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Section 3 – Modelling of structural problems in aerospace airframes 

Abstract: Depending on the operating parameters, a dynamic sealing system with O-rings can be in 
different friction modes: dry, limit, mixed or fluid. Modification of the friction mode occurs 
throughout the operating life, but also in a single working cycle, as a result working parameters 
variation: variation in speed of the mobile part of the hydraulic equipment from zero (at start and at 
reversal of the movement sense) to a maximum value, specific to each application; the fluctuation of 
the viscosity of the hydraulic fluid according to the pressure and the working temperature; variation 
of the contact pressures between the sealing ring and the sealing surfaces, depending on the pressure 
and the temperature of the sealed environment. 
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1. CRITERIA FOR CHARACTERIZATION OF THE FRICTION REGIME 
Experimentally and practically it was found that when an elastomer slips at a certain speed 
over a rough surface, in the presence of a fluid, elastohydrodynamic bearing forces exist 
between the surfaces of the two bodies [6, 7, 8, 9], as shown in Fig. 1. Under certain 
conditions (relative speed, normal load and type of hydraulic fluid) the two surfaces are 
completely separated and a continuous fluid film with a very low thickness compared to 
other body dimensions is interposed between them. 

In the case of O-rings, the phenomenon occurs similarly. During relative translation 
movement between the two surfaces, they can be separated in the presence of a hydraulic 
fluid, forming a convergent annular gap as shown in Fig. 2 [2, 3, 4, 5, 9, 10, 11]. 

Given that the static pressure distribution is the result of a major radial deformation 
(from at least 150 ... 200 μm in the 1.78 mm sectional rings, up to 1100 ... 1200 μm in the 
sectional rings 6.99 mm), the additional deformation generated by the elastohydrodynamic 
carrier film cannot significantly alter the initial pressure distribution (the experimentally 
determined fluid film thickness [1, 2, 3, 4, 5, 9, 10, 11] is of 0 ... 10 μm). The relationship 
between the elastohydrodynamic pressure p(x), the velocity of the mobile part V, the 
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dynamic viscosity of the hydraulic fluid η and the thickness h(x) of the film is determined by 
the Reynolds equation [2, 3, 4, 5, 9, 10, 11]: 

dp
dx

= 6 ⋅ η ⋅ 𝑉𝑉
ℎ(𝑥𝑥) − ℎ
ℎ3(𝑥𝑥)  (1) 

 
Fig. 1 - Generating hydrodynamic pressure during tangential motion of an elastomeric body over a rigid and rusty 

surface in the presence of a fluid 

  
a) direct stroke (the rod comes out of the hydraulic 

cylinder) 
b) reverse stroke (the rod enters the hydraulic cylinder) 

Fig. 2 - Diagram of pressure and velocity distribution in the elastohydrodynamic bearing film 

in the following calculation hypotheses: 
 the elastic pressures generated in the contact area do not change the viscosity of 

the fluid in the gap; 
 the interstice being annular, the lateral flow is negligible; 
 the modulus of elasticity of the sealing ring material is very low compared to that 

of the steel parts; 
 the areas of the gap are smooth; 
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 the thickness of the film is very small compared to other body dimensions and 
radial grip. 

The average thickness of the fluid film h (hd for the direct stroke or hi for the reverse 
stroke), for a known pressure distribution known p(x), analytically or experimentally, 
corresponds to the point where dp/dx = 0, the elastohydrodynamic pressure value is the 
maximum and the velocity distribution in the fluid film is linear (from Vd or Vi on the surface 
of the mobile part to 0 (zero) on the sealing ring surface) and is determined with the 
following relationships [2, 3, 4, 5, 10, 11]: 

ℎ𝑑𝑑 = ��
8 ⋅ η ⋅ 𝑉𝑉𝑑𝑑

9 ⋅ 𝑝𝑝′𝑑𝑑
� (2) 

ℎ𝑖𝑖 = ��
8 ⋅ η ⋅ 𝑉𝑉𝑖𝑖

9 ⋅ 𝑝𝑝′𝑖𝑖
� (3) 

where p'd and p'i are the pressure gradients at the points where the curve has the maximum 
ascending slope and the maximum descending slope, respectively. 

