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Abstract: 
This paper investigates the impact of the face waviness and pressure inversions on the leakage and on the outer fluid entry 

of mechanical face seals using a numerical model and an experimental setup. The numerical model couples a transient 

Reynolds equation, an analytical contact model, a force balance solver, and a solver for the thermo-mechanical 

deformations. The experimental tests on a face seal with low waviness and on a face seal with high waviness provide 

leakage and outer fluid entry data, which are reproduced by the model. 

Contrary to the face seal with low waviness, the face seal with high waviness has poor performance and the pressure 

inversions increase significantly the ingression of outer fluid. The parametric study shows a decrease of leakage with 

increasing spring force, and an increase of leakage and outer fluid entry with increasing values of waviness amplitude.  

The higher leakage observed for wavy seals is shown to be due to the higher average film thickness, and to some 

extent due to the mechanisms associated with waviness: hydrodynamic pressure generation, film squeeze and stretching.  
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1. Introduction 

Mechanical face seals are widely used in the industry to seal rotating shafts. They are composed of two rings in relative 

motion, one fixed to the stationary chassis, one fixed to the rotating shaft. The rings are pressed together using springs or 

bellows and their contact is lubricated by pressurised sealed fluid. 

In some application [1, 2] face seals are subjected to pressure pulses and it is important to determine their impact on the 

performance, in particular when they lead to pressure inversions.  

Similarly to the pressure pulses, the waviness of the faces lead to unsteady phenomena. The impact of pressure pulses and 

waviness on the performance of faces are the two aspects investigated in this paper. 

 

The impact of varying pressure on the performance of mechanical face seals has only received limited attention. Harp 
and Salant in [3] presented a model to study the variation of the performance of an aerospace face seal during start-up 

and shut-downs, associated with pressure increase and decrease respectively. The model comprises a fluid, contact and 

deformation solvers in embedded loops. This study showed how the heat generation, contact force, and leakage vary over 

time for an inside or an outside pressurised seal and for a seal with a converging or diverging gap. The time scales of the 

unsteady processes studied are however of a few seconds and cannot be extended to smaller times scales. Paul and Salant 

in [4] studied an electronically-controlled seal under various conditions including step and oscillating pressure variation. 

The control of the seal is made by adjusting the coning of the carbon face using a piezoelectric actuator bonded to it. The 

feedback of the controller is based on the face temperature or leakage. The study demonstrated that the control system 

maintains the seal performance even when the pressure oscillates. 

 

Face waviness correspond to deviation from flat in the circumferential direction. Such defect exists after manufacturing 

and change in operation due to the temperature gradients, drive elements or exposure to fluid pressure. Typical waviness 

for face seals after manufacturing and polishing ranges from 0.1 to 1 µm peak-to-peak with a length scale of 10 to 100 

mm [5]. Minet et al. in [6] tested and measured three sets of face seals to provide some relevant statistical parameters for 

the surface, including waviness. The face seals were measured in their initial state, after a 24h-run in period, and worn 

after 124 hours testing. The authors observed that there are generally two waves on the faces and that the amplitude of 

the waves tend to increase with time, up to values close to 1 µm for the face seal tested. 
In other experimental work on wavy face seals, such as in [7], Lubbinge tested face seals with a hard surface with waviness 

ranging from 0 to 5 µm. Flitney and Nau in [8] showed that after 100h test, the waviness of a carbon face reaches values 

ranging from 2 to 5 µm while the waviness of the hard face remains around 0.2 µm.  

The effect of waviness was investigated by Lebeck in [9] who showed that they increase hydrodynamic load support but 

also lead to higher leakage. Some authors, such as Young and Lebeck in [10, 11], also designed face seals with deliberate 

waviness. These wavy-tilt-dam face seals have a waviness so chosen, as to enhance the load support and leakage control; 

while reducing friction and wear.  The face seals were successfully tested under various test conditions, including high 

pressure, temperature, air ingestion and abrasives. Brunetiere et al. in [12] presented a parametric study of a mechanical 

face seal carried out with a numerical model considering thermo-elastic deformations. The variation of numerous input 

parameters was investigated including the waviness, with values up to 1.5 µm on the rotor. The simulations showed that, 

despite the circumferential variation of the film thickness, the global parameters are only negligibly affected by the 

waviness. In particular, the temperature rise only increase by 3 % with waviness. Ying et al. in [13] used a 3D model 

which includes thermo-elastic deformations to study the behavior of a wavy-tilt-dam seal under transient conditions, such 

as speed and pressure ramp.  

The desirable hydrodynamic load support observed with waviness can also be obtained by machining notches on one of 

the faces. Mayer in [14] presented a thermohydrodynamic seal which is a mechanical face seal with notches. As shown 

in the article, the notches increase the load carrying capacity while reducing the friction coefficient. Such design allows 
to increase to operating limit a of given face seal. Djamai et al. in [15] presented a numerical model for a face seal with 

notches on one face. The model couples a fluid equation with cavitation, an energy, and deformation equations. 

Interestingly, the notches do not generate large hydrodynamic effects as the un-notched carbon face deforms thus leading 

to reduced film thickness variation in the circumferential direction. This deformation is due to fact that the film and face 

stiffness are of the same order of magnitude. 

All these studies considered that only one of the faces has waviness. For seals with two hard surfaces, waviness is expected 

on both faces. 

 

The present article investigates the effects of face waviness on the performance of mechanical face seals operating under 

pressure inversions.  

