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Abstract. Strict norms regarding the emission of harmful substances into the natural environment 
impose stringent requirements on engineers designing sealing units, especially when designing 
new mechanical seals. This especially concerns mechanical non-contacting seals with various 
surface layer modifications. Complex mathematical models that enable analyzing complex 
physical phenomena are developed to support the designing works. The presented paper includes 
specification of the impulse gas face seals mathematical model which takes into consideration the 
non-linear Reynolds equation. The mathematical model was solved based on the author’s computer 
program developed in the C++ language, thereby enabling a series of numerical tests and analyses 
on the phenomena taking place in the radial clearance during the seal’s operation. The paper also 
includes the final conclusions and a series of features specific for the subject impulse gas face 
seals. 
Introduction 
Mechanical seals were firmly established as structural elements of sealing units. In recent years, 
the literature on sealing technology featured a series of papers on non-contacting face seals. It is 
important to note that such seals are used in virtually all industry branches and operate in extremely 
different operating and environmental conditions. They are used in rotor machines, including 
compressors, high-speed pumps, mixers, etc. They play a crucial role in separating the sealed 
working mediums from the external environment. Many variants of non-contacting face seals that 
enabled achieving the assumed goal to a lesser or higher degree were developed over the years. 
The recurring problem in virtually all designs is to maintain a stable separation clearance between 
work rings. In the case of non-contacting gas face seals, one of the methods that enable maintaining 
a stable medium layer is to introduce various geometric modifications (micro-structures) to the 
work rings’ tracks. These can include radial or spiral grooves [1,2] or face surface texturing [3]. 
Introducing changes to the sealing rings’ face surfaces causes changes in the fluid film’s dynamic 
properties. Ensuring balance between the forces acting on the ring system allows for maintaining 
a stable medium layer and prevents contact between the rings during operation. The results of 
testing on the impact of geometric changes in the applied face surface modifications on the fluid 
film’s dynamic properties are included in [4–10], among others.  

In papers [11–15] the authors present the results of numerical analyses of a complex 
mathematical model encompassing the ring vibration dynamics’ equations and the non-linear 
Reynolds equation for a compressible medium. The calculation of forces and hydrodynamic 
moments requires solving the Reynolds equation and designating the pressure distribution in the 
fluid film. In the discussed papers, the two-dimensional Reynolds equation is solved with the use 
of numerical methods. 
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The most common methods used include: Finite Volume Method (FVM) [16,17], Finite 
Element Method (FEM) [18], while the Finite Difference Method is used less often. The correct 
designation of the pressure distribution, especially in a clearance with complex topography, 
determines the accuracy of the obtained forces and (hydro-)gaso-dynamic moments obtained.  

This paper presents model testing of little-known non-contacting impulse gas face seals. It 
includes a mathematical model solved using numerical methods and procedures collected in the 
author’s computer program. The paper also includes results of tests mainly concerning pressure 
changes in the radial clearance at various stages of operation of non-contacting impulse gas face 
seals. 
Subject of Testing 
The specificity of non-contacting gas face seals assumes their operation with a certain minimum 
leakage. A feature specific to non-contacting seals is that they maintain a stable clearance 
restricting the leak between the interoperating face surfaces of the rings.  

Based on [19–23] Fig. 1 presents a drawing of a non-contacting impulse gas face seal. 

 
Fig. 1. Cross section scheme of a non-contacting impulse gas face seal; 1 – stator, 2 – rotor, 
3 – chamber, 4 – parallel groove, 5 – spring, 6 – casing, 7 – shaft, 8 – O-ring, 9 – steady pin. 
This seal, similarly to traditional non-contacting gas face seals, consists of two rings. The stator 

(1) is embedded flexibly in the casing and its face surface features peripherally closed chambers 
(3). On the other hand, the rotor (2) turns along with the rotor machine’s shaft (6) and its face 
surface includes open radial grooves (4). The grooves are facing the process side (gland) space 
filled with the sealed medium with a set pressure Po. The operating principle for the impulse gas 
face seal was provided in the papers of the creators of such seals [24]. 

