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ABSTRACT 

The present study aims to evaluate the effects of static and dynamic angular misalignments of 

the runner surface on the performance of a gas-lubricated foil thrust bearing. The responses of the 

bearing load capacity, viscous power loss, and the stiffness and damping coefficients of the gas film 

to small angular misalignments are thoroughly analyzed. The compressible Reynolds equation along 

with the Couette Approximation technique is used to model the flow in the gas film. The 

deformation of the compliant bearing is calculated with a robust analytical model, and small 

perturbations method is used to calculate the dynamic coefficients of the gas film. The results show 

that misaligned foil thrust bearings are capable of developing a restoring moment sufficient enough 

to withstand the imposed mechanical distortions. Furthermore, the enhanced hydrodynamic effect 

ensures a stable operation of the misaligned foil thrust bearing at very thin gas films. 

Keywords: Angular misalignment, foil thrust bearing, thermal elastohydrodynamic lubrication, 

static and dynamic characteristics 

1. Introduction  

Foil gas bearings provide prominent merits over the conventional rolling element and 

oil bearings such as the endurance of high temperature, endurance of foreign matter, 

improved damping, and the ability to accommodate assembly misalignments [1, 2]. 

Therefore, radial foil air bearings have been applied successfully to aircraft Air Cycle 

Machines (ACMs), auxiliary power units (APU) its applicability in cryogenic turbo-

expanders, turbo-alternators, turbochargers, and automotive gas turbine engines have been 

demonstrated [3, 4]. On the other hand, the ability of gas foil thrust bearing to support the 

axial loads generated due to the pressure difference between compressor and turbine sides 

in high speed oil-free turbomachinery was assured [5, 6]. Figure 1 shows the schematic 

representation of a typical single-acting foil thrust bearing assembly is shown in Figure 1. 

The resilient bearing is composed of a smooth top foil resting on a number of flexible and 

independent bump foil strips with different number of bumps.  
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Fig. 1. Schematics of the geometry of misaligned foil thrust bearing 

Several important studies were performed on gas foil thrust bearings. An early study by 

Heshmat et al. [1, 7] has investigated the effects of geometrical, structural, and operational 

parameters on the performance of foil thrust bearing of simple geometry. Later, Iordanoff [8] 

introduced a method to rapidly design the foil thrust bearing for maximum load carrying 

capacity. A comprehensive analysis of foil thrust bearing was conducted by Bruckner [9] to 

investigate the thermal effects on the static characteristics of foil thrust bearing.  

Recently, Lee and Kim [10, 11] have thoroughly analyzed the thermal 

elastohydrodynamic performance of a foil thrust bearing with a newly-designed compliant 

bearing structure. Gad and Kaneko [12] have introduced a new analytical model to 

calculate the deformations of bump-type compliant bearings which was applied 

successfully to predict the static performance characteristics of “second generation” foil 

thrust bearings. Most recently, Gad and Kaneko [13-15] have studied the static and 

dynamic characteristics of foil thrust bearing considering the centrifugal forces with new 

architectures of the compliant bearing of “second generation” foil structure. 

Further, successful experimental works have been conducted on “second generation” 

foil thrust bearing by Dykas [16], Dickman [17], and Bruckner [18] to investigate the static 

characteristics of the bearing at a wide range of operating conditions. 

When used to support axial loads between compressor and turbine sides in 

turbomachinery applications, foil thrust bearing is located between two radial foil bearings. 

In practical situations, it extremely difficult to ensure a zero static misalignment between 

the two radial bearings and hence, the runner surface of foil thrust bearing cannot be 
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maintained parallel to the bearing surface; in fact, the runner (shaft collar) exhibits a static 

angular misalignment in one or more directions, see Figure 1(d). Furthermore, even if the 

static misalignment is reduced to a minimum, the non-symmetric thermal distortions of the 

two radial foil bearings can result in a significant rotor misalignment.   

However, almost all previous analytical and experimental approaches have neglected 

the effect of static angular misalignment of the runner on the performance of foil thrust 

bearings. Very few studies have handled the problem of misaligned foil thrust bearings. 