Such an objective requires the development of a numerical model including a transient Reynolds equation, a contact 

model and a thermo-mechanical deformation module. A dedicated setup is also used to test the face seals and to provide 

experimental data. 

 

2. Numerical model 

The numerical model couples a transient Reynolds equation solver, an analytical contact model, an axial force balance 
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solver and a thermo-mechanical deformation solver. 

2.1. Face seal configuration  
The face seal is composed of a rotor and stator with a film of fluid lubricating the interface as shown on figure 1.  

 

 

Figure 1: Schematic of a face seal. The distance between the centre of the faces is C0, the pressures pi, po; the 

radii ri, ro; and the rotating speed ω. 

The surfaces of the rotor and of the stator are both considered with a 2-lobe waviness. The amplitude of the waviness is 

Awr for the rotor and Aws for the stator. The circumferential position in the reference frame is θ, and θr is the circumferential 

position of the rotor, which changes over time due to the rotation when observed in the reference frame. The film 

thickness, h, takes the form 

 

ℎ = 𝐴𝑤𝑠 𝑐𝑜𝑠(2 𝜃) + 𝐴𝑤𝑟 𝑐𝑜𝑠(2(𝜃 − 𝜃𝑟)) + 𝐶0

+ 𝑧(𝑟) 

1 

Where C0 is the central clearance and z is a term including initial radial defects of the faces as well as thermo-mechanical 

induces deformation. As can be seen, when both faces have waviness the film thickness changes over time. 

2.2. Fluid film model 
The transient Reynolds equation is 
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where p is the fluid pressure, h the film thickness, μ the viscosity, ω the rotating speed, 𝜌 the fluid density, and x and y 

the coordinates in the reference frame. 

The model includes cavitation using the homogeneous approach of [16, 17]. The density of the mixture is given by 

𝜌 =
1

1 − 𝜆
𝜌𝑙

+
𝜆

𝜌𝑔

 
3 

 

Where 𝜌𝑙 and 𝜌𝑔  are the lubricant and gas density, and λ the gas mass fraction, typically of 10-5 to 10-7, and of 10-6 here. 

The gas density is given by the ideal gas law and thus varies with pressure and temperature whereas the liquid density is 

constant. The viscosity is determined using [18]   

𝜇 =
1

1 − 𝜆
𝜇𝑙

+
𝜆

𝜇𝑔

 
4 

 

The viscosity of the gas and the viscosity of the liquid are supposed to depend on the temperature following  

𝜇𝑖(𝑇) = 𝜇𝑖(𝑇0) exp 𝑏𝑣𝑖𝑠𝑐 𝑖(𝑇 − 𝑇0) 5 

 
Where i can be l or g depending on the media. bvisc is the coefficient of thermo-viscosity of the considered media, T 
the temperature, and T0 a temperature at which the viscosity µ(T0) is known. 
The Reynolds equation is discretized using a finite element technique [17]. Since the density depends on the unknown 

pressure there is a convective term in pressure. An upwind scheme is necessary to avoid numerical oscillations, such 

procedure is known for gas lubrication [19,20] or cavitation modelling [21]. The transient term is treated with a first order 
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implicit Euler scheme.  

 

Note that the effect of roughness is not considered in the Reynolds equation. Flow factors could have been used but their 

inability to capture important effects such as roughness induced pressure generation led the authors to not include them 

in the model.  

2.3. Contact model 
The model is based on the Greenwood and Williamson model [22] and assumes an exponential distribution of the peak 

heights, as done in e.g. [23]. The contact pressure is of the form 

𝑝𝑐(ℎ) =
𝐸′

8𝑆𝑎𝑙
𝑆𝑞√

𝜋

8
exp(1)exp (−

2ℎ

𝑆𝑞

) 6 

 

Where 𝐸′  is the equivalent Young’s modulus, Sal is the surface correlation length, and Sq the surface roughness standard 

deviation. 

2.4. Axial force balance  
The distance C0 between of the faces is determined through the axial force balance applied to the floating element 

−𝐹𝑠𝑝𝑟𝑖𝑛𝑔 − 𝐹ℎ𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐 + 𝐹𝑓𝑙𝑢𝑖𝑑 + 𝐹𝑐𝑜𝑛𝑡𝑎𝑐𝑡 = 0 7 

 

𝐹𝑠𝑝𝑟𝑖𝑛𝑔  is constant. 𝐹ℎ𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐  is given by  𝐹ℎ𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐 = 𝑝𝑜𝐵𝑆 + 𝑝𝑖(1 − 𝐵)𝑆, with B the balance ratio and S the contact 

area. 𝐹𝑓𝑙𝑢𝑖𝑑 and 𝐹𝑐𝑜𝑛𝑡𝑎𝑐𝑡  are obtained from the pressure distributions obtained from of eq. 2 and eq. 6  

𝐹𝑓𝑙𝑢𝑖𝑑 = ∫ 𝑝 𝑑𝑆

𝑆

     𝐹𝑐𝑜𝑛𝑡𝑎𝑐𝑡 = ∫ 𝑝𝑐  𝑑𝑆

𝑆
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The mass of the tested seal being small it has been neglected in equation 7. A post verification confirmed our assumption. 

The mass of the floating ring is and the maximum acceleration is. Their product is only **% of the closing force. 

The initial guess of the face center distance is adjusted until the forces are equal using a Newton method. That is to say 

that a numerical derivative of the contact and fluid is calculated and used to update the seal clearance C0. 