During operation, the sealed medium quickly flows (is injected) from the gland to the 
aforementioned chamber when the groove (4) overlaps with the chamber (3). The chamber features 
a rapid pressure increase at that time. When the groove passes a peripheral section equal to the 
chamber’s length, the pressure in the chamber decreases due to the medium’s leakage via the outer 
peripheral area. The pressure decrease in the chamber lasts until the next medium injection 
(pressure impulse). 

The presented mode of operation of non-contacting impulse gas face seals ensures the 
maintenance of a continuity of the gas film of a low height (several micrometers) and prevents 
contact between the work rings during the device’s operation. 
Mathematical Model 
It can be stated that the mathematical model for the non-contacting impulse gas face seal is widely 
known. The subject literature (e.g. [25]) describes it as a discrete and continuous system of 
differential equations, e.g. equations describing the vibration of a ring mounted flexibly in a casing, 
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equations describing the film fluid’s motion and equations describing the stream continuity (mass 
conservation equation). By applying widely known simplifying assumptions, the motion equation 
and continuity equation were brought down to a single equation that described the pressure 
distribution in the radial clearance, i.e. the so-called Reynolds equation [26]. 

 (1) 

It is possible to designate the pressure distribution when adopting the following boundary 
conditions and periodicity condition: 

; ;  (2) 

The Reynolds equation (1) is a non-linear equation. It specifies pressure changes in the radial 
clearance for compressible media. When conducting a dependency analysis (1), it can be stated 
that the pressure distribution in the clearance depends mainly on the function describing the radial 
clearance’s height. With the assumption of a parallel position of the interoperating rings, the 
distance of any point located on the ring surfaces in regards to the beginning of the inertial 
coordinates system is presented as a dependency for the stator and rotor, respectively:  

 (3) 

 (4) 

The formula describing the simplified radial clearance height function was obtained by 
subtracting equation (4) from (3). 

  (5) 

The nominal radial clearance height  derives from the balance of forces acting on the work 
ring system and is determined during the designing of the given non-contacting impulse gas face 
seal. In the discussed example, the calculations featured the assumption that . Special 
attention must be paid to the surface functions  and  that describe the geometry of the 
chambers and grooves on the face surfaces of the stator and rotor, respectively. The function 

 also takes into account the rotational motion of the rotor along with the radial grooves 
(provided on the rotor’s face surface) with the angular velocity . 

Numerical Solution of the Reynolds Equation 
In the presented paper, the equation (1) was solved by using the numerical method specified in the 
literature in more detail, i.e. the Finite Volume Method. The method is often used in numerical 
solutions of differential equations with partial derivatives, especially in the case of notions 
concerning convection and diffusion. The figure below presents a scheme for the FVM calculation 
grid. 
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Fig. 2. Finite volume grid scheme. 

Virtually two Reynolds equations were solved in the presented FVM calculation algorithm. 
The first case concerned the designation of the steady state pressure distribution and the 

calculations did not feature the derivative . 

 (6) 

In the second case, the complete Reynolds equation (1) was solved: 

. . (7) 

The following dependency was obtained by integrating particular components of the equation (6) 
on the elementary finite volume: 

 (8) 

where: 

  (9) 

  (10) 

The elements present in the aforementioned components depend on the pressure in the N,S,W,E 
and P grid nodes and refer to convection and diffusion on each finite volume surface. 
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,. .,  

The main deficiency of the presented central differential scheme (equation (8)) is its dependency 
on the direction of flow. The upwind differential scheme, the general form of which was written 
as dependency (10), was introduced to improve the solution’s stability. 

   (11) 

In the case of the complete non-stationary Reynolds equation (7) (encompassing the pressure 
derivative over time), it will assume a discretized form as in (11). In the case of the Finite Volume 
Method, the boundary conditions written with dependency (2) can be easily implemented into the 
calculations. 
Results and Discussion 
The solution of the developed numerical model required the introduction of a series of parameters 
that describe the geometry and working conditions of the impulse gas face seals. 