Among these studies is the work of Park et al. [19] in which the performance 

characteristics of foil thrust bearing with “first generation” bump foil structure were 

evaluated. The bearing load carrying capacity and the viscous friction torque of a 

statically-misaligned runner were analyzed. Also, Lee and Kim [10] have included the 

effect of runner-bearing misalignment on the performance of hybrid foil thrust bearing.  

Actually, any small angular misalignment of the bearing runner greatly affects the gas 

film geometry of foil thrust bearings and, consequently, affects its static and dynamic 

performance characteristics.  

Therefore, the objective of the present study is to evaluate the effect of both static and 

dynamic angular misalignments of the bearing runner on the static and dynamic 

performance characteristics of foil thrust bearing. The studied foil thrust bearing has a 

compliant structure of the “second generation” type that was experimentally investigated 

by Dykas [16], Dickman [17], and Bruckner [18] and was proven to have superior 

performance features over other architectures; however, the previous studies on this type of 

bearing have neglected the possibility of the bearing runner static misalignments.  The top 

foil of each bearing pad is clamped at the pad leading edge while the bump foil strips are 

clamped at the pad trailing edge; see Figure 1(b). Moreover, as the thermal features greatly 

affect the performance characteristics of foil bearing, a simplified energy equation is used 

to calculate the temperature distribution in the gas film. The details of the mathematical 

model are described in the following sections. 

2. Theoretical model 

Similar to all fluid-structure interaction problems, foil bearing simulations require the 

coupling between the gas film pressure and the compliant structure deformations. The 

hydrodynamic pressure on the gas film causes the bearing surface to deform which in turn 

acts to modulate the gas film pressure; this interaction continues until a steady state 

condition is prevailed.   

2.1. Model of the gas film 

In the present simulations, the two-dimensional compressible Reynolds equation is used to 

model the flow in the gas film between the rotating shaft collar and the smooth top foil. The gas 

is assumed to be ideal and the equation of state is used to express the gas density in Reynolds 

equation in terms of the gas pressure and temperature. Then, the flowing dimensionless 

quantities are used to convert the Reynolds equation into a non-dimensional form: 

, , , , ,
a o o a

p r h
p r h t t

p r h
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and, the Reynolds equation in non-dimensional form, after dropping the bar sign is 

expressed as: 

   

3 31
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where    is the bearing number defined as: 
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As the shaft collar is tilted around the X and Y axes, the thickness of the gas film 

changes in both radial and circumferential directions over each bearing pad. Hence, from 

Figure 1, the dimensionless film thickness ( h ), can be expressed as; 
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where,   and  are the static angular misalignments around X and Y axes, 

respectively. Also,  , or h    and 1 oH h h  are the dimensionless structure 

deflection and film thickness ratio, respectively.  

In order to obtain the gas film pressure, Equation (1) is integrated over each bearing pad 

assuming ambient pressure at all boundaries. 

2.2. Model of the gas film temperature 

The Couette Approximation technique that was developed by Pinkus and Bupara [20] is 

used to calculate the temperature distribution in the gas film. The technique allows the 

decoupling between the energy equation and Reynolds equation and hence, each equation 

can be solved independently. The underlying basic assumption is that the effect of pressure 

gradients on the shear rate of the fluid is much smaller compared with the runner drag 

effect. It is important to point out that the heat generated in the gas film is assumed to be 

completely carried away by the gas flow. Thus, the temperature distribution in the air film 

can be expressed as, [20]; 

     ,
,

G r
inT r T e


                     (3) 

where  ,G r  is a non-dimensional function expressed as; 
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The constants inT and pC  represent the gas entrance temperature and its specific heat, 

respectively. At the temperature operating range of foil thrust bearing, the gas viscosity can 

be assumed to vary linearly with temperature as follows:  

   T T                      (5) 

where,  and  are the coefficients of the linear viscosity-temperature relationship and 

their values can be obtained through a linear curve fitting of the given viscosity-

temperature data [11, 21]. Hence, Equation (3) is solved for the gas film temperature over 

each bearing pad assuming a constant ambient temperature at all boundaries.  

