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Abstract. This work is dedicated to the computational modeling of the hydrodynamic bearings present in a Francis 

hydropower unit. A thermohydrodynamic approach is used to represent the dynamic behavior of these bearings, in 

which the thermal effects due to the viscous friction of the oil film are computed through the simultaneous solution of 

the Reynolds and energy equations. Using simplifying hypotheses, three hydrodynamic bearings of the hydropower unit 

are analyzed, namely tilting-pad thrust bearing, tilting-pad journal bearing, and cylindrical journal bearing. The 

representativeness of the numerical results obtained in the present work, they were verified using the corresponding 

data provided by the manufacturer. Good correlation between both information could be observed. It is worth 

mentioning that the present work was developed under the R&D project Robust Modeling for the Diagnosis of Defects 

in Generating Units (02476-3108/2016) conducted by ANEEL (Brazilian Electric Energy Agency). This project is 

carried out at the Federal University of Uberlândia, Brazil, with the financial support of the companies CERAN, 

BAESA, ENERCAN, Foz do Chapecó, and CPFL Energia. 
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1. INTRODUCTION  

 

Bearings are mechanical elements responsible for supporting rotating shafts, which can be axial or radial (thrust or 

journal bearings, respectively), depending on the direction of the applied load (Dourado et al., 2019). Bearings can be 

further classified as a roller (or ball), hydrodynamic, and magnetic bearings. Hydrodynamic bearings can present fixed 

or variable geometries, such as the tilting-pad bearings. These bearings are widely applied in the industry and show 

satisfactory stability, allowing to operate in higher rotating speeds (Barbosa, 2018). Hydrodynamic bearings are 

commonly used in hydropower units due to their load capabilities (Vance, Zeidan, and Murphy, 2010).  

The mathematical simulation of hydropower units is an indispensable resource for engineers, allowing a 

comprehensive understanding of the dynamic behavior of the system and prediction of undesired operating conditions 

(Dourado et al., 2019). In this context, the development of models for representing hydrodynamic bearings becomes 

mandatory. 

The theoretical studies of Osborn Reynolds (Reynolds, 1886) resulted in a partial differential equation obtained from 

simplifications applied to the Navier-Stokes equation. The pressure field in the oil film can be determined by solving 

the Reynolds equation. In the approach proposed by Reynolds (1886), the oil film temperature is considered constant. 

However, due to the motion between the bearing parts, part of the kinetic energy is converted into thermal energy. The 

oil temperature increases and, consequently, the oil viscosity decreases. Aiming to obtain accurate hydrodynamic 

bearing models, Dowson (1962) solved the Reynolds equation considering changes in the oil film temperature. In this 

thermohydrodynamic model (THD), the thermal effects were considered by associating the energy equation with the 

modified Reynolds equation. 

The Francis hydropower unit considered in the present work is composed by a vertical shaft, a generator unit, a 

Francis turbine, and three bearings, namely a combined tilting-pad thrust/journal bearing located at the top of the 

generator, a tilting-pad journal bearing located at the bottom of the generator, and a cylindrical journal bearing located 

close to the Francis turbine. Is this work, THD models are applied for determining the pressure and temperature fields in 

the three hydrodynamic bearings of the considered hydropower unit. The maximum pressure, maximum temperature, 

and minimum oil film thickness are also determined. 
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2. THD BEARING MODEL 

 

In this section, the THD models used to represent the tilting-pad thrust bearing (TPTB), the tilting-pad radial bearing 

(TPJB), and the cylindrical journal bearing (CJB) of the Francis hydropower unit are presented. The equilibrium 

condition for the considered models was obtained by equating the external load applied to the bearings with the 

hydrodynamic forces, which were determined by integrating the pressure distribution over the projected area of the 

bearings. The equilibrium of momentum was also achieved for the TPTB and TPJB. The pressure and the temperature 

fields generated in the oil film were obtained. Details on the THD models for the considered hydrodynamic bearings 

can be found in Barbosa (2018).  