The gradient pressure for direct stroke can be calculated by deriving relationship (4) at 
point x = -b’: 

𝑝𝑝𝑐𝑐(𝑥𝑥) = 𝑠𝑠 ⋅ 𝑝𝑝 +
𝑘𝑘
𝑑𝑑1
��𝑟𝑟∗2 − 𝑥𝑥2 − (𝑟𝑟∗ − 𝛿𝛿𝑜𝑜)� (4) 

Thus, relationship (5) is obtained: 

𝑝𝑝′𝑑𝑑 =
𝑘𝑘
𝑑𝑑1
�

𝑏𝑏′

�𝑟𝑟∗2 − 𝑏𝑏′2
� (5) 

in which all notations have been previously defined or are obtained from experimental 
pressure variation curves. 

For the reverse stroke, the pressure gradient will be calculated with the following 
relationship: 

𝑝𝑝′𝑖𝑖 = 𝑝𝑝′𝑑𝑑 + 0,09 ⋅ 𝑝𝑝1,8 (6) 

valid for O-ring seals [3, 4], because the gradient calculation by deriving relationship (7) 
would introduce significant errors in this case, as can be seen from Fig. 4. 

The contact pressure distributed on strip 2b (see Fig. 3) is calculated with the following 
relation, for x ∈ [-b', b']: 

𝑝𝑝𝑐𝑐(𝑥𝑥) = 𝑠𝑠 ⋅ 𝑝𝑝 +
𝑘𝑘
𝑑𝑑1
��𝑟𝑟∗2 − 𝑥𝑥2 − (𝑟𝑟∗ − 𝛿𝛿𝑜𝑜)� (7) 

in which: 

𝑟𝑟∗ =
𝑏𝑏′2 + 𝛿𝛿𝑜𝑜2

2𝛿𝛿𝑜𝑜
 (8) 

𝛿𝛿𝑜𝑜 =
𝛿𝛿ob + 𝛿𝛿oz

2
 (9) 

and with the below relationship for x ∈ (2b', 2b]: 
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𝑝𝑝𝑐𝑐(𝑥𝑥) = 𝑠𝑠 ⋅ 𝑝𝑝 ⋅ �
2𝑏𝑏 − 𝑥𝑥

2𝑏𝑏 − 2𝑏𝑏′
� (10) 

The correctness of the calculation relations (7) and (10) was verified by the comparative 
analysis of the pressure distributions obtained experimentally [3, 4, 10, 11] and analytically, 
as shown in Fig. 4. 

 
Fig. 3 - Diagram of the contact pressure distribution under pressure from the sealed environment 

For the characterization of the friction modes, an adimensional criterion hr, called the 
relative thickness of the hydraulic fluid film, defined as the ratio of the thickness of the fluid 
film to the Rz parameter of the main sealing surface: 

ℎ𝑟𝑟 = ℎ 𝑅𝑅𝑧𝑧⁄  (11) 
where h is the thickness of the hydraulic fluid film, and Rz is the average depth (amplitude) 
of the main sealing surface asperities. 

 
Fig. 4 - Distribution of contact pressures on strip 2b (experimental and analytical) 
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The qualitative dependence of the friction coefficient, according to the value of the 
dimensionless criterion hr [3, 4] is shown in Fig. 5, on the basis of which the areas of 
existence of the friction regimes can be estimated. 

 
Fig. 5 - Qualitative variation of friction coefficient and relative hydraulic fluid leakage 

For low values of the non-dimensional criterion hr = 0 ... 0.1, the friction mode is 
considered to be dry; for hr = 0.1 ... 0.2, the friction mode is considered to be limit; for hr = 
0.2 ... 1.0 the friction mode is considered to be mixed. Naturally, if h > Rz, so hr > 1, the 
friction regime becomes fluid. 