2.3 Model of the bump foil 

Modeling foil gas bearings is a troublesome problem mainly because of the difficulties 

encountered when calculating the deformation of the compliant bearing under the 

developed hydrodynamic pressure. Several important approaches were introduced to 

model the structural stiffness of bump-type foil bearings. Among these models, the one-

equation model developed by Walowit and Anno [22], the widely used two-equation 

model developed by Iordanoff [8], the analytical and more elaborate model of Ku and 

Heshmat [23], the inter-connected springs model of Le Lez, et al. [24], the link-spring 

model of Feng and Kaneko [25], the interesting bump-foil analysis of Hryniewicz et al. 

[26], the bump-root bending approaches of Kim et al. [27], and the most recent model 

introduced by the authors, Gad and Kaneko [12] which is adopted in the present study.  

 

Fig. 2. Force analysis of individual bumps in bump foil strip [12] 

As shown in Figure 2, the bump foil model assumes that the displacement of bumps in 

each bump-foil strip is from the fixed end towards its free end, and the top foil is assumed 

to be a thin deformable membrane that follows the bump foil deflection. Moreover, the 

model assumes that the bump ends do not separate from the rigid backing plate, however 

the flat segment between bumps may deflect laterally. In the schematic representation of 

Figure 2, the models of an intermediate bump ( i ) and the end bump ( N ) are shown: here, 

(  ) represents the coefficient of friction between the bump-foil strip and the rigid backing 

plate; also, ( ) represents the friction coefficient between the bump-foil strip and the top 

foil; the force (W ) represents the concentrated load per unit lateral width of the strip. The 

forces Fr and Fl  represent the normal reaction forces at the right and left ends of the 

bump, respectively. Also, Mr and Ml  represent the bending moments at the right and left 

ends of the bump, respectively. The force ( Pr ) is the compressive force transmitted 

through the flat segments between bumps. The Castigliano’s second theorem is used 
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sequentially to calculate the structural deformations of the bearing; see Ref. [12] for the 

detailed analytical model. 

For Generation II foil thrust bearings, the staggered pattern of bumps distribution is 

expected to decrease the effect of top foil sagging between bumps. Therefore, top foil 

sagging between successive bumps is assumed to be negligible in the present study. 

Further, the deflection of the top foil between any two successive bumps in the same 

bump-foil strip is assumed to vary linearly across the distance between bumps.  

3. Numerical techniques  

In order to calculate the gas film pressure, the non-dimensional form of Reynolds 

equation is discretized using the Finite Difference Method and the Newton-Raphson 

method is used to linearize the discretized equations. The linearized equations are then 

solved iteratively for the dimensionless pressure distribution in the gas film using Tri-

Diagonal Matrix Algorithm (TDMA) along with the Alternating Direction Implicit (ADI) 

method to accelerate the solution convergence. The obtained pressure is then used to 

estimate the concentrated load over each bump and hence, the deflection of each bump is 

calculated using the bump foil model described in Section 2.3. In order to obtain the top 

foil deflection at all intermediate grid points between bumps vertexes, a smooth bilinear 

interpolation method is used and, consequently, the new gas film thickness at all grid 

points is determined and a calculation cycle ( m ) is completed. The new gas film thickness 

is then fed into both the temperature model, to calculate the gas film temperature, and the 

Reynolds equation to obtain a new steady state gas film pressure which in turn is used to 

calculate the bumps deflections and, consequently, a new gas film thickness at the 

calculation cycle ( 1m  ). This scenario is repeated until a steady state gas film pressure 

and a corresponding steady state gas film thickness are obtained [13, 15].  

