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Abstract. This study focuses on the sensitivity analysis of failure modes in an hydrodynamic journal
bearing, taking into account lubricant oil contamination. Two sensitivity analysis methods are em-
ployed to investigate hydrodynamic (HD) performance in the presence of a circumferential scratch on
the shaft surface. The Morris method considers multiple input parameters of the numerical bearing
model. A One-At-a-Time (OAT) design of experiments is used to evaluate the model’s performance.
The analysis classifies the parameters into three groups: those with nonlinear effects and strong inter-
actions, those with linear and moderate effects, and those with negligible impact.

The second method is based on variance decomposition and the calculation of Sobol indices, us-
ing a Kriging surrogate model built from a Latin Hypercube Sampling (LHS) design. The results
obtained from both methods help reduce the stochastic dimensionality of the hydrodynamic bearing
reliability problem by treating the least influential parameters as deterministic. The study focuses on
the variability of the key factors that significantly affect the minimum lubricant film thickness and the
maximum pressure in the bearing.

1 INTRODUCTION

Hydrodynamic journal bearings are essential components in aerospace and energy systems, prized
for their high reliability and ability to ensure full separation between the shaft and bearing surface
under hydrodynamic lubrication. This separation reduces wear and extends service life. However,
in real operating conditions, abrasive particles—originating from internal wear or external contam-
ination—can infiltrate the lubricant. These particles often become embedded in the bearing lining,
causing circumferential scratches on the shaft and degrading bearing performance.
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Although the impact of such defects has been explored through flash temperature estimation[/1]], nu-
merical simulations of scratched bearings[2], and experimental studies on thermo-mechanical behavior[3],
most investigations adopt a deterministic approach. They generally overlook the variability and un-
certainty in key parameters such as operating conditions (e.g., load, speed), lubricant properties (e.g.,
viscosity, temperature, cavitation pressure), and bearing geometry (e.g., L/D ratio, clearance, groove
design). As a result, a comprehensive understanding of scratch-induced degradation on bearing relia-
bility remains limited.

In this study, we address this gap by applying two complementary sensitivity analysis techniques.
The Morris method, based on one-at-a-time (OAT) perturbations, is used for preliminary screening,
while a global variance-based approach relying on Sobol indices quantifies parameter influence in
a more detailed way. A kriging surrogate model is built from a Latin Hypercube Sampling (LHS)
design to enable the Sobol analysis efficiently. Together, these methods identify the most influential
parameters affecting bearing performance and enable a reduction in model dimensionality. This con-
tributes to a more robust reliability assessment and improves the prediction of remaining useful life
for hydrodynamic journal bearings in next-generation aircraft transmission systems.

2 AERONAUTICAL HYDRODYNAMIC JOURNAL BEARINGS
2.1 Hydrodynamic Journal Bearings

Hydrodynamic journal bearings are critical components in rotating machinery, providing precise
radial support and guidance for rotating shafts. They are particularly well-suited for applications
involving high rotational speeds and heavy loads, such as in the automotive industry, nuclear power
systems, wind turbine gearboxes, turbochargers, and aircraft engines. Their main advantage lies in
their ability to operate under HD lubrication conditions, which ensures minimal wear of the contacting
surfaces throughout the machine’s operational lifetime.
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Figure 1: Schematic of a hydrodynamic journal bearing with rotating bushing and fixed shaft.

Unlike rolling-element bearings, hydrodynamic journal bearings have a simple design, consisting
of only two components: a rotor (the rotating element) and a stator (the stationary element). In
Figure [I] the bearing is depicted with a rotating bushing (bearing), having a center O, and a radius
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R, and a fixed shaft (journal), with a center O, and radius R,. The distance O.O, defines the
absolute eccentricity e, while the angle , formed between the load direction (here aligned with the
—y axis) and the oil wedge axis (represented by O.0,), corresponds to the angle of attitude. This
angle identifies the position of the minimum film thickness within the active region of the bearing.
Assuming an ideal and perfectly aligned bearing geometry (i.e., no misalignment and no surface
scratches), knowing these two parameters e and ¢ is sufficient to determine the relative position of
the stator relative to the rotor under various lubrication regimes. Consequently, the fluid film thickness
can be defined using the following equation:

h=C(14 cos(f)e) (1)

Where, h is the thickness of the fluid film between the shaft and the bushing; C' is the radial
clearance, defined as C' = R, — R,; ¢ is the relative eccentricity, defined as ¢ = ¢/C' € [0, 1]; 0 is the
circumferential coordinate (in radians); and e is the absolute eccentricity.