From relations (2) and (3), if hd = Rz and hi = Rz, respectively, hr = 1, we can determine 
the calculation relations for the minimum transition speeds to the Vtr friction fluid regime for 
each movement direction of the mobile part: 

𝑉𝑉tr𝑑𝑑 =
𝑅𝑅𝑧𝑧2

𝑘𝑘𝑑𝑑2
⋅

9 ⋅ 𝑝𝑝′𝑑𝑑
8 ⋅ ℎ

 (12) 

𝑉𝑉tr𝑖𝑖 =
𝑅𝑅𝑧𝑧2

𝑘𝑘𝑖𝑖2
⋅

9 ⋅ 𝑝𝑝′𝑖𝑖
8 ⋅ ℎ

 (13) 

in which all notations have been previously defined. 

2. CALCULATION OF HYDRAULIC FLUID LEAKAGE ACCORDING TO 
FRICTION MODE 

Due to the variation of the functional parameters (the pressure of the sealing medium, the 
speed of the mobile part, the temperature in the vicinity of the coupling) within the same 
working cycle, the average thickness of the fluid film between the sealing ring and the main 
sealing surface has different values on the two mobile parts: hd for direct stroke and hi for 
reverse stroke, calculated with previously defined relationships. 

Due to the fact that the thickness of the fluid film was calculated in the section with the 
linear velocity distribution (from Vd or Vi on the surface of the mobile part at 0 point on the 
surface of the sealing ring, (see Fig. 2), it results that the average velocity of the fluid flow 
will be Vd / 2 and Vi / 2, respectively. 

On the other hand, the direction of flow is from the inside to the outside for the direct 
stroke and from the outside to the inside for the inverse stroke, when a part of the leaked 
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fluid returns to the sealed chamber. Therefore, the volume of hydraulic fluid lost in a 
working cycle can be calculated with the relation: 

𝑉𝑉𝑝𝑝 =
𝜋𝜋 ⋅ 𝑑𝑑𝑏𝑏 ⋅ 𝐿𝐿𝑚𝑚

2
(𝑘𝑘𝑑𝑑 ⋅ ℎ𝑑𝑑 − 𝑘𝑘𝑖𝑖 ⋅ ℎ𝑖𝑖) (14) 

in which db represents the external diameter of the mobile part, Lm is the length of the travel 
performed by the moving part, while kd and ki are constant dependent on the friction regime. 

To highlight fluid leakage variation, relative to the non-dimensional hr criterion (relative 
thickness of the hydraulic fluid film), the notion of hydraulic fluid loss is used by reporting 
the leak volume to the friction surface  𝑝𝑝 ⋅ 𝑑𝑑𝑏𝑏 ⋅ 𝐿𝐿𝑚𝑚: 

𝑉𝑉𝑝𝑝′ =
𝑘𝑘𝑑𝑑 ⋅ ℎ𝑑𝑑 − 𝑘𝑘𝑖𝑖 ⋅ ℎ𝑖𝑖

2
 (15) 

which allows the representation of its variation with the hr parameter, as shown in Fig. 5. 

3. PARTICULARITIES OF FRICTION AND WEAR OF ELASTOMERS 
The friction mode of a mobile seal can be dry (at first start after a longer period of 
stationary), limit (at reversing the motion direction or at start, if the immobilization time is 
short), mixed on an extended range of the mobile part speed or the non-dimensional hr and 
fluid criterion after the non-dimensional hr criterion becomes over unity or after the mobile 
part speed exceeds the Vtr value, calculated with relation (12) or (13). 

The mixed friction mode is characterized by low friction coefficients and relative 
hydraulic fluid leakage (see Fig. 5). For these reasons, it is desirable for the mixed friction 
regime to be predominant within the working cycle of a mobile sealing. 

