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Abstract
The design of a hydrostatic bearing pad is limited to simple geometry using analytical equations or one-parameter optimiza-
tion based on experimental data. This study proposes and investigates a new two-parameter method for estimating optimal 
hydrostatic bearing pad proportions—recess area and position, using Computational Fluid Dynamics (CFD). In this study, 
3D static CFD quarter model of a multi-recess hydrostatic bearing pad assuming laminar flow is used. The CFD model was 
calibrated based on experimentally obtained results and the literature. The recess pressure and resulting load are evaluated 
for a variety of recess positions and areas. Performance factors are calculated and interpolated in the MATLAB environment. 
Using the proposed novel two-parameter optimization, the energetic loss was reduced by 20% compared to the classical 
one-parameter approach. This methodology allows versatile and effective design of optimal hydrostatic bearings operating 
in low-speed conditions to achieve minimum energetic loss.

Keywords  Hydrostatic lubrication · Computational fluid dynamics · Model validation · Optimization methodology

Nomenclature
W 	� Bearing load ( N)
Atot	� Total pad area (mm2)

Ar	� Total recess area (mm2)
a	� Recess radius (mm)
D	� Recess diameter (mm)
l	� Quarter model edge length (mm)
t	� Recess position from pad center (mm)
h	� Film thickness (mm)

Hf 	� Power loss factor
Qf 	� Flow factor
Pf 	� Load factor
Pr	� Recess pressure (MPa)

Patm	� Atmospheric pressure (MPa)

Q	� Supplied flow (L∕min)

�	� Dynamic viscosity of lubricant Pa ∙ s
�	� Pump efficiency

1  Introduction

Hydrostatic (HS) bearings are a vital part of high-precision 
machines whose sizes range from millimeters up to tens 
of meters [1]. They are widely used in machining centers, 
guideways, turntables, space telescopes, and hydro-energet-
ics [2–5]. The main advantages are operation at zero speed, 
very low friction, minimal wear, high stiffness, and good 
damping ability. The possibility to operate at zero speed cre-
ates a huge advantage for the operation of hydrodynamic 
bearings in low-speed conditions. Thus, they are frequently 
combined with HS bearings to improve the performance and 
reduce wear during low-speed operation and start and stop 
phases [6, 7]. Such bearings are called hybrid bearings. On 
the contrary, it is necessary to continuously supply the bear-
ing with pressurized lubricant to maintain a uniform lubri-
cating layer and proper function. The energetic requirements 
and initial costs are considerably higher than that for other 
bearing types. Nevertheless, interest in replacing large rotors 
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rolling bearings has been rising in recent years to reduce 
downtime and maintenance costs [8].

The working principle is shown in Fig.  1. Lubricant 
is supplied by a hydraulic circuit into the recesses of the 
pad. The generated pressure then lifts the load and sepa-
rates the solid bodies of the bearing pad and turntable (in 
case of circular bearings) or slider (in case of guideways). 
Then, a lubricating film of thickness usually in the range of 
10–100 µm is created. The lubricant outflowing from the 
narrow gap is returned to the hydraulic circuit. The restrictor 
plays an important role in achieving high stiffness, stabil-
ity, and control. Many types of such devices have been pro-
posed to improve the bearing performance, such as orifice 
[9, 10], membrane members [11], or feedback systems [12]. 
The lubricant supply is necessary for proper function while 
moving or until the required sliding speed is reached, in the 
case of hybrid bearings, for the hydrodynamic effect to occur 
and carry the load. Liu et al. [13] concluded that HS bear-
ings have had an increasing trend of research interest over 
the last few years. Therefore, it is crucial to design the HS 
bearing pad for the best performance and minimal energetic 
demands, which are increasing with the size of the bearing. 
He and Wang [14] added that the implementation of the 
best available technology in the industry can reduce the total 
energy consumption in some fields by up to 20%, which is a 
significant amount of energy directly affecting the environ-
ment and the final product or service price.

