing surfaces, which is beneficial to
predicting sealing performance and optimizing the design.

In 1999, Baheti and Gkirk [18] analyzed the ring distortion of a
high-pressure liquid seal and noted that the pressure difference between
the inside and outside of the seal ring was the main cause of mechanical

* Corresponding author.
E-mail address: bsx@zjut.edu.cn (S. Bai).

https://doi.org/10.1016/j.ijmecsci.2022.107397

seal pressure, the deflection demonstrated a similarly increasing trend.
Afterward, the thermoelastohydrodynamic analysis of radial conical
mechanical seals was conducted by Thomas et al. [19,20] and the results
showed that the surface deformation significantly changed the geo-
metric shape and sealing performance of gas face seals. Elastic defor-
mation could cause convergence deformation of seal clearance and
change the pressure field.

In addition, the groove arrangement of sealing surfaces also presents
a significant influence on the sealing characteristics of liquid face seals.
For example, a numerical analysis was conducted by Luo [21] to study
the effect of waviness, taper, and groove type on the sealing perfor-
mance. This study showed that the groove position arrangement had
different influences on the opening force under the influence of the
change of face structure. Alfredo [22] adopted the experimental method
to investigate the deformation behavior of gas face seals under different
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Cavitation intensity variations in fluid lubrication may alter the mechanical and lubrica-
tion properties of the fluid. In this paper, a compressible cavitation model is presented
to study the effect of fluid cavitation intensity on zero-leakage flow of upstream-pumping
spiral grooves face seals (UPSGLFS). The pressure variation in cavities can be calcu-
lated considering the compressibility of the lubricating medium, the ratio of minimum
pressure to cavitation pressure is further defined to characterize the cavitation intensity.
A numerical analysis of the zero-leakage behavior of UPSGLF'S is then performed based
on its effect. Results show that cavitation plays a negative role in sealing performances.
However, the groove’s configuration and working conditions have substantial effects on
controlling the cavitation intensity. Meanwhile, whether a circumferential continuous
pressure ring above the seal pressure can be formed is the design basis for judging the
strict zero leakage of the medium, rather than only depending on the change of leakage
rate parameter value. With suitable spiral groove parameter design, zero-leakage design
for upstream-pumping seals may be achieved under multi-speed and multi-seal-pressure
conditions. Here, a zero-leakage map is presented for working conditions with multi-speed
ranging from 500 to 20,000 rpm and multi-seal pressure ranging from 0.1 to 3.0 MPa.

Keywords: Liquid lubrication; fluid cavitation intensity; zero leakage; upstream pumping
flow; spiral groove seal.

1. Introduction

Upstream pumping face seals, in particular liquid spiral-groove face seals, have
been widely applied to strictly control medium leakage, so as to ensure the reliable
and safe operation of petroleum, petrochemical, and aerospace power equipment

fCorresponding author.
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Abstract: Cavitation in micro-scale lubricating film could be determined by the fluid’s thermal
properties, which impacts the hydrodynamic lubrication capacity dramatically. This study aimed to
novelly investigate the impact of the thermal cavitation effect on the hydrodynamic performance of
liquid face seals, employing the compressible cavitation model, viscosity—temperature effect, and
energy equation. The finite difference method was adopted to analyze the thermal cavitation by
calculating the pressure and temperature profiles of the lubricating film. The working conditions
and geometric configuration of liquid face seals under different thermal cases were further studied
to explore their effects on sealing performance. The results showed that thermal cavitation could
reduce the temperature difference of liquid film at high speeds, and cavitation would be weakened
under temperature gradients, which further dropped off the hydrodynamic performance. Contrary
to the leakage rate, the opening forces tended to be lower with the increasing seal pressure and film
thickness under high-temperature gradients. Furthermore, apart from the spiral angle of grooves, the
hydrodynamic performance exhibited significant variation with increasing groove depth, number,
and radius at high-temperature gradients, which meant that the thermal cavitation effect should be
considered in the design of geometric grooves to obtain better hydrodynamic performance.

Keywords: thermal cavitation effect; liquid lubrication; hydrodynamic performance; cavitation;
liquid face seals

1. Introduction

The liquid face seal [1-3] (LFS), serving as a critical element in rotary power machin-
ery, can ensure the long life and reliable operation of the equipment as a result of the
hydrodynamic performance of lubricating film improved by the surface textures (such as
spiral grooves [4], dimples [5], etc.). Meanwhile, cavitation is a complex mechanism in
the lubrication analysis due to various inducing factors and the weakened hydrodynamic
performance produced, especially at high speeds [6,7]; and its complexity further increases
when the thermal properties of the cavitation medium are involved [8,9]. In the current
engineering practice, the equipment gradually develops for high working parameters (high
speed, high temperature, etc.), and the thermal cavitation effect cannot be ignored to better
predict the serviceability and optimize the design.