Based on the experimental work of Beauchamp Tower [4] and Petrov [S], Reynolds [6] derived
an equation that describes the pressure distribution within a journal bearing operating under hydro-
dynamic lubrication. This equation—known as the Reynolds equation—is derived from the Navier-
Stokes equations and the principle of mass conservation, and serves as the fundamental basis for the
study of lubricated bearings.

Various forms of the Reynolds equation can be found in the literature, incorporating additional ef-
fects such as thermal phenomena, elastic deformation of the surfaces, or surface roughness. However,
its classical form is expressed as follows:

10 (h¥0p o (hop\ oh
RO6 (m)*a(m)—m— @)

Where R is the nominal radius of the bearing (m); y is the dynamic viscosity of the lubricant (Pa-s);
z 1s the axial coordinate (m); p is the pressure in the lubricant film (Pa); and w is the angular velocity
of the shaft (rad/s). Thus, Equation (2) is a second-order partial differential equation of elliptic type,
where the unknown is the pressure field p of the lubricating film within the bearing.

At start-up, the bearing undergoes a critical phase due to high contact pressure and low rotational
speed. Initially, the absence of lubrication leads to direct contact between the shaft and the bearing
shell, characterizing a boundary lubrication regime. Then, as oil is gradually introduced, a mixed
lubrication regime develops, with localized rotor-stator surface contacts being maintained. These two
phases are the most conducive to wear. As the sliding speed and the clearance between the relatively
moving surfaces (shaft and bearing) increase, the hydrodynamic regime takes over. The resulting
oil film then ensures complete separation of the surfaces, theoretically eliminating direct contact and
reducing wear to zero.

Under extreme conditions (i.e., high speed and temperature rise), the viscosity of the oil decreases
due to shear, thereby altering its lubricating properties. Moreover, scratches caused by abrasive parti-
cles modify the distribution of the oil film. Therefore, evaluating the bearing’s performance requires
solving Reynolds equation (2) while accounting for surface roughness, lubricant properties, and the
geometric parameters of the scratches (dimensions, position, shape, and quantity).
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Figure 2: left: the architecture of a next-generation UHBR aircraft engine equipped with an epicyclic gearbox |(source:
Wikipidia); right : a schematic representation of a planetary gearbox supported hydrodynamic journal bearings.

2.2 Role of the Bearing in Aircraft Engines

To improve the efficiency of next-generation Ultra High Bypass Ratio (UHBR) turbofan engines
(Figure[2), it is essential to increase the bypass ratio, which corresponds to the ratio between the cold
air that bypasses the engine and the air that flows through the combustion chamber. This ratio mainly
depends on the fan diameter: performance improves as the ratio increases. However, an excessive
increase in diameter can lead to supersonic blade tip speeds, which may weaken the fan turbine’s
blades (No.1, Figure?] left).

To overcome this issue, a planetary gearbox is placed between the fan and the low-pressure (LP)
shaft (No. 1 and No. 3, Figure 2] left), allowing the fan to operate at a lower speed while maintaining
a high rotational speed for the turbine via the LP shaft. In fact, a planetary gearbox (Figure [2| right)
is generally selected to optimize the reduction ratio.

The planet gear in planetary gearboxes, subjected to high loads and significant speeds during var-
ious flight phases, undergoes deformation due to centrifugal forces and gear meshing. Consequently,
rolling-element bearings are unsuitable because of their sensitivity to these stresses and are there-
fore replaced by hydrodynamic journal bearings with a fixed shaft and rotating bushing (Figure [I)),
providing effective support through a lubricating oil film.

As part of this work, a computational tool for hydrodynamic journal bearings, incorporating
scratches on the surfaces of the shaft (or the bushing), is currently under development. These scratches,
caused by abrasive particles originating from manufacturing processes or assembly/disassembly op-
erations, are analyzed based on several parameters: number, orientation, position, depth, and width.
The objective is to assess their impact on bearing performance and their role in its degradation. To
evaluate the reliability of bearings with respect to this type of defect, a sensitivity analysis is car-
ried out to identify the most influential parameters, by integrating these variables into the dedicated
scratched-bearing computational tool.
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3 SENSITIVITY ANALYSIS OF FAILURE MODES IN HYDRODYNAMIC BEARINGS
3.1 Morris screening Method

The Morris method [7], classified as a screening method, is based on a quasi-random One-At-
A-Time (OAT) approach, in which only one input parameter is perturbed at a time by a predefined
quantity A. Multiple trajectories (r) are generated to efficiently explore the parameter space and
assess the influence of each variable on the model response. The principle of the Morris method
is relatively simple: each input parameter X; is defined within an interval [X™" X™2] discretized
into p levels. A normalized grid is then constructed over the interval [0, 1], and A is selected as a
multiple of the discretization step 1/(p— 1). The elementary effect (F'E;) of a parameter—essentially
a local gradient—is defined as the change in the model output Y resulting from a perturbation in X},
as follows:

EE, — Y(V + I,i) -Y (V) 3)

Where:
e V=(Xy,....,X;1,X;, Xis1, ..., X;,) is a vector from the matrix of normalized trajectories.