The geometry of the hydrostatic bearing is one of the 
key parameters that affect the lubricant pressure distribu-
tion and the bearing resulting performance [15]. Loeb and 
Rippel [16] introduced the determination of the optimal pad 

shape using an electric field plotter analogy [17], where the 
optimal shape can be determined using performance factors 
for a variety of pad shapes using experimentally obtained 
curves. Subsequently, Rippel [18] published a design man-
ual for HS bearings. Khonsari and Booser [19] published 
a book dealing with tribological aspects in engineering 
applications, including hydrostatic bearing shape optimiza-
tion based on Loeb and Rippel [16] methodology. Based 
on previous research, Bassani and Piccigallo [20] presented 
a comprehensive methodology for the design of HS bear-
ings describing the most important parameters and design 
considerations. Chikurov [21] later continued modeling HS 
bearings using the electric field analogy for possible sim-
plification. A very important step in the HS bearing design 
process is optimization to achieve the best performance and 
reduce energetic demands as much as possible [22, 23]. This 
is especially crucial in large-scale HS bearings, where the 
energy consumption is significant [24]. To achieve the best 
performance and stability, a multicriterion optimization 
approach should be considered [25]. Simple pad geometries, 
such as circular pads and recesses, have been analytically 
derived [19]. However, in cases of complex and multi-recess 
pads, the analytical solution becomes very complicated, and 
the performance characteristics must be obtained experimen-
tally or using a numerical approach.

Computational Fluid Dynamics (CFD) has been 
increasingly used in various applications over the past 
decade. One of the key advantages of this method is that 
it allows one to obtain many parameters and investigate 
flow characteristics in areas where it is extremely difficult 
or even impossible to implement sensors or use optical 
methods. CFD has already been used to study hydrody-
namic, HS, and hybrid bearings [26–28]. Sharma et al. 
[29] conducted a numerical study to determine the per-
formance of unconventional hybrid bearings. It has been 
shown that hybrid bearings perform with lower pressure 
and temperature peaks, which leads to higher bearing 
stability [30, 31]. However, it is crucial to determine the 
accuracy of the model. Cui et al. [32] investigated heavy 
HS bearing using a quarter CFD model and obtained errors 
under 10% compared to analytical approaches. Gao and 
colleagues [10] studied the effect of orifice length in HS 
bearings and compared the CFD model with experiments 
that reached errors under 1%. The experiments are crucial 
to CFD model validation, especially in cases where exact 
analytical approaches cannot be used. Wasilczuk et al. 
[33] concluded that the presence of HS pockets in hydro-
dynamic bearings reduces the temperature change and 
pressure peaks, leading to higher reliability of the hybrid 
bearing, but the drawback of the presence of the pocket 
is the larger friction losses due to the cooler oil. Wodtke 
et al. [34] carried out experimental validation for theo-
retical calculations and predictions of large hydrodynamic Fig. 1   Scheme of the bearing parts and working principle
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thrust bearings and emphasized the necessity of experi-
mental validation of numerical simulations, which are 
simplified and thus do not represent the real geometry 
and other influential effects. Helene et al. [35] conducted 
a parametric study of the flow pattern in the 2D recess of 
a hybrid bearing based on Navier–Stokes equations with 
the comparison of laminar and turbulent flow regimes. 
The authors concluded that the modeling of the turbu-
lent flow regime could contribute to better understanding 
of the inertia and viscous effects in recess bearings. For 
that reason, turbulent models were later used by Ghezali 
et al. [36] and Gao et al. [10] in hydrostatic bearing orifice 
performance numerical investigation of flows of higher 
Reynolds numbers. Horvat and Braun [37] extended the 
study of numerical flow characteristics to 3D HS journal 
bearings with experimental validation using laser flow vis-
ualization of streamline maps at a high rotational speed. 
A similar study was later conducted on HS thrust bear-
ings to investigate geometric patterns and different pad 
shapes, concluding that the presented model may be useful 
in HS bearing load-carrying capacity and stiffness of HS 
bearings for low-speed applications [38]. Du et al. [39] 
proposed an analytical model for the analysis of the pres-
sure of tilted HS journal bearings validated using a CFD 
and experimental procedure. Guo et al. [40] performed a 
comparison of CFD codes for static and dynamic proper-
ties in hydrodynamic and HS bearing applications. The 
authors agree that CFD will play an important role in bear-
ing and damper analysis in future research. The compari-
son of CFD standard code to a special one made for HS, 
hydrodynamic any hybrid bearing analyses showed good 
agreement, which leads to a conclusion that general codes 
might be used for the investigation of such bearings and 
their static and dynamic characteristics.