 

2.5. Themo-mechanical deformation model 
The fluid shearing and asperity contact generate heat that increases the film temperature and that diffuses to the faces. 

The increase of film temperature changes the viscosity henceforth the leakage. The diffusion of the temperature in the 

rotor and the stator leads to face deformations which change the shape of the interface. The thermal effects and thermo-

mechanical deformations are therefore to be considered to correctly predict face seal performance. The thermal effects in 

the solids and thermo-mechanical deformations are considered axi-symmetrical. 

The heat diffusion in the solids is given by 

𝜌𝐶𝑃

𝜕𝑇

𝜕𝑡
− 𝑘 (

1

𝑟

𝜕𝑇

𝜕𝑟
+

𝜕2𝑇

𝜕𝑟2
+

𝜕2𝑇

𝜕𝑧2
) = 0 9 

 

with 𝐶𝑃 the heat capacity and k the thermal diffusion coefficient.  The heat fluxes generated at the film level by the 

contact of the asperities, 𝑞𝑑𝑟𝑦 , and the shearing of the fluid, 𝑞𝑣𝑖𝑠𝑐 , are obtained by multiplying the shear stress by the 

surface velocity components: 

𝑞𝑑𝑟𝑦 = 𝑓 𝑝𝑐𝜔√𝑥2 + 𝑦2    

𝑞𝑣𝑖𝑠𝑐 = 𝜔(𝑥𝜏𝑦𝑥 − 𝑦𝜏𝑥𝑧) 
10 

 

With f the friction coefficient between asperities and 𝜏 the viscous shear stress. 

The heat is assumed to be transferred from the face seal rings to the environment by convection. The convective heat flow 

per unit surface is of the form 

𝑞 = (𝑇 − 𝑇∞)ℎ𝑐 11 

 

With ℎ𝑐 the convection coefficient obtained using the Becker correlation [24]. The heat transfer equation is solved in the 

rotor and stator in one model. The film heat fluxes partition therefore automatically into the solids while ensuring that the 

rotor and stator faces have the same temperature. Since the model is axi-symmetrical, the circumferential average of 

𝑞𝑣𝑖𝑠𝑐and 𝑞𝑑𝑟𝑦 are considered at each radius.  

Given that the film thickness is small, the temperature of the lubricant in the interface is set equal to the temperature of 

faces. 

The thermo-mechanical deformations of the rings are given by (see e.g. [25]) 
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With 𝐸 the Young’s modulus,  the Poisson’s ratio and the thermal expansion coefficient. The thermo-mechanical 

deformations are solved for the rotor and stator separately. The displacements ur and uz at the interface are used to 

determine the deformation contribution to the film thickness.  

2.6. Flowchart 
Figure 2 shows the algorithm of the numerical model. 

 

Figure 2: Numerical model workflow 

The algorithm starts by reading the inputs and initialising the variables, including a guess on the film thickness. For each 

time step, the boundary conditions are set followed by a computation of the fluid pressure, forces, heat fluxes, temperature 

of the solids, temperature of the fluid, fluid viscosity and thermo-mechanical deformations. The initial film thickness 

guess is adjusted considering the forces and thermo-mechanical deformations. The loop for the thermo-mechanical 

deformations seeks convergence of the fluxes, the loop for the face distance seeks a convergence on the forces. Once 

convergence is reached on both loops, the algorithm moves to the next time step. The process is repeated for all t ime 
steps.  

2.7. Comparison to published experimental results 
 

The model is compared to the experimental results of [26] who made measurements of film temperature using infrared 

thermography for a contacting face seal with a sapphire stator. Figure 3 shows the film temperature increase at various 

radial positions and for various speeds.  

The lines are the experimental data, the dots are the numerical predictions with a friction coefficient of 0.05 between the 

asperities. This coefficient was selected because the numerical predictions of the temperature are close to the experimental 

values at all speeds. 
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Figure 3: Comparison of the radial temperature increase for various speeds for the face seal of [26]. 

Experimental results: lines. Predictions of the present model: dots 

One sees that the steady-state experimental temperature profile is well reproduced by the model. This comparison 

validates the model and give confidence in its predictions. 

3. Experimental setup 

3.1. Face seal of interest 
The face seal, mounted onto the face seal holder, is presented on figure 4. 

 

Figure 4: Face seal holder in the setup, immerged in water. The reservoir of lubricating oil in the face seal 

holder is slightly pressurized. The lubricant leaks through the face seal. The magnetic coupling rotates the 

shaft and rotor seal. 

The face seal of interest is an outward face seal with lubricating oil at the inner radius and water at the outer radius. The 

stator is linked to the stationary part with springs and an O-ring. The rotor shaft is driven in rotation thanks to a magnetic 

coupling. The sides of the rotor and stator have flats to transmit/block the rotation. The rotor is blocked axially in the 

direction opposite to the stator.  

The face seal holder is the mechanical system onto which the face seal is fitted.The functions of the face seal holder are 

to house the face seal, provide a reserve of lubricating oil and balance the pressure of the oil with the pressure of the water 

in the cell, while ensuring a small oil over-pressure of 1 to 2 bar. 

As shown in figure 4, the main components of the face seal holder are: a cylindrical reservoir, a bellows, and a magnetic 

coupling connected to a shaft onto which the face seal is placed. The bellows is used to create the oil over-pressure and 

to compensate for the oil-loss. This experimental setup is the same as the one used in [27]. 