In the case of the impulse face seals, the numerical designation of pressure distribution in the 
fluid film can cause some problems. As opposed to traditional gas face seals which feature 
modifications to the sealing rings’ tracks in the form of geometric structures (micro-channels, 
texturing, etc.) applicable only to the (e.g.) stator’s surface, the impulse gas face seals also require 
modeling of the grooves located on the rotor’s face surface and move along with the rotor. This 
means that the aforementioned grooves must move continuously and periodically on the generated 
calculation grid throughout the entire computer simulation’s duration. The results obtained based 
on the developed numerical algorithm and the author’s computer program are presented below. 
The pressure value was designated at the checkpoint placed on the ring’s circumference, in the 
central part of the chamber located on the stator’s surface. The parameters presented in Table 1 
were used in the numerical calculations.  
It was assumed that the nominal radial clearance height amounted to , whereas the 
depth of the chambers and grooves amounted to . 

Table 1. Gas face seal geometry- and performance-related parameters. 

Parameter Value Parameter Value 

Shaft angular velocity  Inner radius  

Gas viscosity  Outer radius  

Design clearance  Chamber inner radius   

Groove depth  Chamber outer radius  

Chamber depth  Groove radius  

Pressure on the inner radius  Number of grooves  

Pressure on the outer radius  Number of chambers  
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Fig. 3. Pressure changes in a single chamber 

When analyzing the pressure changes in a single chamber (Fig. 3), it is possible to note that an 
impulse pressure increase of up to  takes place at the instance of time . It is also 
necessary to note the phenomenon related to the pressure instability of . When the 
groove passes the chamber area, the chamber features a pressure drop of up to . For the 
adopted sealing ring geometry, it was noted that for the nominal radial clearance height of 

, the pressure value is .  
In the subject literature, non-contacting impulse gas face seals are often described as semi-

active or self-adjusting seals [22, 24]. In the discussed structural solution, the self-adjustment of 
the radial clearance height is generated through the selection (during the designing phase) of the 
geometric parameters of the modifications applied to the rings’ face surfaces. The expected radial 
clearance height is obtained by “adjusting” the hydrodynamic force (opening force) generated in 
the fluid film. In terms of structural assumptions, the perfect operation of a pair of sealing rings 
should feature the maintenance of the radial clearance height of ( ), whereas the vibration 
amplitude should be as small as possible. Maintaining this regime also ensures minimum leakage. 
In addition, it reduced the probability of contact between the rings, thereby preventing their 
excessive wear. 

The pressure distribution in the radial clearance of non-contacting impulse gas face seals is 
presented graphically for the parameters given in Table 1.  

a) b) 

  
Fig. 4. Pressure changes in a single chamber 

Fig. 4 presents pressure distributions in the radial clearance in subsequent phases of pressure 
operation. When analyzing the presented results, it is possible to note the groove motion along the 
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counter ring’s track which causes an increase in the medium’s pressure along the entire groove 
length. 
Summary 
This paper presents the structure, working principle and model testing of little-known non-
contacting impulse gas face seals. It also includes the development of a mathematical model as 
well as numerical calculations featuring the solution of the non-linear Reynolds equation. The 
obtained results are presented in the form of plots featuring pressure distributions in the radial 
clearance during the discussed seal’s various operation cycles. It can be stated that the reliability 
and durability of any non-contacting seal, not only the impulse gas face seals, depends on the radial 
clearance height occurring between the surfaces of a pair of work rings. The above deliberations 
feature clear advantages of the discussed impulse gas face seals, including: effective heat 
dissipation, reversibility in regards to the rotation directions, substantial reduction of dimensions 
when compared to conventional mechanical face seals. The main disadvantage is the presence of 
moving feed grooves made on the rotor, which pose the risk of clogging. The computer program 
developed by the author can be a good tool for supporting the designing of new impulse gas face 
seals. It can also be useful in the selection of adequate geometric parameters of chambers and 
grooves enabling the achievement of the set operating conditions. 
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