* V+ LA = (Xy,.... X1, X; + €A, Xiyq, ..., X,,) is the same vector after perturbation of the
it" parameter.

* ¢ represents the sign of the perturbation, randomly chosen between +1 and —1, ensuring that
the variation of X; is either positive or negative.

It is important to note that the value of €A is constrained by the condition that the element X; +
e/ must lie within the interval [0, 1]. This constraint justifies the use of the term “quasi-random”;
although the sign of the perturbation is initially randomly determined, it can be adjusted to ensure
that X; + A does not exceed the defined bounds. In other words, each parameter is perturbed either
upward or downward, but always within the limits of the normalization space.

Campolongo et al. [8] improved the Morris method by introducing an approach based on orienta-
tion matrices (7)>k of dimension (n + 1) x n, where n is the number of analyzed parameters. Each
column represents a parameter, and each row \7]- is a trajectory in the normalized space (i.e., one
model evaluation). The construction of these matrices follows a sequential process:

* The initial point {70 (also called the reference point) is generated by randomly sampling values
for each parameter from the discretized grid §2 associated with it.

* The first perturbed point V, is obtained by perturbing the first parameter Xi,ie, Vi =Vy+
LA,

e The matrix O is then constructed by successively perturbing only one parameter at a time
(hence the OAT principle), following the rule V.o = V;_; +1,_;A, thereby ensuring system-
atic exploration of the parameter space.
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To improve the robustness of the analysis, several orientation matrices r are generated. A higher
value of r increases the accuracy of the results but also raises the computational cost by increasing the
number of model evaluations, defined as N, = r x (n+ 1). In practice, » = 10 to 15 is recommended
to avoid computational overload of the model.

Each input parameter X; has a finite distribution D; of elementary effects £'F;, composed of r
values. To statistically characterize these effects, Morris [7/] proposed computing the mean ; and
the standard deviation o; of D; as follows:

1 s
pi==-Y EE} “4)
" k=1
1 - k 2
0; = - (EE} — 1) &)
k=1

In their 2007 study, Campolongo et al. [9] analyzed the sensitivity of non-monotonic models,
where model outputs may vary between positive and negative values. To better characterize such
variations, they introduced the mean of the absolute values of the elementary effects, denoted 1,
defined as:

1 T
g EE* 6
1 7’;;:1‘ i | (6)

The sensitivity analysis derived from Equation (4) allows evaluating the direct impact of an input
parameter X; on the model response Y. Indeed, the higher the mean of the absolute elementary effects
1, the greater the influence of X; on the output. Conversely, a low value of 1] indicates a negligible
effect. The standard deviation o; provides information about the nonlinearity of the relation between
X;and Y, as well as possible interactions between X; and other parameters X ;. A high value of o;
indicates either a nonlinear relation or a strong interaction with other parameters.

3.2 Variance Decomposition Method

The global sensitivity method is based on the estimation of Sobol indices [10] through variance
decomposition. However, computing these indices requires a large number of samples over the input
space and the use of Monte Carlo simulations. Direct use of the numerical model for estimating Sobol
indices is impractical due to the significant computational time required. To address this, a surrogate
model is built using a Latin Hypercube Sampling (LHS) design of experiments. Sobol indices are
then estimated using a Kriging metamodel.

The first-order Sobol index S; allows the evaluation of the main effect of an input variable X; on
the output Y, excluding interactions with other parameters. It is defined as follows:

_ Var(E(Y|X;))
! Var(Y)

(7
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To evaluate interactions between input parameters, higher-order Sobol indices are introduced. For
instance, the second-order index .S;; quantifies the effect of the interaction between two input variables
X; and X, neglecting their individual effects. It is given by:

o Var(E(Y|X;, X;))
e Var(Y)

— 5 — 5 @®)

Thus, S;; measures the combined effect of the two variables X; and X; (with ¢ # j) on the model
output, independently of their own main effects.