The CFD can significantly speed up the development, 
reduce costs, and provide detailed information about the 
flow character and many parameters. Although the CFD 
approach is widely adopted in various applications, includ-
ing HS, hydrodynamic, and hybrid bearings, it is necessary 
to set appropriate boundary conditions and verify the results 
obtained with an experimental approach [41–43]. Moreover, 
many papers dealing with CFD analyses of HS bearings have 
been proposed over the last years, although only a few of 
them offered practical design recommendations. This article 
aims to optimize recess size and position in HS bearing pads 
to minimize energetic loss while achieving the best perfor-
mance for static and low-speed conditions. The presented 
geometry optimization multi-parameter approach using area 
ratio and recess position has not yet been proposed.

2 � Materials and Methods

Three approaches were used to verify the obtained results—
analytical, experimental, and CFD. An integrated process 
was also followed to create and analyze the results using 
these three methods, as shown in Fig. 2. Based on the analyt-
ical calculation, experimental conditions were determined. 
Afterward, boundary conditions of the CFD analysis were 
set according to the resulting analytical results and experi-
mental conditions. Subsequently, all results were compared 
and discussed.

2.1 � Analytical Approach

Navier–Stokes equations play a significant role in the field of 
fluid mechanics. Nonetheless, due to the complexity of the 
Navier–Stokes equations, it is almost impossible to obtain 

Fig. 2   Optimization flowchart used in the presented study
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analytical expressions to calculate required flow character-
istics. Therefore, certain assumptions can be considered to 
help to obtain a simpler form of equations. The assumptions 
are as follows:

1.	 Film thickness is constant and small compared to its size 
in other directions.

2.	 The fluid is Newtonian, incompressible, and isoviscous.
3.	 Inertia terms are negligible compared to the viscous 

forces.
4.	 No squeeze nor sliding exists and the bearing surfaces 

are stationary.
5.	 The pressure of lubricant is constant in the direction of 

the film thickness (�p∕�z = 0).
6.	 There is a continuous supply of lubricant, and the flow 

is laminar.

Then, the Reynolds equation for computation of the pres-
sure distribution in the simplified form is as follows:

After obtaining the pressure distribution, the load-carry-
ing capacity (or acting force) can be expressed as follows:

where Ps is the recess pressure and Aeff is the effective area 
of the pad, which can be expressed from effective pad area 
proportion β (β < 1) and total area of the pad Atot:

Eqs.  (1–3) can be further customized and utilized to 
express required flow supply to the bearing as follows:
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(2)W = Pr ⋅ Aeff ,

(3)Aeff = � ⋅ Atot.

where h is the film thickness, µ is the dynamic viscosity of 
lubricant, and Qf is the flow factor, dependent on the geom-
etry and the effective area of the bearing.

Loeb [17] introduced a new methodology for estimating 
optimal proportions of the bearing pad and recess based on 
electric analog field plotter. Generalized analytical equations 
could be used to calculate the bearing performance using 
read values obtained from graphs, presented in Loeb and 
Rippel [16]. Similarly, the performance factors (Eq. 5–7) 
can be determined based on known values of bearing 
characteristics.

Eqs. (5, 6) can be transformed to obtain the required 
variable from the expression. An example of designing 
a HS bearing pad proportions using one-parameter opti-
mization is shown in Fig. 3. The ratio (a/l) represents the 
characteristic dimension of the recess to the characteristic 
dimension of the pad, that is, the diameter of the recess 
to the pad edge length. One primary parameter is kept 
constant (usually recess size to retain the required lift-
ing area), while the other is optimized. The aim of the 
pad geometry optimization is generally to achieve the 
best possible performance with minimal pumping power 
loss, in this case, the power loss factor—Hf. And for the 

(4)Q = Qf

W

Atot

h3

12 ⋅ �
,

(5)(a) pressure factor Pf =
Pr ⋅ Atot

W
,

(6)(b) flow factor Qf =
12 ⋅ � ⋅ Q ⋅ Atot

W ⋅ h3
,

(7)(c) power loss factor Hf =
Pf ⋅ Qf

�
.