 

3.2. Pressure pulses 
 

The pressure cell is connected to a pressure pulses generator (figure 4), the pulses are transmitted to the water of the 

pressure cell through membranes. The pressure pulses reach the outer radius of the face seal by travelling in water. The 

pressure pulses reach the inner radius of the face seal by travelling through the bellows and in the oil inside of the face 

seal holder. Due to the different nature of the acoustic paths, a pulse of pressure reaches the inner seal radius with a delay 

compared to the outer seal radius. An example of pressure reading and resulting pressure difference is shown on figure 5. 
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Figure 5: Inner and outer pressure measurements (top graph) and resulting pressure difference seen by the 

face seal (bottom graph). 

The pressure pulses shown are +/- 15 bar at 12 Hz. (The signals are filtered with a low pass filter of cutting frequency 35 

Hz). One sees that the inner pressure (blue curve) is lagging behind the outer pressure (red curve). The consequence of 

this delay is a varying pressure difference as shown in black.  

Formally written, the pressures values are 
𝑝𝑖 = 𝑝𝑏𝑝 + 𝑝Ø

𝑝𝑜(𝑡) =  𝑝𝑏𝑝 + 𝑝𝑑 sin(2 𝜋𝑓𝑡)
 13 

 

With pbp the back pressure, 𝑝Ø the over-pressure due to the bellow and pd the pressure difference due to the delay.  

 

3.3. Test conditions and test procedure 
 

The test conditions are: temperature of 80C; back pressure of 80 bar; bellow over-pressure of 1 bar, pressure pulses of 

+/-30 bar at 12 Hz leading to a pressure difference, pd, equals to 3.55 bar. A rotating speed of 3500 rpm is set for 13 min 

and followed by 2 min without rotation. The pulses are generated when the shaft rotates. Typical test duration is 12h, plus 

a half day of assembly, and a half day of dissassembly.  

 

The steps to carry out a test are as follow: 

- Assembly of the face seal and face seal holder. 

- Filling of the face seal holder with turbine oil following the creation of a vacuum. Collection of an oil sample 
and measure of the bellows compression. 

- Insertion of the face seal holder in the setup, filling of the setup with water, increase of the pressure and 

temperature to the desired values. 

- Starting of the test. The 12h tests ran overnight. 

- Once the test is completed, setup cooling, decrease of pressure and removal of the face seal holder. 

- Measure of the bellows compression. Emptying of the oil and collection of an oil sample. 

- Shipment of the samples to an external lab. 

 

3.4. Performance estimations 
The performance of the face seal is characterized using: 

- Variation of water in oil content  
- Variation of oil volume 

 

A sample of oil is collected during the filling of the face seal holder, before the test. At the end of the test, all the oil is 

collected, stirred and a representative sample taken. Both samples are sent to an external lab for analysis of water-in-oil 

content done with Karl Fisher titration [28]. 

The seal leakage is estimated by measuring the variation of the oil volume between the beginning and end of the test by 

inserting a rod into the bellows used to measure its length. 

4. Results 

This section presents the results of the experimental and numerical study on the impact of pressure inversions on the 

performance of wavy mechanical face seals. 
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Subsection 4.1 presents the face seal in nominal conditions and section 4.2 presents two simulations: One with a face seal 

without waviness and subjected to pressure pulses, one with a face seal with waviness with constant pressure. The 

objective is to observe the impact of each effect separately. The second subsection presents the experimental results and 

comparisons with the model with the objective of asserting the model prediction. The last subsection uses the model to 

carry out a parametric study on the impact of the waviness amplitude and closing force. 

 

4.1. Face seal in nominal conditions 
 

Figure 6 shows the model of the rotor and stator face considered. The configuration is axis-symmetrical for the thermo-

mechanical deformations.  

 

Figure 6: Model of the face seal 

The contact surfaces are S1 on the rotor and stator. The surfaces in contact with lubricating oil or water are indicated in 

table 1 along with the mechanical and thermal boundary conditions. 

Table 1: Boundary conditions of the model 

 Stator Rotor 

Thermal Mech. Thermal Mech. 

S1 qvar pvar qvar pvar 

S2 qconv, water po qconv, oil pi 

S3 q = 0 pi qconv, oil pi 

S4 qconv, oil pi + 

z>=0 

q = 0 pi 

S5 qconv, oil pi q = 0 po 

S6 qconv, oil pi q = 0 po 

+z<=0 

S7 qconv, oil pi q = 0 po 

S8   qconv, water po 

S9   qconv, water po 

 

The convective heat flux per unit surface qconv are given in equation 11. 

The dimensions of the faces are presented in appendix. The lubricant properties in table 2, the material properties in table 
3, the the operating condition in table 4 and the design parameter in table 5. 