The obtained steady state conditions are then used to the bearing static characteristics as 

follows: 

The bearing load carrying capacity ( F ) is calculated as; 

 
r

F p rdrd


                     (6) 

The viscous power loss in the gas film ( Pw ) is calculated as; 

2

.  
2

a

r

rh p
Pw rdrd
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                  (7) 

The restoring moments  ( MX and MY  ) of the gas film are calculated as: 

2 2 sin  ,     cos  

r r

MX p r drd MY p r drd

 

                      (8) 

The Simpson’s rule is used to evaluate the integrations (6 and 7) numerically. 
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4. Perturbation method 

The small perturbations method is used in this study to calculate the dynamic 

coefficients of the gas film. Accordingly, the steady state position of the runner is 

perturbed by small translational displacement ( z ), small rotational displacements (   

and  ), small translational velocity ( z ), and small rotational velocities (   and  ). 

From Figure 1, the gas film thickness can be expressed as; 

   cos sinoh h r z                           (9) 

and oh stands for the steady state film thickness. The term    represents the 

static and the dynamic angular misalignments of the runner surface around the X-axis. 

Similarly, the term    represents the static and the dynamic angular misalignments 

of the runner surface around the Y-axis. 

A set of seven perturbation equations is obtained and expressed in non-dimensional form 

using suitable parameters [13]. The perturbation equations are discretized using the finite 

difference method and solved iteratively with tri-diagonal matrix algorithm. Once the 

pressure perturbations are obtained, the stiffness coefficients of the gas film are calculated as: 
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Similarly, the damping coefficients of the gas film are calculated as 
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where  , , , , , ,u
p

p u z z
u

   


 


are the pressure perturbation components. 

5. Results and discussions 

In the present numerical simulations, the thrust plate of a gas-lubricated foil bearing, 

shown in Figure 1, is composed of 6 bearing pads. The top foil of each bearing pad is a 

sector-shaped thin plate clamped at the leading edge of the bearing pad, free at all other 

edges and extends over a 45
o
 of the pad angular extension; the remaining 15

o
 of the pad 

angular extension is left uncovered as a spacing region between successive bearing pads. 

Opposite to the top foil clamping, the bump foil is clamped at the pad trailing edge, free at 

all other edges and extends a 45
o
 of the over pad angular extension. Hence, only a 30

o
-

sector of the top foil is supported by the bump foil strips, see Figure 1(b). As shown in 

Figure 1(b), the bump foil is composed of 5 independent bump foil strips with different 

number of bumps and the end bumps of all bump foil strips are aligned radially with the 
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trailing edge of the top foil. For the numerical results presented here, the number of bumps 

in the bump foil strips are set as 3, 3, 4, 5, and 4 starting from the innermost strip (i.e., strip 

No.1) towards the outer one (i.e., strip No.5). As a result of the different numbers of bumps 

in bump foil strips, the angular extension of the converging gas film differs from strip to 

another; see Figure 1(c). The geometrical parameters of the studied foil thrust bearing and 

the mechanical properties of the foil material are given in Table 1. 

                    Table 1.  

                    Geometrical parameters of the studied foil thrust bearing. 

Inner radius (mm) 

Outer radius (mm) 

Number of bearing pads 

Bump foil angular extent (degrees) 

Top foil angular extent (degrees) 

Number of bump foil strips / pad 

Top foil thickness, tf (mm) 

Bump foil thickness, tb (mm) 

Bump radius, R (mm) 

Bump height, hb (mm) 

Young’s modulus of bump foil, E (GPa) 

Poisson’s ratio of bump foil,   

25 

50 

6 

45 

45 

5 

0.1524 

0.102 

1.5875 

0.508 

214 

0.29 

For the present predictions, the nominal gas film thickness ( oh ) ranges from 0.01 mm 

to 0.03 mm which is the practical operating range for all gas foil bearings [4]. Moreover, 

the film thickness ratio ( H ) is set as 4 since it yields a maximum load carrying capacity 

and  a lower power loss for foil thrust bearings [12, 13].  As Figure 1(a) shows, the shaft 

collar (i.e., runner) can be tilted around both X and Y axes with an angular misalignments 

of  and  , respectively. For simplicity of presentation, the present predictions 

assume an angular misalignment of the runner around the X-axis only. The maximum 

tilting angle of the runner attained with a nominal gas film thickness of 0.03 mm is 480 

micro-radians which translate into a minimum gas film thickness as low as 20 percent of 

the nominal clearance. 