Fig. 3   An example design chart 
using one-parameter optimiza-
tion with geometry description 
from Loeb and Rippel [16]
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(a/l) ratio of the minimum power loss factor, the values of 
optimal pressure (Pf) and flow (Qf) factors are obtained, 
respectively. Performance factors for the experimental pad 
proportions can be found in (Table 1). This study assumes 
relative performance change independently on the pump 
efficiency, what is not the aim of this study, thus the 
parameter η was assumed as 1 for simplification.

In the basic approach, only one of the two parameters: 
a or l are used, while the recess position (t = l) is assumed. 
The optimization approach using performance curves in 
a 2D graph utilizes (l = 4a). However, we defined the 
new variable parameter (t) to describe the position of the 
recess. Thus, the proposed method uses two-parameter 
criteria, recess position (t), and recess area-to-total pad 
area ratio (Ar/Atot) for performance optimization. The area 
and the position of the recess were chosen as the primary 
parameters because the recess shapes may be chosen to 
better accommodate the pad shape and thus improve the 
bearing performance. The length of the edge of the pad 
(2 l) remained constant, so the second variable assumed 
in this study was the recess radius (a). Attention should 
be paid to prevent exceeding the recess area out of the pad 
geometry, i.e., in case the pad has rounded corners.

2.2 � Experimental Validation

2.2.1 � Lubricant Viscosity

To obtain all the inputs required to build a relevant math-
ematical model, the dynamic viscosity measurement 
was performed on a rotational viscometer from HAAKE 
RotoVisco® 1 (PSL Systemtechnik, Germany). Measured 
data were filtered with 99.88% reliability using a Bing-
ham rheological model. The dynamic viscosity of the 
used ISO VG 46 grade hydraulic oil was fitted using the 
Vogel–Fulcher equation with R2 = 99.89%. The experiments 
were carried in static conditions, with stable temperature 
23 °C recorded using temperature sensors in the recess. The 
results showed very low temperature difference throughout 
the measurements, only ± 1 °C. Thus, constant viscosity of 
0.104 Pa∙s was considered in all simulations. It has been 
previously observed by Schmelzer et al. [44] that the pres-
sure–viscosity dependence of liquids of constant compo-
sition is extremely small (around 2%) in the investigated 
pressure range (0–1 MPa). Therefore, the pressure–viscosity 
dependence was neglected in this study.

2.2.2 � Two‑Pad HS Experimental Bearing (2‑PAD)

The experimental device used to obtain the measured data 
for evaluation is schematically shown in Fig. 4. It consists of 
two main parts, the bearing and the hydraulic circuit, which 
supplies pressurized lubricant with a pump powered by an 
electromotor. The hydraulic circuit is equipped with safety 
features, such as a check valve and a pressure relief valve. 

Table 1   Performance factors for 
experimental pad proportions 
read from Fig. 4 of [16]

Parameter Label Value

Pressure factor Pf 1.52
Flow factor Qf 27.4
Power loss factor Hf 41.65

Fig. 4   Schematic representation 
of 2-PAD experimental device
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The hydraulic accumulator minimizes the pressure spikes 
generated by the pump. The flowmeter measures the total 
supplied flow to the whole bearing. Flow restrictors (throttle 
valves) secure bearing stability in the event of asymmetrical 
load or misalignment. A pressure sensor of 0.25 bar pre-
cision is mounted on each of the inlets to the recess. The 
lubricant that flows out of the contact area to the collector is 
returned to the oil tank.

Three-contact potentiometer proximity sensors are 
mounted on each of the 2-PAD pads for obtaining film 
thickness with precision of 0.01 mm and range of 3 mm. 
To measure the actual temperature in the recess area, a ther-
mometer is fitted in each of the recesses for calculation of 
the viscosity value of the lubricant. The load is created using 
four set screws, each mounted with a load cell with ± 5 N 
precision, which provides a real-time measurement of the 
loading force. The experimental measurements were car-
ried out three times after the temperature in the recess area 
stabilized at 23 °C (corresponding to a dynamic viscosity of 
0.104 Pa∙s). Since the hydraulic circuit has relatively large 
tank (100 l), no additional cooling was necessary. The exper-
imental conditions were based on the previous test bearing 
comparison with analytical equations in ref. [45]. The total 
supplied flow into both pads was set to 8.5 l/min. A com-
parison of predicted and measured film thickness with vari-
able load was presented in reference [45], where the high-
est precision was achieved at 16-kN load. Therefore, for all 
measurements, a total load of 16 kN were applied in this 

study. The resulting average film thickness was 0.197 mm. 
The pad size used in experiments was 140 × 140 mm with 
recess diameters of 35 mm and positions of t = 35 mm and 
recess depth was 5 mm. The inlet was 40 mm long and of 
8 mm diameter (Fig. 5).