 

2.1 Tilting pad thrust bearing 

 

Figure 1 illustrates the physical model of the TPTB. In this case, the pad inner and outer radii are given by r1 and r2, 

respectively, θpivot and rpivot are the angular and radial positions of the pivot, respectively, θ0 stands for the pad angular 

length, p and r are the pad rotational angles at the pivot along the r and s directions, respectively, and hh is the oil film 

thickness. 
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Figure 1. Physical model of the TPTB. 

 

The hydrodynamic forces are determined by calculating the equilibrium position of the bearing. For this aim, the 

angles p and r and the oil film thickness at the pivot h0 should be obtained, as shown in Eq. (1) and Eq. (2). 
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Equation (1) represents the vector of design variables that are to be determined. FY and Fw are the hydrodynamic 

force and external loading, respectively, f1 stands for the equilibrium of forces, f2 and f3 refer to the equilibrium of 

momentum along the directions r and s, respectively. Figure 2 shows the flowchart regarding the iterative process 

associated with the THD-TPTB model. 

 

2.2 Tilting pad journal bearing 

 

Figure 3 presents the schematic representation of a TPJB. In this case, Ω is the rotation speed of the shaft, R is the 

shaft radius, RS is pad radius, OP, OE, and OS are the pivot center of rotation, shaft center, and pad center, respectively, 

h0 is the bearing radial clearance, and  is the pad angle relative to the pivot.   
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Figure 2. Procedure for determine the hydrodynamic forces in TPTB (Barbosa, 2018, adapted). 
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Figure 3. Physical model of the TPJB. 

 

The hydrodynamic supporting forces in TPJB are determined at the equilibrium positions of the shaft and the pads 

(equilibrium of momentum). The position of the shaft center OE (Xr, Zr) and the angle  of each pad can be determined, 

as given by Eq. (3) and Eq. (4). 

 

 1 2  =X r r NX Z  (3) 
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Equation (3) represents the vector of design variables that should be obtained. In Eq. (4), FR and Fw are the 

hydrodynamic force and external load, respectively, f1 stands for the equilibrium of forces, and f2, f3, … fN+1 represents 

the equilibrium of momentum. Figure 4 shows the flowchart concerning the procedure for determining the 

hydrodynamic forces according to the THD-TPJB model.  
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Figure 4. Procedure for determining the hydrodynamic forces in TPJB. (Barbosa, 2018, adapted). 

 

2.3 Cylindrical journal bearing 

 

Figure 5 presents the main geometric parameters of the CJB. In this case, R is the shaft radius, Lh is the bearing 

length, C is the radial clearance, e is the eccentricity (radial displacement from the center of the shaft OE to the center of 

the bearing), αh is the angle that defines the angular position of the shaft center, and Ω is the rotation speed of the shaft. 

The hydrodynamic supporting forces in CJB are determined at the equilibrium position of the shaft. The position of 

the shaft center OE (Xr, Zr) should be determined, as shown in Eq. (5) and Eq. (6). 

 

 =X hE  (5) 

 

1 0= + →F Fw hf  (6) 
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Figure 5. Physical model of the CJB (Cavalini Jr et al., 2017, adapted). 

 

Equation (5) represents the vector of design variables that should be determined. In Eq. (6), Fh and Fw are the 

hydrodynamic force and external load, respectively, and f1 refers to the equilibrium of forces. Figure 6 shows the 

flowchart concerning the procedure for determining the hydrodynamic forces according to the THD-CJB model. 
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Figure 6. Procedure for determining the hydrodynamic forces in CJB (Barbosa, 2018, adapted). 

 

3. NUMERICAL RESULTS 

 

This section is dedicated to the numerical results obtained by using the THD models of the considered 

hydrodynamic bearings. There are particularities regarding the geometry and lubrication form of each bearing, which 

are detailed next. It is important to note that the operating conditions considered for the bearings were provided by the 

manufacturer of the Francis hydropower unit.  
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Figure 7 shows the location of the bearings in the considered hydropower unit. This machine presents 44.58 MW 

nominal power, operates at 300 rpm, 24 poles generator, 60 Hz frequency, 13,800 V voltage, and 2,027.5 A current. 