5.1. Static and dynamic characteristics with aligned shaft collar 

As the shaft collar rotates and drags the gas into the converging gap between the top 

foil and the runner surface, a hydrodynamic pressure is developed in the gas film and the 

compliant bearing deflects to accommodate the gas pressure; the interaction between the 

flow pressure and the compliant structure continues until a steady state condition prevails. 
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Fig. 3. Pressure distribution, bearing deformation, and temperature distribution of aligned foil 

thrust bearing 

The pressure distribution in the gas film, the deflection of the compliant structure, and 

the temperature distribution in the gas film over all bearing pads are shown in Figure 3; the 

predictions are for a runner rotation speed of 40 krpm, nominal clearance ( oh ) of 0.02 mm, 

and with statically aligned runner ( 0   ). As expected, the results are identical for all 

bearing pads. For the above mentioned operating conditions, the maximum gas film 

pressure is about 1.35 times the ambient pressure and is located near the outer region of the 

bearing as a result of the runner velocity gradient in the radial direction. Also, the 

maximum temperature is about 32 
o
C, and the maximum structural deformation is about 

0.05 times the nominal clearance. Furthermore, the temperature distribution in the gas film, 

away from the converging region, varies in radial direction only since the variation of the 

gas film thickness in the circumferential direction is negligibly small. Moreover, the results 

show that the deflection of the compliant structure is very small and its maximum is 

attained near the free ends of the bump foil strips.      

Figure 4 shows the variations of the gas film dynamic coefficients with the bearing load 

carrying capacity without runner misalignment ( 0   ). The results are for a runner 

rotation speed of 40 krpm, inlet gas temperature of 25 
o
C, and a maximum nominal 

clearance ( maxh ) of 0.03 mm. The variations of the axial force stiffness coefficient ( Kzz ), 

axial force damping coefficient ( Czz ), and the viscous power loss in the gas film with the 

bearing load carrying capacity is shown in Figure 4(a). It is clear from the Figure 4(a) that 

both Kzz and Czz  of the gas film increases almost linearly as the nominal film thickness 
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ratio ( o maxh h ) decreases and the bearing load increases. In other words, for a 17 percent 

decrease of the gas film thickness, the value of Kzz and Czz  increase by 75 percent and 

125 percent, respectively, at moderate to large bearing loads. This is attributed mainly to 

the enhanced hydrodynamic effects of foil thrust bearings with very thin gas films [4, 10, 

13]; as the nominal clearance decreases, the gas film becomes relatively stiff that it 

prevents further energy dissipation in the gas film. 

 

(a) variation of axial force stiffness and damping coefficients with the bearing load 

 

(b) variation of moment stiffness and damping coefficients with the bearing load 

Fig. 4. Variation of the static and dynamic characteristics with bearing load for aligned foil thrust bearing 

Figure 4(b) shows the variations of the gas film moment coefficients with bearing load 

carrying capacity. It is noticeable from the figure that the behavior of the direct moment 

stiffness and damping coefficients ( K K   andC C  ) when increasing the 

bearing load carrying capacity (i.e., decreasing the nominal clearance) resembles that of Kzz
and Czz . On the other hand the cross-coupled moment stiffness coefficients 
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( K K   ) and the cross-coupled moment damping coefficients ( C C   ) 

increases in a relatively slower way with increasing the bearing load. This behavior of the 

cross-coupled dynamic coefficients demonstrates the stability of foil thrust bearings when 

operating at very thin gas films (i.e., higher bearing loads) since the cross-coupled 

coefficients are responsible for the non-restorative as well as non-dissipative forces in the gas 

film. As the values of the dynamic coefficients , ,Kz K z Cz    and C z are negligibly 

small for statically aligned foil thrust bearing [10, 12], their variation is not shown here.   