Dry and limit modes inevitably occur during the operation of mobile seals (in the above-
mentioned situations) and their analysis will be performed. 

The friction fluid regime is characterized by low friction coefficients and low wear, but 
hydraulic fluid losses are significant. For this reason, in the aeronautical field, the maximum 
speed of the mobile part is limited to lower values of the transition speeds to the fluid friction 
regime, precisely to limit the hydraulic fluid loss, which can affect the flight safety of the 
aircraft. The friction and wear mechanism of the elastomers is closely related to the friction 
mode and the state of the main sealing surface, as shown in Fig. 6. 

The frictional force may generally have three distinct components, but their weight 
differs depending on certain aspects of a constructive-functional nature: 

• the friction force adhesion component has a major share only when the surfaces in 
contact are smooth, clean (no hydraulic fluid is present and there are no impurities in the 
gap) and when the relative speed is small, so as is the case with dry and limit friction 
regimes; even the discontinuous existence of the hydraulic fluid film and the existence of 
asperities of the main sealing surface drastically reduce this friction force component [6, 7, 8, 
9, 13, 14]; 

• the hysteresis component of the friction force has a major share under the 
conditions of the mixed friction regime and when the main sealing surface has asperities. In 
this case, the elastomer is continuously deformed to its “flow” over the rigid roughness of 
the main sealing surface [6, 7, 8, 9] and the energy dissipates through the mechanism of the 
hysteresis mechanical losses; 

• the furrow component is strongly dependent on the roughness at the tip of the 
asperity and has a significant weight when the peaks of the asperities are very sharp. 
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Due to the adverse effects of the fissuring component (rapid damage to the sealing 
rings), it is eliminated by appropriate technological measures during the finishing operations 
of the main sealing surfaces (the radius at the peaks of the asperities increases to at least 
50μm). For this reason, this component of the friction force will not be called into question. 

 
Fig. 6 - Schematic mechanism of friction and wear of elastomers. 

The wear mechanism of the elastomers is influenced by the dominant component of the 
frictional force and the characteristic friction regime. 

When the elastomer slides over a rigid, dry or limit surface, the adhesion component is 
dominant, and this leads to the formation of wear particles called “micro rolls”, similar to 
those formed when rubbing a school rubber (which is also an elastomer) on the surface of a 
sheet of paper, the wear being of the adhesive type. 

In the mixed mode, the adhesion component is drastically reduced due to the presence of 
hydraulic fluid at the bottom of the asperities and, inevitably, but in a much lower amount, 
on both the surface of the elastomer and the tip of the asperities (molecular layers of fluid 
hydraulic or surface-adsorbed constituents). 

Continuous tracking of the contour of the rigid surface by the elastic surface of the 
elastomer “flowing” over it causes the wear mechanism to be produced by fatigue. As a 
result, the elastomer surface will crack progressively and wear particles so formed will 
detach and will be removed during operation [12, 15, 16]. 

4. CONCLUSIONS 
The contact pressure distributed on strip 2b, for x ∈ [-b', b'] (see Fig. 3) is calculated with 
(7), respectively (10) for x ∈ (2b', 2b] (see Fig. 4). The correctness of (7) and (10) was 
verified by the comparative analysis of the pressure distributions obtained experimentally 
and analytically, as shown in Fig. 4. 

The qualitative dependence of the friction coefficient, according to the value of the 
dimensionless criterion hr is shown in Fig. 5, on the basis of which the areas of existence of 
the friction regimes can be estimated. Relations (12) and (13) allow calculation of minimum 
transition speeds to the Vtr friction fluid regime for each direction of movement of the mobile 
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part. The volume of hydraulic fluid lost is calculated with (15) which allow the 
representation of its variation with the hr parameter, as shown in Fig. 5. 

The friction and wear mechanism of the elastomers is closely related to the friction 
mode and the state of the main sealing surface, as shown in Fig. 6. 
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