Finally, the total Sobol index ST}, which accounts for both the direct effect and all interactions
involving X, is defined as the sum of the first-order index and all higher-order effects:

ST, =Si+Y Sy+... )
i#j

This total index provides a quantitative measure of the global influence of an input parameter X;
on the output Y, including all interactions with other model inputs.

3.3 Application and Results

We propose in this study to apply the Morris sensitivity analysis method to hydrodynamic jour-
nal bearings. The objective is to illustrate the procedure for calculating the elementary effects, as
described in the previous section, by applying it to a set of physical parameters influencing the per-
formance of a hydrodynamic journal bearing.

The performance evaluation tool for aeronautical bearings, discussed in the previous section, is
used here by neglecting the effects of thermal and elastic deformations. In other words, the developed
numerical model only considers a hydrodynamic (HD) modeling framework.

The studied parameters include the geometric dimensions of the bearing and the scratch, as well
as the physicochemical, viscous, and thermal properties of the lubricating oil.

We consider a plain hydrodynamic journal bearing with a circumferential scratch on the shaft
surface (see Figure [3), defined by its axial position /s, depth h,, and width L, under the following
assumptions:

* The scratch width L, is assumed to be constant and is considered as a deterministic parameter
(Ls = 0.75% of the bearing length L).

* A single scratch is considered. However, multiple scratches may appear in real conditions.

* The scratch follows a perfectly circumferential path with a uniform depth. In real conditions,
however, the scratch depth may vary depending on several factors such as the interaction be-
tween the abrasive particle and the moving surfaces, the hardness ratio between the particle and
the bearing, etc.

* Axial scratches resulting from assembly or manufacturing processes are excluded from this
study. Only circumferential scratches with a triangular profile are considered.
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Circumferential scratch

\Ls

Journal bearing shaft

Figure 3: Tllustration of the parameters of a circumferential scratch on the surface of a plain hydrodynamic journal bearing
shaft.

All studied parameters are listed in Table [I} Specifically, the parameters related to the Morris
method are summarized in Table [2] At this stage, it should be noted that the perturbation parameter
A = p/2(p — 1) follows the expression proposed by Morris [7]. In this study, an additional division
by four (i.e., A = p/8(p — 1)) was introduced to allow a greater number of parameter values within
the discretized grid at p = 16 levels, evenly distributed between the minimum and maximum values
of each parameter. This approach improves the automation process of the Morris method.

In this work, the analysis focuses on the influence of these parameters on the minimum oil film
thickness and the maximum pressure, which are considered as performance functions Y; and Y5, re-
spectively. This choice is motivated by the goal of future reliability studies, where these performance
functions define the failure criteria of scratched hydrodynamic journal bearings.

Figure [ shows the ranking of parameters influencing the behavior of a plain journal bearing in an
aircraft engine transmission system, in the presence of a circumferential scratch on the shaft surface
during the takeoff phase. Two quantities are analyzed: the minimum oil film thickness Y; (Figure fp)
and the maximum pressure Y5 (Figure[dp). Each parameter is represented based on the absolute mean
(horizontal axis) and the standard deviation (vertical axis), calculated from Equations (6) and (5),
respectively.
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Table 1: Input parameters of the aeronautical hydrodynamic journal bearing model

X(N°) Parameter Symbol Unit Variability

01 Diameter D [mm] Nominal value + 1%
02 Length L [mm)] Nominal value + 1%
03  Radial clearance C [pem] Nominal value + 15%
04 Load along x W, [N] Nominal value 4+ 5%
05 Load along y W, [N] Nominal value + 5%
06  Journal rotation speed V [rpm] Nominal value + 5%
07 Oil temperature T [°C] Nominal value + 35%
08 Oil density Dol [kg/m®]  Nominal value + 15%
09 Cavitation pressure Deay [Pa] Nominal value + 5%
10 Oil heat capacity C, [J/(kg-K)] Nominal value £+ 15%
11 Carrier radius Rpg [mm)] Nominal value + 1%
12 Carrier rotation speed Vbs [rpm] Nominal value + 5%
13 Ambient pressure Dambient [bar] Nominal value & 10%
14 Supply pressure Dsupply [bar] Nominal value + 15%
15 Axial groove width Lgroove [mm)] Nominal value + 1%
16 Groove angle o [deg] Nominal value + 1%
17 Groove length Lgroove [mm)] Nominal value + 1%
18 Scratch depth h [pem] From 0 to 300% of C
19 Axial position of the scratch ls [mm] From 0 to 50% of L