 

 

 
 

Figure 7. Francis hydropower unit: a) Upper part of the machine; b) Bottom part of the machine  

(Barbosa, 2018, adapted). 

 

3.1 Tilting-pad thrust bearing 

 

Table 1 presents the geometric properties and operating parameters of the TPTB. Table 2 shows the results obtained 

by using the implemented THD-TPTB model. The results provided by the manufacturer are also presented for 

comparison purposes. Note that similar results were obtained, which demonstrates the representativeness of the 

implemented THD-TPTB model. Figure 8 shows the associated pressure and temperature fields.  

 

Table 1. Geometric properties and operating parameters of the TPTB. 

 

Parameters Values 

Inner radius 310 mm 

Outer radius 660 mm 

Pivot radius 

Pad angle  

Number of pads 

Arc pivot/arc pad 

Rotation speed 

Oil type  

Load bearing 

485 mm 

45° 

6 

0.6 

300 rpm 

ISO VG 68 

2300 kN 

 

Table 2. Results obtained with the THD-TPTB model and provided by the manufacturer. 

 

Properties Manufacturer Present work Difference (%) 

Pmax (MPa) 6.90 6.93 0.43 

Tmax (GPa) 69.25 64.51 6.84 

hmin (µm) 58.79 50.65 13.85 

 

It is important to note in Fig. 8a, Fig. 8b, and Fig. 8c that the region of the pad in which the hydrodynamic pressure 

has a maximum magnitude is located on the right side of the pad. This effect is due to the rotation direction of the shaft. 

Additionally, the region of maximum temperature (see Fig. 8d and Fig. 8e) is observed in the upper right part of the pad 

due to advection heat transfer mechanism (velocity components along with the directions θ and r).  

 

a) 

b) 
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Figure 8. Pressure and temperature fields of the TPTB. a) 3D Pressure field; b) Upper view of pressure field; c) Lines of 

constant pressure; d) 2D Temperature field; e) Lines of constant temperature (Barbosa, 2018). 

 

3.2 Tilting-pad journal bearing 

 

Figure 9 presents one of the pads of the considered TPJB. In this bearing, zone 1 corresponds to the oil recess, 

whereby part of the lubricant flows to the oil reservoir. In this region, it is assumed that the manometric pressure is null. 

Zone 3 refers to the active region of the bearing, in which the pressure field is developed.  Zone 4 also corresponds to 

the oil outlet. The pivot point of the pad is represented by 2. The parameters related to the TPJB are shown in Tab. 3.  

Table 4 shows the results obtained by using the implemented THD-TPJB model. The data provided by the 

manufacturer are also presented for comparison purposes.  

 

a) 

b) c) 

d) e) 
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Table 3. Geometric properties and operating parameters of the TPJB. 

 

Parameters Values 

Inner diameter 934 mm 

Shaft diameter 930 mm 

Radial clearance 

Length of bearing 

Pad thickness 

Pad angle  

Number of pads 

Arc pivot/arc pad 

Angular position of the pivots in the bearing 

Rotation speed 

Oil type  

Load bearing 

250 µm 

197 mm 

67 mm 

60° 

6 

0.6 

0°/60°/120°/180°/240°/300° 

300 rpm 

ISO VG 68 

90.6 kN 

 

Table 4. Results obtained with the THD-TPJB model and provided by the manufacturer. 

 

Properties Manufacturer Present work Difference (%) 

Pmax (MPa) 4.761 4.767 0.13 

Tmax (GPa) 52.84 56.40 6.74 

hmin (µm) 72.70 75.67 4.09 

 

 
 

Figure 9. Representation of the TPJB. a) Regions of the bearing; b) Inner surface of the TPJB. (Barbosa, 2018). 