2.3 � Numerical Approach

CFD analysis has become a favored method for the analysis 
of fluid dynamics. It provides a detailed understanding of 
the lubricant flow in hydrostatic bearings. In this study, the 
CFD analysis was done using commercial software ANSYS 
Fluent 2021 R2 based on the Finite Volume Method with 
Cell-Centered formulation. The code solves the conserva-
tion equations for mass (Eq. 8) and momentum (Eq. 9), 
respectively.

In this case, pressure-based steady-state incompressible 
flow with absolute velocity formulation was investigated 
without considering thermal effects and gravity. A uniform 
lubricant film was considered in all simulations. The Reyn-
olds number estimation was below 10 and the laminar flow 
regime is expected in the film region, thus laminar model 
was selected. Because of relatively high film thickness and 

(8)∇ ⋅ v = 0,

(9)�(v ⋅ ∇)v = −Δp + �∇2v.

Fig. 5   Schematic representation of the 2-PAD hydrostatic test bearing with sensor description and photography of the assembled experimental 
device in the laboratory
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low pressure were assumed for very short experimental tests 
isothermal conditions were assumed—constant viscosity 
(0.104 Pa∙s) and density (875 kg/m3) were established for all 
simulation design points. The operating conditions included 
an atmospheric pressure of 101.3 kPa to reflect the real 
conditions. The 3D geometry of the fluid domain was para-
metrized in 3D modeling software of the program. The vari-
able parameters, recess position and diameter, are listed in 
Table 2. The simulation of all design points was conducted 
using the setting described below. An important rule to avoid 
the recess area outreaching the pad area must be checked 
before proceeding with the simulation parametrization.

The quarter model of the fluid domain was discretized 
into an unstructured polyhedral mesh in built-in ANSYS 
Fluent Meshing (\* MERGEFORMAT Fig. 6). Mesh refine-
ment was set on the top plane to enhance the results of the 
pressure and resulting forces acting on this plane. Three sets 
of meshes were compared using Richardson Extrapolation 
method [46]. Discretization error was calculated from a 
theoretical extrapolated value based on the results from the 
three sets of equally spaced meshes. Three boundary layers 
were added to the walls in the lubricating film region to 
enhance near wall fluid behavior in the top plane area, from 
which the results were evaluated. Due to the large difference 
between lubricating film height and recess depth, element 
growth rate was set to 1.05 to ensure slow transition of the 

elements. The final mesh selection was based on the results 
in Table 3. The precision of the model was also judged 
according to the analytically predicted and experimentally 
obtained results. It is also possible to optimize bearings with 
smaller film thickness using this method, but it may require 
longer computational times to secure smooth mesh element 
transition from the recess area to the film region.

A uniform film thickness of 0.197 mm, as obtained 
from experimental measurements, was used for all design 
points. The boundary conditions can be seen in Fig. 6. 
Starting with the mass flow inlet (Q) set at 0.015 kg/s on 
the face of 40-mm-long inlet pipe. Symmetry conditions 

Table 2   Combination table 
of variable parameters for 
simulation design points

Area ratio Ar/Atot (−) 0.05 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Recess diameter D (mm) 17.66 24.98 35.32 43.26 49.96 55.85 61.18 66.08
Recess position t (mm) 8.83 12.48 17.66 21.63 24.97 27.92 30.59 33.04

19.29 21.49 24.59 26.97 28.98 30.75 32.35 33.82
29.76 30.49 31.53 32.32 32.99 33.58 34.12 34.61
40.23 39.50 38.46 37.67 37.01 36.41 35.88 35.39
50.70 48.50 45.40 43.02 41.01 39.24 37.64 36.17