 

Table 2: Properties of the oil lubricant and water surrounding fluid at 80°C 

Parameter Unit Value 

Oil density kg/m3 962 

Oil conductivity W/K.m 0.14 

Oil specific heat J/kg.K 2000 

Oil dynamic viscosity Pa.s 0.0078 

Oil Thermoviscosity coeff. 10-6/K -0.0243 

hc,oil W/K.m2 2013.6  

Water density kg/m3 1000 

Water specific heat J/kg.K 4180 

Water dynamic viscosity  mPa.s 0.355 

hc,water  W/K.m2 22116.3 
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Table 3: Material properties of the silicon carbide rotor and stator 

Parameter Unit Value 

Density kg/m3 3170 

Conductivity W/K.m 150 

Specific heat J/kg.K 800 

Young’s modulus GPa 434 

Poisson’s coefficient  0.21 

Expansion coefficient 10-6/K 3.70 

Table 4: Nominal operating conditions 

Parameter Unit Value 

Rotating speed Rpm 3500 

Over-pressure 𝑝Ø bar 1.0  

Surrounding fluid pressure pb bar 100 

Temperature oC 80 

 

 

Table 5: Reference design parameter 

Parameter Unit Value 

Sq µm 0.21 

Sal µm 1.78 

Friction coefficient  0.1 

Balance ratio B  1.0 

Spring force N 125 

 

A simulation was performed with the data presented in tables 1 to 5. The performance of the face seal in these nominal 

conditions are shown in table 6. The dry and viscous friction torques of the seal is calculated in the following way: 

𝐶𝑑𝑟𝑦 = ∫ 𝑓 𝑝𝑐√𝑥2 + 𝑦2
𝑆

𝑑𝑆   14 

𝐶𝑣𝑖𝑠𝑐 = ∫ (𝑥𝜏𝑦𝑥 − 𝑦𝜏𝑥𝑧)
𝑆

𝑑𝑆 

The mass flow rate 𝑚̇of the seal is calculated from the finite element formulation. The method is fully described in the 
appendix of paper [17]. 

 

 

 

Table 6: Performance of the face seal in nominal conditions 

Parameter Unit Value 

Leakage cm3/hr 0.137 

Total torque N.m 0.267 

Dry torque N.m 0.177 

Viscous torque N.m 0.090 

Min. film thickness µm 1.01 

Max. film thickness µm 1.09 

Relative opening force  

due to contact 

% 93.7 

Dissipated power W 97.7 

Max. temperature increase oC 9.3 

Max contact pressure bar 7.60 

 

The face seal has a leakage of 0.137 cm3/hr and a torque of 0.27 N.m which includes 0.177 N.m of dry torque (66%). The 

face seal exhibits a strong contact with close to 94% of the opening force supported by the asperities. The shape of the 

film thickness and the temperature increase distribution are shown on figure 7. 
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Figure 7: Radial film temperature and film thickness profiles of the face seal without waviness in nominal 

conditions. 

Figure 7 shows that the faces of the seal form a diverging gap in the flow direction (inner to outer radius). The shape of 

the gap is due to the thermal deformations, and to the mechanical deformations to a lesser extend. 

 

4.2. Effects of pressure inversions and waviness alone 
 

4.2.1 Impact of pressure inversion 

 

The reference simulation was performed over time and with the pressure pulses shown in equation 13. Figure 8 shows 

the variation of the average film thickness (black), of the mass flow at the inner (green) and outer (blue) radius resulting 

from the pressure pulses. 

 

Figure 8: Time evolution of the pressures and resulting variation of the average film thickness and mass flows. 

Positive flow indicates fluid leaving the seal, negative entering. 

Before the pulses start, that is, before time 0.05 s, the film thickness and mass flows are constant and equal 1.04 µm for 

the film thickness and 0.137 cm3/hr for the mass flow  (as presented in table 6). As the pressure varies, the film thickness 

and mass flows oscillate. The change of signs of the mass flow indicates that outer fluid water enters the sealing dam at 

the outer radius and that, at the inner radius, fluid in the sealing dam goes back to the sealed chamber. Water entering the 

seal, and potentially the sealed chamber, can be detrimental to the behavior of the seal and integrity of the surrounding 

systems. 

The true value of water in the sealing dam is complex to estimate as it depends on numerous phenomena including surface 

wetting, water-oil mixing, etc. 

The magnitude of water entry can be estimated by computing the cumulative of the circumferentially averaged massflow 
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𝑚̇ entering at the radii. The variables ζr0, ζri are defined as  

 

If 𝜁𝑟0(𝑡𝑗−1) + ∫ (
1

𝜌
)

𝑡𝑗−1

𝑡𝑗−1−𝛥𝑡
𝑚̇𝑟𝑜

(𝑡𝑗)𝑑𝑡 < 0 Then  

𝜁𝑟0(𝑡𝑗) = 𝜁𝑟0(𝑡𝑗−1) + ∫ (
1

𝜌
)

𝑡𝑗−1

𝑡𝑗−1−𝛥𝑡

𝑚̇𝑟𝑜
(𝑡𝑗)𝑑𝑡 

 

Else: 𝜁𝑟0(𝑡𝑗) = 0 

14 

 

If ∫ (
1

𝜌
)

𝑡𝑗−1

𝑡𝑗−1−𝛥𝑡
𝑚̇𝑟𝑜

(𝑡𝑗)𝑑𝑡 > 0 Then 

𝜁𝑟i(𝑡𝑗) = 𝜁𝑟i(𝑡𝑗−1) + ∫ (
1

𝜌
)

𝑡𝑗−1

𝑡𝑗−1−𝛥𝑡

𝑚̇𝑟𝑖
(𝑡𝑗)𝑑𝑡 

Else: 𝜁𝑟i(𝑡𝑗) = 0 
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ζro increases over time if outer fluid enters the sealing dam at the outer radius; it decreases if the seal leaks as in nominal 

conditions but does not become negative. ζri evolves in the same fashion but become null as soon as the fluid enters the 

seal at the inner radius (the inner reservoir of oil is supposed large so that the fluid entering it from the sealing dam is 

directly mixed with oil). 