 

Fig. 5. Pressure distribution, bearing deformation, and temperature distribution of misaligned 

foil thrust bearing 

5.2. Static characteristics with misaligned shaft collar 

For the results presented in this section, the runner surface is allowed to tilt around the 

X-axis only in the positive direction shown in Figure 5(a). Figure 5 shows the pressure 

distribution in the gas film, the deflection of the compliant structure, and the temperature 

distribution in the gas film over all bearing pads. These predictions are for a runner 

rotation speed of 40 krpm, nominal clearance ( oh ) of 0.02 mm, and a static angular 

misalignment (  ) of 240 micro-radians in a clockwise direction which corresponds to a 

minimum gas film thickness as low as 40 percent of the nominal clearance; the inlet gas 

temperature is set at 25 
o
C. As a consequence of such static angular misalignment about the 

X-axis, the thickness of the gas film in the gap between the rotating runner and the top foil 

varies in both radial and circumferential directions. Additionally, the gas film thickness 

over bearing pads No.1, 2, and 3 are smaller than the initial nominal clearance and the 

bearing pad No.2 experiences the minimum gas film thickness (see Figure 5(a) for pad 
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index numbers), and hence a larger gas film pressure. On the other hand, the bearing pads 

at the opposite side of the thrust plate (i.e., pads No. 4, 5, and 6) exhibits considerably 

larger gas film thicknesses and, consequently, smaller hydrodynamic pressure. 

The following performance features can be noticed from the predictions shown in 

Figure 5: (1) the peak pressure in the gas film of bearing pads No.1, 2, and 3 is displaced 

towards the outer rim of the thrust plate because of the radially-decreasing gas film 

thickness, (2) as the gas film temperature is inversely proportional to the gas film thickness, 

the maximum film temperature is located near the outer rim of bearing pad No.2 and its 

value, 64
o
C, is about 2 times that with aligned runner surface, (3) the maximum deflection 

of the compliant structure is less than 15 percent of the nominal clearance and is about 3 

times that with aligned runner surface, (4) the bearing pads No.1, 2, and 3 support most of 

the bearing load and their bearing surface deflects to accommodate the mechanical 

distortion while maintaining a sufficient hydrodynamic effect.  

 

Fig. 6. Variation of maximum film temperature with nominal clearance over all bearing pads 

Figure 6 shows the predicted maximum gas film temperature over all bearing pads for 

different nominal clearances ( oh ) and with a static angular misalignment factor of 0.6 that 

yields a minimum gas film thickness as low as 40 percent of the nominal clearance; the 

rotation speed is 40 krpm and the inlet gas temperature is 25
o
C. The figure shows that the 

gas film of the bearing pad No.2 experiences the maximum temperature while that of 

bearing pad No.5 experiences the minimum temperature. Further, maximum gas film 

temperature increases as the nominal clearance decreases. These results are mainly 

attributed to the higher energy dissipation in the gas film as its thickness is decreased. 

The variations of the bearing load carrying capacity, power loss, and restoring moments 

( MX and MY ) with the misalignment factor ( o or h ) at a rotation speed of 40 krpm and 

with two different nominal clearances of 0.01 mm and 0.03 mm is shown in Figure 7(a) 

and Figure 7(b), respectively. 
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(a) variation of the bearing load, power loss, and restoring moments with misalignment factor, ( 0.01oh  mm) 

 

(b) variation of the bearing load, power loss, and restoring moments with misalignment factor, (
0.03oh 

mm) 

Fig. 7. Variation of bearing static characteristics with misalignment factor ( o or h ) 

It is clear from Figure 7 that both the load carrying capacity and the power dissipation 

in the gas film increase slowly with increasing the static misalignment of the runner; this is 

attributed to the fact that the increase of the load carrying capacity and power dissipation at 

one side of the bearing is accompanied by a corresponding decrease at the other side. 

However, the behavior of the main restoring moment ( MX ) of very thin gas films differs 

significantly from that of relatively thick gas films. For operation with thin gas film 

( 0.01oh  mm), the restoring moment ( MX ) increases linearly with increasing the 

misalignment factor while it has a sluggish increase with thick gas film ( 0.03oh  mm); 

the value of the restoring moment of the thin gas film is about 4 times that of the thick gas 

film at a misalignment factor of 0.6. This behavior demonstrates the ability of the thin gas 

film to withstand such imposed mechanical distortions much more than the thick gas films. 