Fig. 6   Quarter model with 
boundary conditions used for 
the CFD analyses

Table 3   Parameters of the three examined meshes

Fine Medium Coarse

Resulting force – top plane (N) 1982.53 1986.32 1908.75
Refinement ratio 1 1.25 1.5
Discretization error (%) 0.02 0.22 3.7
Number of elements 3.92e + 6 2.27e + 6 1.09e + 6
Max. aspect ratio 21.7 20.2 23.3
Max. skewness 0.47 0.43 0.44
Min. orthogonal quality 0.21 0.21 0.21
Avg. total meshing time (min) 6.5 4 2
Avg. computational time (min) 30 20 12
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were employed on the symmetry planes of the quarter 
model and pressure outlet with atmospheric pressure oper-
ating condition (Patm). Output parameters were the result-
ing force on the top plane of the bearing and average pres-
sure over the recess area on the top plane.

The residuals of continuity and momentum equations 
condition were set below 10−4 to achieve convergence. 
Under relaxation factors for both velocity and pressure 
were set at 0.5 and 0.5, respectively, without any further 
need for adjustment. We used the coupled pressure–veloc-
ity coupling scheme, which should provide robust and high 
performance for steady-state flows compared to the segre-
gated schemes available in ANSYS Fluent. The gradient 
least square-based spatial discretization method was used. 
The first-choice schemes—second order and second-order 
upwind were kept for pressure and momentum, respec-
tively. Hybrid initialization was conducted to improve the 
convergence of each case. One case took approximately 
20 min to discretize and solve with the used computer 
specifications: 12 physical cores of 3.47 GHz processor, 
96 GB of RAM, and 1 TB SSD to store retained case data.

3 � Results and Discussion

Firstly, the comparison of results obtained from experi-
ments, calculations, and CFD simulations were performed 
to validate the CFD model precision. Subsequently, all 
design points were calculated and evaluated for the per-
formance factors and shape optimization.

3.1 � Model Calibration

The total load applied per pad was obtained based on three 
measurements using load cells with sensor precision of 3% 
and resulting average deviation under 0.5%. The recess pres-
sure was obtained from pressure sensors in each of the recess 
with 5% sensor precision and resulting average deviation 
under 1% based on three measurements. The calculated load 
was obtained using information from sensors mounted on 
the pad. Then, a 3D CFD model was created and computed 
for the same geometry as on the experimental device. The 
results are shown in Fig. 7 for (a) load and (b) recess pres-
sure. The CFD results for the load were obtained from result-
ing force acting on the top (contact) plane of the model. 
The weight of slider and loading frame was included in 
load evaluation. The experimental results show relatively 
good agreement with the calculation considering the preci-
sion of the used sensors. The recess depth influence on the 
performance might have affected the results as well, since 
analytical calculation does not assume this geometric param-
eter. The obtained difference from analytical calculation in 
load was − 3.2% for experimental results and + 0.65% for 
CFD, respectively. The difference in results of recess pres-
sure compared to the analytical approach reached − 7.5% 
for experiments and + 5.3% for the CFD analysis. The val-
ues obtained experimentally exhibit lower values due to 
the simplifications that are assumed in analytical and CFD 
computation, respectively. Despite a constant viscosity was 
assumed in all simulations to determine optimal geometry, 
so that the comparison of various shapes was unaffected, 
additional influence of the results could be caused by the 
dynamic viscosity variation with temperature, which approx-
imately changes by 5% for 1 °C. A minor contribution to the 

Fig. 7   Load (a) and recess pressure (b) comparison obtained from experimental measurements (including sensor error & measurement devia-
tion), analytical calculation and CFD analysis for the initial pad geometry.
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results difference could be caused by the geometry imper-
fections of the HS bearing (surface flatness and roughness) 
or the recess depth effect influence, which is in the case of 
analytical calculation neglected. Nonetheless, the obtained 
results were of satisfactory precision to carry on with the 
model parametrization.