The analysis highlights three distinct groups of parameters based on their influence on the model
response: Group G1 includes parameters exhibiting a nonlinear effect and/or strong interactions with
other variables. These parameters have the most significant impact on the model behavior and should
be prioritized in uncertainty and reliability analyses. Group G2 consists of parameters with a linear
effect and moderate interactions. While their influence is not negligible, it is less dominant than that
of G1 parameters, and their contribution is often context-dependent. Group G3 gathers parameters
that have a negligible influence on the model response. These can generally be fixed at nominal
values without significantly affecting the accuracy of the simulations. Thus, the sensitivity analysis
results show that for the minimum oil film thickness (Figure [dja), the oil temperature (X7) is the
dominant factor (cf. group G1). A second group of parameters—including the scratch characteristics
(depth X18 and position X19), radial clearance (X3), rotation speed (X6), and oil density—exerts an
intermediate influence (cf. group G2), while the remaining parameters have a negligible impact (cf.
group G3). Regarding the maximum pressure (Figure @b), the influence hierarchy differs slightly:
in addition to oil temperature, the scratch parameters become more influential, showing a marked
nonlinear effect. The radial clearance (X3) gains importance, and new parameters enter group G2,
notably the applied loads (W, (X4) and W, (X5)), the bearing geometry (diameter X1 and length
X2), in addition to the rotation speed and oil density. These results help identify the key parameters
of the model and distinguish those with negligible effects.
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Table 2: Definition of parameters required for the sensitivity analysis using the Morris method

Parameter Symbol / Expression Value
Number of input parameters n 19
Discretization level P 16
. p
Perturbation A= —"—— 0.13
8(p—1)
Number of orientation matrices r 10

Number of model evaluations N.=rx(n+1) 200

To validate the results of the sensitivity analysis obtained using the Morris method, Sobol indices
are estimated via a Kriging metamodel built from the 19 input parameters. The design of experiments
is generated using a Latin Hypercube Sampling (LHS) technique and is presented in Figure [5| The
metamodel is trained and validated using 200 simulations of the numerical bearing model.
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Figure 4: Ranking of the plain bearing model parameters, based on the model response through: (a) minimum oil film
thickness — Y7, (b) maximum pressure — Y.

The calculation of first-order Sobol indices (Equation IL.5) and total-order indices (Equation I1.7)
applied to the metamodel of hydrodynamic journal bearings made it possible to identify, among the
19 studied parameters, those having the greatest impact on both the minimum oil film thickness — Y;
(Figure[6la) and the maximum pressure — Y5 (Figure [6]b). An index close to 1 indicates a significant
effect of the parameter on the model output, whereas a low index reflects a negligible impact.
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Figure 5: A Latin Hypercube Sampling (LHS) design of experiments generated with 200 sample points in the parameter
space of a scratched hydrodynamic bearing.
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Figure 6: Sensitivity analysis of scratched hydrodynamic bearing parameters using first-order Sobol indices (S1) and total
sensitivity indices (ST).
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4 CONCLUSIONS AND PERSPECTIVES

The sensitivity analysis of the input parameters of the numerical model for hydrodynamic journal
bearings used in aircraft transmission systems has made it possible to identify the main factors likely
to influence their reliability. Among them are the oil temperature, the depth and axial position of
the circumferential scratch, as well as variations in operating conditions and radial clearance. These
parameters significantly affect the minimum fluid film thickness and the maximum hydrodynamic
pressure, showing nonlinear effects and/or strong interactions with other model parameters.

Both sensitivity analyses used in this study also revealed parameters that have a negligible influence
on bearing performance. This paves the way for reducing the complexity of the reliability problem
by limiting the number of random variables to be considered. Such simplification is essential for
improving uncertainty propagation studies in the numerical model and conducting more accurate and
less computationally expensive reliability analyses.

Finally, several directions for improvement are considered in this study:

Refining the modeling of scratches by including additional input parameters such as their num-
ber, shape, and orientation.

Investigating the sensitivity analysis of input parameters in the ThermoElastoHydroDynamic
(TEHD) model, in order to account for elastic and thermomechanical deformations. This mod-
eling approach better reflects the real operating conditions of hydrodynamic bearings.

Optimizing the Morris design of experiments by incorporating stratified sampling techniques,
such as Latin Hypercube Sampling (LHS), to more efficiently explore the parameter space.

Performing sensitivity analysis of the TEHD model using variance-based decomposition meth-
ods, including the estimation of Sobol indices and/or the FAST method (Fourier Amplitude
Sensitivity Test).

Validating the conclusions through experimental testing.
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