The restoring moment ( MY ) shows a very slow increase when increasing the 

misalignment factor and the reason behind this behavior is the asymmetrical distribution of 

the bearing pads about the Y-axis, see Figure 5(a).     
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5.3. Dynamic characteristics with misaligned shaft collar 

The results presented in this section were obtained at a rotation speed of 40 krpm and 

nominal clearance ( oh ) of 0.02 mm while applying a small dynamic misalignments 

( ,  ,   and z ). The variations of the force stiffness and force damping coefficients 

with the static misalignment factor are shown in Figure 8(a) and Figure 8(b), respectively. 

These results can be interpreted by calling the definition of the various dynamic 

coefficients as follows: 

,

,                             , , ,

Kij Fi j

Cij Fi j i j z 

  

   
 

Hence, the force stiffness coefficient Kz corresponds to a stiffness produced by a gas 

film force in Z-direction as a result of runner misalignment (rotation) around the X-axis; 

here, the runner misalignment is composed of static and dynamic contributions. 

 

 

 

 

 

 

 

 

(a) variation of force stiffness coefficients with misalignment factor 

 

 

 

  

 

 

 

 

 

(b) variation of force damping coefficients with misalignment factor 

Fig. 8. Variation of force stiffness and damping coefficients with misalignment factor ( o or h ) 
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 The results from Figure 8 show that, for a small perturbations ( ,  ,   and z ) 

about the equilibrium position of a statically-misaligned runner, the direct stiffness and 

direct damping coefficients ( Kzz and Czz ) increase nonlinearly with the increase of the 

static misalignment factor. Furthermore, the results show clearly that the combined effects 

of the static and dynamic misalignments about the X-axis resulted in non-restorative as 

well as non-dissipative forces in the gas film which are manifested by the rapid increase of 

the cross-coupled stiffness  and damping coefficients ( Kz and Cz ); however, their 

values still very small when compared with those of the direct coefficients ( Kzz and Czz ) 

and, consequently, the rotordynmaic stability is maintained. Also, it can be noticed from 

Figure 8(a) that the force stiffness coefficient ( Kz ) is less sensitive to the static 

misalignment factor ( o or h ); this is mainly attributed to the fact that there is no static 

misalignment around the Y-axis ( 0  ) and hence, the shown increase in Kz is due to 

the increase of the bearing pressure that results from the static misalignment around the X-

axis. In a similar way, the increase of the force damping coefficient ( Cz ) with 

misalignment factor can be interpreted.  

The variations of the moment stiffness and moment damping coefficients with the static 

misalignment factor are shown in Figure 9(a) and Figure 9(b), respectively. It is apparent 

from Figure 9 that direct  stiffness coefficients ( K and K ) are no longer equal, and so 

does the direct damping coefficients (C andC ), at moderate to high misalignment 

factors; further, the values of the coefficient ( K and C ) are considerably higher than 

those of the coefficients ( K and C ) at this region. The reason behind this deviation 

is the contribution of the static misalignment about X-axis that strongly affects the 

coefficients ( K and C ). Another important notice from Figure 9(a) is that the cross-

coupled stiffness coefficients ( K and K ) are skew symmetric and equal (i.e., 

K K   ). Similarly, Figure 9(b) shows that the cross-coupled damping coefficients 

(C and C ) are skew symmetric and equal (i.e., C C   ). As a result of the 

efficient hydrodynamic effect, the values of the abovementioned cross-coupled coefficients 

are very small and less sensitive to the static misalignment factor. 