3.2 � Design Point Computation and Evaluation

After conducting the initial comparison of the different 
approaches, the numerical CFD study was solved for all 
the design points from Table 2. The performance factors Pf, 
Qf, and Hf were calculated from the results obtained using 
Eqs. (5–7) for all design points. The results of all perfor-
mance factors are shown in Figs. 8, 9, and 10 in the form 
of (a) 3D graphs with the variable recess on the y-axis and 
variable area ratio on the x-axis, forming the two-parameter 
approach and (b) area ratio sections for better readability 
of the obtained data. Generally, the optimization goal is to 
achieve the lowest Pf, Qf, and Hf, assuming Eqs. (5–7). The 
load factor (Fig. 8) shows a similar trend as in the reference 

experimentally obtained 2D graph from [16], but in a dif-
ferent scale. The results for the load factor indicate that the 
load-carrying capacity decreases with increasing area ratio 
or position from the origin, separately and together. The 
larger the area ratio, the smaller the load factor. The lowest 
value of Pf can be found in the middle sector of the graph. 
Nonetheless, as seen in Fig. 11, the largest area ratio creates 
a very small sealing edge and thus is extremely sensitive 
to the pad misalignment and asymmetrical loading. In the 
case of flow factor (Fig. 9), it is obvious that the larger the 
area ratio or the farther the position of the recess from the 
center, the higher flow is required to sustain certain film 
thickness or load-carrying capacity. As for the flow factor, 
the closer to the pad center the recess is, the smaller the 
actual value. The smaller the area ratio is, the better perfor-
mance will be achieved. Ultimately, the power loss factor 
(Fig. 10) expresses the overall performance—to secure an 
optimum between the highest load capacity and the lowest 
power requirements (as expressed in Fig. 3). Therefore, to 
achieve the lowest energy requirements, a minimal Hf should 
be considered.

Fig. 8   Load factor a position and area ratio variation dependence and b area ratio sections obtained from CFD analysis

Fig. 9   Flow factor a position and area ratio variation dependence and b area ratio sections obtained from CFD analysis
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In the case of open-type bearings (without counter pads, 
as explained in ref. [1]), the recess position should be cho-
sen, also considering the ability of the bearing to manage 
asymmetrical loading and pad misalignment. This is another 
reason why the multi-parameter approach offers a more ver-
satile design process compared to the classical one-parame-
ter approach. For this reason, pressure contours of the vari-
ous pad shapes from smallest and closest to the pad center, 
to the farthest and biggest (Fig. 11). It is obvious, that the 
larger the land area (as for the smallest area ratio), the higher 
the recess pressure. Nonetheless, the load capacity and abil-
ity to manage asymmetrical loading and misalignment are 
not desirable in this case (Fig. 11a). The recess pressure was 
gradually decreasing with increasing recess size and distance 
from the pad center (Fig. 11b). The highest ability to man-
age asymmetrical loading was achieved with largest recess 
size (Fig. 11c). The sealing edge is very small in this case 
and the pressure gradient is the steepest (Fig. 12) for this 
configuration, which makes the bearing extremely sensitive 
to pad misalignment. Even though the smallest load factor 
was obtained, the largest flow factor resulted for this case, 
which is undesirable.

Fig. 10   Power loss factor a position and area ratio variation dependence and b area ratio sections obtained from CFD analysis

Fig. 11   Top plane pressure contours of static pressure for recess size and position: a smallest and closest to the center, b medium in the middle, 
and c largest and farthest from the pad center

Fig. 12   Top plane pressure contour of static pressure for recess size 
of 68.4 mm diameter and position 35.48 mm from the pad center with 
detail on the sealing edge
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3.3 � Optimal Shape Determination

To determine the optimal shape of the bearing, the mini-
mum power loss factor was searched for. To obtain a more 
accurate result, the minimum was not chosen from the cal-
culated values of the design points, but using a cubic inter-
polated surface as seen in Fig. 13. This step allowed us to 
look for the minimum value of the power loss factor also 
between the calculated points. The calculated points were 
used to fit the cubic interpolated surface with normaliza-
tion in MATLAB R2021a. It is also possible to use linear 
interpolation, which is simpler but does not capture the 
surface trend and curvature as well as the cubic interpola-
tion. Subsequently, a minimum value of the power loss fac-
tor was found. Then, the coordinates of the minimum value 
expressed the optimal shape—the recess position and area 
ratio, respectively. The minimum value of the power loss 
factor, 30.66, obtained by CFD simulation was determined 