 

Figure 9 shows the evolution of the amount of water in the sealing dam ζro/V (blue) and of the amount of sealed fluid of 

the sealing dam leaving ζri/V (green). 

 

Figure 9: Time evolution of the pressures and resulting inflow of water at the outer radius, and outflow of 

sealed fluid at the inner radius expressed in percentage of total film volume. 

One sees that, as the outer pressure becomes higher than the inner pressure, the water enters the seal at the outer radius. 

The water enters up to 3.1% of the total fluid volume and subsequently exist the sealing dam as the outer pressure becomes 

lower than the inner pressure. The amount of fluid leaving the seal at the inner radius correspond to a maximum of 1.3% 

of the total fluid volume in the film. Although the pressure reverses and the fluid at the outer radius temporarily enters 

the face seal, the duration of the pressure inversion is so short that the outer fluid does not travel more than a few percent 

of the total film volume.  

 

This subsection showed that the pressure inversions lead to small amount of water entry. The values are small due to the 

low film thickness of the face seal studied, itself a consequence of the high spring force. 

4.2.2 Impact of waviness 

 

The primary objective is to understand the main effects caused by waviness. The waviness considered is based on surface 

topography measurements and is 0.4 µm for the stator and 0.5 µm for the rotor. 

 

When a face seal has waviness on both faces, the film thickness distribution varies periodically. Figure 10 shows the 

relative position of the stator and rotor height at various time instants as the rotor rotates. 
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Figure 10: View of the positions of the rotor and stator lobes at various time instants. 

In the initial configuration the rotor lobes face the stator lobe (blue and black curve). After ¼ of rotation the rotor lobes 

are between the stator lobe and valley and after another ¼ rotation (1/2 in total), the rotor lobes face the stator valley. The 

variation of mass flows, average and minimum film thickness are depicted on figure 11. 

 

Figure 11: Simulation of the face seal with low waviness. Time evolution of the mass flows, minimum film 

thickness, average film thickness (image of film volume) and snapshots of the fluid pressure distribution. 

At time equals 0, the stator lobes face the lobe of the rotor, the minimum film thickness is the lowest and average film 

thickness highest. The pressure field is as shown on picture A1. As the rotor lobes move to stator valley, the minimum 

film thickness increases and average film thickness decreases (pressure field A2) until a lobe/valley configuration is 

reached (pressure field A3). The variables then return to the initial configuration and the pressure field passes through 

picture A4. 

The average film thickness is an image of the seal volume. The variations of average film thickness lead to strong mass 
flow variations with entry of outer fluid at the outer radius and entry of film fluid at the inner radius, as shown on the top 

graph. 

Aside from these overall variations of mass flows, there are local areas squeezed and stretched as shown on the pressure 

field A1 to A4. As such, the net mass flow at the inner and outer radius as shown on the top graph have contribution of 

fluid entering and leaving. This is illustrated on figure 12 for the flow at the outer radius. 

 

Figure 12: Mass flow entering and leaving the face seal at the outer radius. Face seal with low waviness.  

Champ de 

pression ici 
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The previously defined ζro/V variable (equation 14) can be used to have an estimation of the water entry resulting from 

the waviness. Note that the variable is based on circumferential average of the mass flow at the outer radius and offer 

therefore only qualitative information. For the face seal with low waviness, the ratio ζro/V, indicates that the water travels 

up to 10% of the total volume.  

This is higher than with the pulses alone but not enough for the water to reach the oil reservoir. 

 

4.3. Comparison to experimental results 
 

This section compares the experimental results to the numerical predictions for face seals with two values of waviness 

amplitude. The face seal with low waviness has a waviness amplitude of 0.4 µm (0.8 µm peak-to-peak) on the stator and 

of 0.5 µm for the rotor. The face seal of high waviness has a waviness of 3.5 µm on the stator and 5.4 µm on the rotor. 
 

4.3.1 Test results 

The face seal with low waviness and a face seal prototype with the high value of waviness were tested on the setup. All 

tests are done at 80degC, 3500 rpm and with the pressure pulses indicated in equation 13. The test results are shown in 

table 7. 

Table 7: Experimental test results with the face seal with low and high waviness amplitude and with or 

without pressure pulses 

Test id 1 2 3 4 5 

Waviness Low Low  High  High High 

Pulses No Yes No Yes Yes 

Duration, 
hours 

12 12 3 3 5 

State Run-in New  New 9h 

run-

in 

4h 

run-

in 

Vol loss 

cm3/hr 

< 0.8 < 0.8 126 

+/- 3 

85 

+/- 3 

78 

+/- 2 

Water in 

oil, 
before % 

0.08 0.08 0.08 0.1 0.08 

Water in 
oil, after % 

0.13-
0.19 

0.3-0.32 0.39 3.14 5.5 

Water in 

oil, incr. % 

0.05-0.11 0.22-

0.24 

0.31 3.04 5.42 

Water in 

oil, incr. 

rate %/h 

0.0041 – 

0.0092 

0.018 – 

0.02 

.103 1.0 1.084 

 

Face seals with low waviness ran for tests 1 and 2. It exhibits small values of water entry and a volume loss inferior to 

the measurement resolution. The values displayed are based on several tests. As can be seen by comparing the results of 

tests 2 and 1, the pressure pulses slightly increase the water content. These results show that the face seal with low 

waviness has excellent performance. 

 

The face seal with high waviness ran for tests 3, 4, and 5. In contrast to the low waviness face seal, that seal exhibits large 

leakage, between 78 and 126 cm3/hr, and large water ingression rate, between 0.1 to 1. percentage point per hour. These 

values are much higher that the acceptable standard limits. 