 

Note that similar results were obtained, which demonstrates the representativeness of the implemented THD-TPJB 

model. Figure 10 presents the associated pressure and temperature fields.  

 

 

 
 

Figure 10. Pressure and temperature fields for the TPJB. a) Pressure field; b) Temperature field (Barbosa, 2018).  

 

a) b) 

a) b) 
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3.3 Cylindrical journal bearing 

 

Figure 11 shows one part of the considered CJB (two-part bearing). In this bearing, zone 1 corresponds to the 

mixing region between the heated and cold oil, which is injected into the bearing through the hole outlined in 3. Zone 2 

corresponds to a recess, where the oil coming from the mixing region flows to the active zone of the bearing (zone 4).  

 

 

 
 

Figure 11. Representation of CJB. a) Regions of the bearing; b) Internal surface of the CJB (Barbosa, 2018).  

 

Note that there are four cold oil injection holes, four mixing regions, and four recesses. The pressure on zones 1, 2, 

and 3 are considered null since the thickness of the oil film in these regions is much larger than in the active ones. 

Therefore, the pressure field in these regions is significantly lower as compared to the active zones of the bearing. The 

parameters of the CJB are shown in Tab. 5. Note that three different operating conditions were provided by the 

manufacturer. 

 

Table 5. Geometric properties and operating parameters of the CJB. 

 

Parameters Values 

Inner diameter 550.4 mm 

Shaft diameter 550 mm 

Radial clearance 

Length of the bearing (active zone) 

Rotation speed 

Oil type  

Operating condition #1 

Operating condition #2 

Operating condition #3 

200 µm 

330 mm 

300 rpm 

ISO VG 68 

81.5 kN at 300 rpm 

188 kN at 583 rpm 

219 kN at 300 rpm 

 

The maximum pressure, maximum temperature, and minimum oil film thickness for the three different operating 

conditions presented in Tab. 5 are shown in Tab. 6. Note that the maximum pressure increases according to the external 

load, as well as the shaft eccentricity E and its angular position αh. As expected, the oil film thickness decreases 

according to the external load. However, the maximum temperature was achieved for operating condition #2. This result 

is associated with the considered rotation speed for the shaft. 

 

Table 6. Results obtained with the THD-CJB model. 

 

Operating condition  αh [°] E Pmax [MPa] Tmax [oC] hmin [µm] 

81.5 kN at 300 rpm 34.48 0.392 1.425 68.80 121.56 

188 kN at 583 rpm 36.97 0.437 3.425 108.85 112.61 

219 kN at 300 rpm 40.81 0.513 4.314 105.03 97.47 

 

Figure 12 presents the associated pressure and temperature fields obtained for condition #1. In this case, the 

manufacturer omitted the corresponding data. Figure 12a shows the regions where the pressure is null due to the 

recesses present in zones 1, 2, and 3 of the CJB (see Fig. 11a). In Fig. 12b, it is possible to observe regions in which the 

oil temperature is low. These regions correspond to the zones where the mixture between the heated and cold oil occurs. 

 

a) b) 
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Figure 12. Pressure and temperature field in the CJB. a) Pressure field; b) Temperature field (Barbosa, 2018).  

 

 

4. FINAL REMARKS 

 

In this work, the hydrodynamic bearings of a Francis hydropower unit were analyzed according to dedicated THD 

models. In this approach, the pressure and temperature fields, as well as the maximum pressure, maximum temperature, 

and minimum oil film thickness were determined. The results obtained for the tilting-pad thrust bearing (TPTB) and 

tilting-pad journal bearing (TPJB) were similar to the data provided by the manufacturer. The results associated with the 

cylindrical journal bearing (CJB) demonstrated to be physically consistent. Further research work will be dedicated to 

including these models in the finite element model of the rotating machine. The development of surrogate models for 

these bearings based on the THD approach is also scheduled.  
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