for the recess position 17.66 mm from the center and an 
area ratio of 0.2. In contrast, optimal value of the power 
loss factor obtained from the graph presented by Loeb and 
Rippel [16] is 38, with recess position of 35 mm and area 
ratio of 0.132. Compared to the basic approach using one-
parameter criteria, a 20% reduction of the power loss fac-
tor was achieved. The investigated ranges of recess posi-
tion and area ratio were chosen according to the pad size 
and computable geometry. The interpolated grid could be 
finer if even higher precision was required. The deformed 
grid areas on the left side of the 3D graph in Fig. 13 are 
only a graphical representation of the grid fitted over the 
sample points and thus are not evaluated.

Finally, we compared the pressure contours of the opti-
mal shape obtained from the classical approach (Fig. 14a) 
and the presented two-parameter approach (Fig.  14b), 
respectively. The classical approach optimization resulted 
in smaller recess diameter and its farther position from the 

Fig. 13   Power loss factor cubic 
interpolation of results obtained 
from CFD analysis with high-
lighted minimal power loss fac-
tor for 2-parameter optimization 
(HfCFD) and using 1-parameter 
optimization (Hf) based on [16]

Fig. 14   Top plane static pressure contours of optimized pad shapes using a one-parameter approach and b novel two-parameter approach
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pad center compared to the two-parameter approach, which 
also resulted in higher recess pressure due to larger sealing 
edge. As can be seen in the comparison of the two pres-
sure contours (Fig. 14), the one-parameter approach per-
formed with pressure decrease in the central area, while the 
two-parameter approach showed uniform pressure among 
the four recesses. This has also been observed in all two-
parameter approach pressure contours as seen in Fig. 11. 
The results indicate that the proposed method provides more 
uniform pressure distribution and contributes to higher bear-
ing load capacity, stiffness, and ability to carry asymmetrical 
loading and pad misalignment. The only drawback of this 
geometry might be worsened ability to assess the behavior 
of each of the recesses separately. Nonetheless, discharge 
grooves can be added to solve this issue [26].

4 � Conclusion

This paper presents a novel approach to HS multi-recess 
thrust bearing pad geometry optimization using results based 
on CFD simulations. The precision of the CFD model was 
compared to the analytical and experimental results. The 
proposed two-parameter criterion was used to evaluate the 
optimal shape—recess position and recess area-to-pad area 
ratio. The obtained results from two-parameter optimization 
show a possible 20% power loss factor reduction, which is 
directly related to pumping power loss, compared to the case 
of conventionally used one-parameter criterion. Moreover, 
it has been observed that the position of the recess has a 
strong influence on the resulting performance and thus the 
size and position should be evaluated independently. The 
pressure contours indicate that the proposed two-parameter 
method provides more even pressure distribution in the cen-
tral area of the pad, resulting in higher load capacity, stiff-
ness, and ability to manage asymmetrical loading and pad 
misalignment. The optimization scheme tailored for best 
performance at lowest energetic requirements can be used 
for various shapes with custom defined geometric param-
eters. The proposed method might bring about a notable 
reduction in the energetic demands, especially for bearings 
of large-scale structures. Although in the presented study 
a cross-symmetrical four recess HS bearing pad geometry 
was optimized, this approach can be applied to any shape of 
HS bearing and a wide range of operating conditions—from 
very low to extremely high loads and recess pressures. It is 
necessary to determine the area ratio and position of the 
recess grooves first, then perform CFD analysis of selected 
design points, and find the minimal power loss factor. The 
drawback of the presented method is the computational time 
required to evaluate all design points, which nonetheless, 
depends on the machine used for simulations.

Further research might aim at full experimental evalua-
tion of the presented 3D optimization graphs. The next steps 
might lead to the preparation of 3D optimization graphs 
for the mostly used bearing pad geometries to improve the 
design process of HS bearings. This approach could be used 
also for journal HS bearings. The precision of the model 
presented in this article could be further improved by con-
sidering the influence of sliding speed and thermal effects 
and sliding surface geometric precision (i.e., manufacturing 
and assembly errors). Very little attention has been paid to 
the structural deformation of the slider/turntable caused by 
the pressurized fluid flow. An experimental verification of 
real effects on bearing performance would provide valuable 
information for design engineers.
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