 

None of the face seal tested showed visible marks of wear on the contact surfaces. 

 
 

4.3.2 Simulation of the face seal with low waviness (0.4 µm – 0.5 µm) under pressure inversion 

 

The face seal with low waviness used for tests 1 and 2 was simulated under the test conditions.  

Figure 13 shows the resulting water entry expressed in percentage of total film volume travelled. 
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Figure 13: Time evolution of the pressures and resulting inflow of water at the outer radius, and outflow of 

sealed fluid at the inner radius expressed in percentage of the total film volume. Face seal with low waviness.  

One sees that the maximum percentage of fluid volume travelled is 13.2%. This value is extremely close to the sum of 

the 10% due to the waviness alone and 3.1% due to the pulses alone shown in section 4.1. A maximum value of volume 

travelled of 13.2% is low, which is in accordance to the low values of water-in-oil obtained experimentally on tests 2. 

4.3.3 Simulation of the face seal with high waviness (3.5 µm – 5.4 µm) under pressure inversion 

 

The face seal with high waviness used for tests 3, 4, and 5 was simulated under the test conditions. The material properties 

of the face seal with high waviness, which are different from those of the face seal with low waviness, are given in table 
8. 

Table 8: Properties of the face seal with high waviness 

Parameter Unit Value 

Density kg/m3 3900 

Conductivity W/K.m 500 

Specific heat J/kg.K 500 

Young’s modulus GPa 841 

Poisson’s coefficient  0.2 

Expansion coefficient 10-6/K 2.5 

Sq µm 0.368 

λ µm 7.1 

Friction coefficient  0.08 

 

Figure 14 shows the pressure boundary conditions, mass flow at the outer radius and percentage of seal volume travelled.   

 

Figure 14: Time evolution of the pressures, resulting mass flow at the outer radius, inflow of water at the 

outer radius, and outflow of sealed fluid at the inner radius expressed in percentage of total film volume. Face 

seal with high waviness. 

One sees that the mass flow varies between -1100 cm3/hr to +1400 cm3/hr which is more than one order of magnitude 
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than the reference face seal with waviness (see figure 11). When there are no pulses, that is, before time is 0.05 s, the 

water at the outer radius travels up to 25 % of the total volume, as a sole consequence of the waviness. The volume of 

fluid leaving the sealing dam at the inner radius to the oil reservoir is also high and equals 52% of the total sealing dam 

volume. 

The distance travelled is much higher when there are pulses: the water at the outer radius travels up to 150% of the total 

fluid volume, the volume of fluid leaving the sealing dam at the inner radius to the oil reservoir is 100%. The high values 

obtained indicate water entry, which is in accordance to the high value of water-in-oil measured experimentally on tests 

4 and 5. Further, the simulation indicates a leakage of 109 cm3/hr. 

The comparison between the experimental measurements and simulation results is presented in the next section. 

 

4.3.4 Summary of the experimental and numerical comparisons 
 

Table 9 summarises the experimental and numerical values of water entry obtained, while table 10 shows the results for 

the leakage. 

Table 9: Comparison of the water entry predicted by the model and measured experimentally   

Waviness Low Low High  High 

Pulse Without With Without With 

Experiments,  

% / hr 

0.004 – 

0.0083  

0.018- 

0.02 

0.1  1.0 

Simulation: 

Max(ζro/V) 
10% 13% 25 % 150% 

 

Table 10: Comparison of the leakage predicted by the model and measured experimentally   

Waviness Low Low High  High 

Pulse Without With Without With 

Experiments 

cm3 / hr 

< 0.8 <0.8 126 ± 3 78 ± 2; 

86 ± 3 

Simulation 

cm3 / hr 

0.61 0.55 108.5 105.6 

 

One sees that the model predictions are qualitatively aligned with the experimental measurements. These comparisons 

give confidence in the ability of the model to estimate water entry and leakage for wavy face seals. One also sees that the 
simulation predicts a lower leakage for face seals subject to pressure pulses as observed in the experiments.. The reason 

is due to the fact that the film thickness varies differently over time. To have a better view on the ability of the calculated 

volume travelled to detect water entry, it has been plotted as a function of the measured water entry rate in figure 15. It 

can be seen that a very good correlation exists between these parameters. Based on the fitted curve, it can be stated that 

if the calculated volume travelled is lower than 10%, no water entry is expected. 

The next section presents a parametric study where the effect of waviness on the leakage as well as closing force is 

investigated.  
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Figure 15: Calculated volume travelled as a function of the measured water entry rate . 

 

 

4.4. Parametric study 
 

This section investigates the impact of face waviness and closing force on the leakage and on the water entry. 

 

4.4.1 Impact of the waviness on performance 

The reference face seal is simulated with various realistic values of waviness. In this section the ratio of waviness defined 

as Aws over Awr (equation 2) is set at a constant value 0.8. The rotor waviness values Awr (in µm) are: 0.3, 0.4, 0.7, and 1.0. 

The ratio of waviness is There are no pressure inversions for these simulations. Figure 15 shows the average leakage as a 

function of the average face waviness. 

 

 

Figure 16: Impact of the average waviness on the leakage and maximum water entry. 

The leakage of the case without flatness defect is 0.137 cm3/hr (case of table 6). The leakage increases with increasing 

flatness defect and reaches up to 3.1 cm3/hr with the maximum flatness defect simulated. This graph gives information 

on the maximum permissible waviness for a given leakage. 