In fact, the behavior of the seal can be significantly influenced by thermal effects at
high rotation speeds. For example, the utilization of thermocouples integrated within the
stationary ring, as demonstrated by Denny [10] in 1961, revealed a significant increase in
facial temperature by several tens of degrees. In addition, Orcutt [11] employed a pyrometer
to conduct temperature measurements of the rotor surface. The observed temperature
gradient along the radial direction could exceed 10 K. The above findings were subsequently
validated by Tournerie et al. [12] through the utilization of thermography as a technique.
As observed by Doust and Parmar [13], a small inclination of the sealing ring happened
due to the variations in surface temperature, resulting in their acquisition of a tapered
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Upstream Pumping Characteristic of Inclined-Ellipse-Dimples
on Liquid-Lubricated Seal Face

BAI Shaoxian’, SONG Yuansen

(College of Mechanical Engineering, Zhejiang University of Technology, Zhejiang Hangzhou 310032, China)
Abstract: The realization of the gas-liquid heterogeneous medium isolation seal depends on the upstream pumping
characteristics of the geometric groove of the sealing face. In order to explore the design approach of the liquid sealing
gas seal for the porous face, the upstream pumping characteristic of inclined-ellipse-dimples on liquid seal face was
theoretically analyzed. Considering the cavitation effect, the finite difference method was used to numerically analyze
the influences of operating parameters (e.g. rotation speed, seal clearance and seal pressure) and the structural
parameters (e.g. dimple depth, inclination angle, slender ratio and dimple number on the open force and leakage rate).
Results show that the inclined-ellipse-dimple liquid face seals may present significant upstream pumping and
hydrodynamic effects, which led to open force improved more than 50% greater in the analysis. A complete backward
leakage may be achieved by the inclined-ellipse-dimple upstream pumping face seals by increasing dimple number and
slender ratio. A complete backward leakage can be achieved under pressure condition in the cases of 5~10 pm dimple
depth, 45° inclination angle, greater than 80 dimple number and greater than 3 slender ratio. Meanwhile, the increase in

reverse leakage rate increased with the dimple number, slender ratio, and dimple depth.
Key words: face seal; liquid lubrication; ellipse-dimples; upstream pumping; cavitation effect

R BNBVEE ) IR 4 5 B AT =R A <L RS, RSB yih 0 B S S AR A e T
TS BRA S, 38 1 i 1] R ) T 23 AT P e e v R P AL R BT A7 ] 3t — 25 8 i e g 1T (Y 1
AR DA 252 328 280 ey s A RT ST <A o A PP, Lebeck 't B2 AW L 32 3% 2 3R B0 B FU R 9,

Received 29 June 2018, revised 22 September 2018, accepted 30 October 2018, available online 28 January 2019.
*Corresponding author. E-mail: bsx@zjut.edu.cn, Tel: +86-13738194311.
The project was supported by the National Natural Science Foundation of China (51775504).

R H AR =R S TH (51775504) % B,


http://dx.doi.org/10.16078/j.tribology.2018070
http://dx.doi.org/10.16078/j.tribology.2018070

e Wi

AE R BT 2019 H LA AL RER (G HiIE S5
370304199307043512) i+ Ifi /%M, Fyubired!




P SN VA SO A

A L oz SO ()
Te e e Ce 2 T e 0 o

& Bt FEE B

£

\ | : Y,
ﬂm KB A% B 1993 = TR 4 8% A¥FTIoke /

\\ = T ILAZ AR A () SALH X200 )
Wm R R AR, AA. MR (P RARASEEE AN ) HA A%

2 EF IE HLIzs

WL T A k¥

()
05

N

o

|
|

=1

e i

- IEHE%S:  1033722024100009 ‘ ZO-wE —H =

|
|| A= S AN o

J @ @JQQ((\ T ‘\ ‘\)\/\J) @5@ = \ \\\ < \\h/\u/ ‘ ei ) /(\ @9@ 2z /> v \
JOE HOE> =)
2 = (G f%\q@@fz@i% 3@?/&\@@@@ S DN N f\»@\\m@@aﬂ@g

X




MAE  ®E&
s ER R ot R e Ha
S e e L e
T T AL AR UMK
=8# ¥, ¥H = F,
FAE IR R E B 4 #R R AR,

Elvig g arEd, ek,

Hrir Tk kS Ep 4

%4 M #k:http://www.chsi.com.cn




	申请表
	论文收录证明
	【1】IJMS(中科院TOP一区期刊论文)
	Elastic deformation of liquid spiral groove face seals operating at high speeds and low pressure
	1 Introduction
	2 Theoretical model and simulation method
	2.1 Sealing description and modeling
	2.2 Governing equations
	2.3 Boundary conditions
	2.4 Numerical method

	3 Cavitation effect
	3.1 Verification of cavitation model
	3.2 Cavitation characteristics of face seal

	4 Face deformation
	4.1 Characteristics of face deformation
	4.2 Sealing performance

	5 Conclusions
	Statement of originality
	Declaration of Competing Interest
	Acknowledgment
	References


	中科院TOP证明
	【2】IJAM(SCI二区期刊论文)
	Introduction
	Model Description and Implementation
	Geometric model
	Governing equations
	Numerical techniques
	Model verification

	Zero Leakage Characteristics
	Cavitation intensity
	Geometric configuration
	Spiral angle
	Groove number
	Groove-land ratio
	Groove-dam ratio

	Working conditions
	Rotation speed
	Seal pressure
	Film thickness
	Leakage map


	Conclusions

	【3】Materials （SCI一区期刊论文）
	Introduction 
	Modeling and Numerical Methods 
	Geometry Characterization 
	Analytical Methods 
	Mathematical Formulations 
	Numerical Techniques and Procedure 


	Thermal Cavitation Effect 
	Pressure Distributions 
	Cavitation Intensity 
	Temperature Fields 

	Sealing Performance Analysis 
	Influence of Working Conditions 
	Lubricant Temperature 
	Rotation Speed 
	Seal Pressure 
	Film Thickness 

	Influence of Geometric Configuration 
	Groove Depth 
	Groove Number 
	Spiral Angle 
	Grooved Radius 


	Concluding Remarks 
	References

	【4】摩擦学学报(国内一级期刊（浙大标准）)
	导师证明
	博士学位证书
	博士研究生毕业证书‌