One sees that the maximum water entry increases when the flatness defect becomes higher. 
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4.4.2 Contributions to the leakage for wavy face seals 

 

As seen on figures 8 and 11, the waviness of the faces increases the average film thickness. For face seals with parallel 

faces, the leakage is proportional to the cube of the film thickness. One wants to investigate if the higher leakage observed 

for wavy face seals is due to the increase of film thickness or to other effects. 

 

A first set of simulations was performed on the face seal without waviness and with various values of Sq, each leading to 

a different value of film thickness. A second set of simulations was performed on the face seal with various values of 

waviness, each leading to a different value of film thickness. The leakage obtained are displayed as a function of the 

average film thickness in figure 16. For the simulations with wavy face seals, the time average over a period of the mean 

film thickness is considered. 

 

The leakages are expressed in dimensionless form using 

𝑄̂ = 𝑄 (6 𝜇 (𝑟𝑜 − 𝑟𝑖))/(𝜋(𝑝𝑖 − 𝑝𝑜)𝑟𝑎𝑣ℎ𝑎𝑣
3 ) 16 

 

 

Figure 17: Comparative impact of the average film thickness due to face waviness and surface roughness on 

the leakage. 

The red dots show the simulations with the non-wavy faces. The dimensionless leakage equals one is this case because it 

is driven by the Poisseuille flow. In contrast, the simulations with waviness have an increasing dimensionless leakage 

when the average film thickness is increased. This indicates that the leakage for wavy face seal is not only driven by the 

pressure difference but also by other mechanisms including hydrodynamic pressure generation, film squeeze and film 

stretching. 

 

4.4.3 Impact of closing force for the face seal with low waviness 

 

This section shows the impact of the closing force on the performance of the face seal with low waviness. Figure 17 

shows the leakage and maximum water entry over the spring force for simulations without pulses (black) and with pulses 

(blue). 
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Figure 18: Impact of the spring force on the leakage and maximum water entry for a case with pulses (blue) 

and without pulses (black) for the face seal with low waviness. 

One sees that the leakage decreases with the spring force with and without pressure pulses. This is due to the lower film 

thickness resulting from the higher contact force. As discussed previously, the leakage for the case with pressure pulses 

is slightly lower.  

The maximum water entry decreases with the spring force for the case with pulses but slight increases without pulses.  

When the spring force is lower, the average film thickness is higher. This leads to lower squeeze and stretching effects, 

and therefore less propensity to water entry. In contrast, when the pressure reverses, the closing forces are not sufficient 

to compensate the reversing hydraulic force and the face seal tend to open which explains the higher water entry. 

5. Conclusion 

This article investigates, numerically and experimentally, the effects of pressure pulses on the performance, in terms of 

increase of leakage and potential outer fluid entry, of two wavy face seals. 

 

A face seal with low waviness defect was experimentally tested under pressure inversions. The high contact force and 

low asperity height lead to a low film thickness which makes the seal have a low leakage and close to no water entry, 

despite operating in detrimental conditions. 

An exploratory face seal with high waviness was tested under the same conditions and exhibits large leakage, some water 

entry with constant pressure, and significant water entry with pressure pulses. These results show the detrimental impact 

of waviness when coupled with pressure inversions. 

The simulations of the face seals tested provided results in line with the experimental observations.  

 

A numerical parametric study on the reference face seal shows that the waviness has a strong impact on the leakage (it 

varies from 0.137 to 3.1 cm3/hr when the average waviness amplitude varies from 0.0 to 1.0 µm). This increased leakage 

is shown to be a consequence of the increased average film thickness and effects caused by waviness (hydrodynamic 

pressure, squeeze and stretching of the film). The propensity to water entry is also shown to increase with increasing 

waviness. 
The parametric study on the reference face seal of low waviness showed that the leakage is increased when the spring 

force is reduced and that the propensity to water entry increases when there are pressure inversions due to unbalance of 

the hydraulic force by the spring force. 

 

 

 

 

Nomenclature 

Aws, Awr amplitude of the waviness for the stator, rotor 

B balance ratio 

bvisc coefficient of thermo-viscosity 

C0  face centre distance 

Cp heat capacity 

E Young’s modulus 

F force 

h, hav film thickness  

hc convection coefficient 
p pressure 

q heat flux per unit surface 

r, z cylindrical coordinates 

ri, ro, rav radius 

S contact surface  

Sq standard deviation of surface roughness 

t time  

T temperature 

ur, uz deformations 

V film volume 

x,y  cartesian coordinates in reference frame 

θ circumferential position 

θr rotor circumferential position 

λ gas mass fraction, thermal expansion coefficient, surface correlation length 

µ viscosity 
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 Poisson’s ratio 

𝜌, 𝜌𝑙 , 𝜌𝑔 mixture, liquid, gas density 

 radial taper 

ω rotational speed 

ζro, ζri amount of water entry 

6. APPENDIX: Dimensions of the face seal 

Table 11: Dimensions of the face seal 

 Stator (mm) Rotor (mm) 

S1 inner radius 11.379 11.379 

S1 outer radius 14.262 14.262 

Length of S2 2.413 0.508 

Length of S3 13.69 1.613 

Length of S4 4.098 5.862 

Length of S5 13.06 3.180 

Length of S6 0.978 6.915 

Length of S7 3.048 8.026 

Length of S8  2.178 

Length of S9  1.524 
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