 

 

 

 

 

 
 

 

 

(a) variation of moment stiffness coefficients with misalignment factor 
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(b) variation of moment damping coefficients with misalignment factor 

Fig. 9. Variation of moment stiffness and damping coefficients with misalignment factor ( o or h ) 

 Also, the data from Figure 9 shows that both the stiffness coefficient ( K z ) and the 

damping coefficient ( C z ) increase rapidly as the static misalignment factor increases 

however their negative effect on the bearing stability still very small compared with the 

positive effect of the direct stiffness and damping coefficients; a maximum static 

misalignment ( ) of 320 micro-radians would yield a net non-restorative force of less than 

1.0 N. These results show clearly that the foil thrust bearing can operate stably under 

conditions of static and dynamic misalignments about X, Y, and Z axes. 

6. Conclusions 

In the present numerical simulations, the effect of static and dynamic shaft collar (runner) 

misalignment on the performance of gas-lubricated bump-type foil thrust bearing was analyzed. 

The two-dimensional compressible Reynolds equation was used to model the flow in the gas 

film between the runner and top foil surfaces and the Couette approximation technique is used 

to calculate the adiabatic temperature distribution in the gas film. The dynamic force and 

moment coefficients were calculated using the small perturbations method. The performance 

characteristics of aligned as well as misaligned foil thrust bearing were evaluated. The 

following concluding remarks could be obtained from the present predictions: 

 The peak pressure and the maximum temperature in the gas film are located near 

the outer rim of the bearing pad that experiences the largest misalignment effect. 

 The load carrying capacity of the bearing and the power dissipation in the gas 

film show a sluggish increase with increasing the static misalignment of the 

runner. Also, the principal restoring moment of the thin gas films is much higher 

than that of thick gas films 

 The direct force and moment coefficients increase nonlinearly with increasing the 

misalignment of the runner. Furthermore, the effects of the coefficients that are 
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responsible for non-restorative as well as non-dissipative forces in the gas film 

are negligibly small. 
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Nomenclature 

C   : damping coefficient  

pC : gas specific heat, . oJ kg K   

E   : Young’s modulus of bump foil, GPa 

F   : load carrying capacity, N 

G   : non dimensional auxiliary function  

h    : film thickness, m 

h    : dimensionless film thickness, oh h h  

1h   : ramp height, m 

oh   : nominal film thickness, m 

bh   : bump height, m 

H   : film thickness ratio, 1 oH h h  

K   : stiffness coefficient 

bL   : bump length, m 

N   : number of bumps 

p   : gas film pressure, N/m
2
 

Pw  : power dissipation in the gas film, W 

ap  : ambient pressure 

p   : dimensionless pressure, ap p p  

, , , , ,z zp p p p p p   : pressure perturbations. 

R   : bump radius of curvature, m 

r    : radial coordinate, m 

ir    : inner radius of the bearing, m 

or   : outer radius of the bearing, m 

r   : dimensionless radial distance, or r r  

T  : gas film temperature, 
o
C 

t    : time variable, sec. 

t    : normalized time variable, t t  

bt   : bump foil thickness, m 

z    : coordinate across the film thickness, m 

, , , , ,z z         : displacement and 

velocity perturbations 

,   : viscosity-temperature relation coefficients 

   : bump deflection, m 

 : dimensionless bump deflection, oh   

   : gas viscosity, N.s/m
2
 

a  : air viscosity, N.s/m
2 

   : dimensionless viscosity, a    

a  : air density, kg/m
3
 

    : whirl speed, rad/sec. 

    : Poisson’s ratio of bump foil 

   : bearing number 

    : whirl frequency ratio,     

    : angular coordinate 

    : static angular misalignment about X-axis 

    : static angular misalignment about Y-axis 

,c p  : angular extensions of converging 

region and bearing pad, respectively, degrees 

   : rotation velocity, rad/sec. 
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 ثبات كرسي تحميل دفعي ذو رقائق معدنية مزيت بالغاز تأثير المحاذاة الخاطئة على

 ملخص البحث:

الدوار على أداء تهدف الدراسة الحالية إلى تقييم تأثير اإلنحراف الزاوي اإلستاتيكي والديناميكي للسطح 

كرسي تحميل دفعي ذو رقائق معدنية مزيت بالغاز. وقد تم التحليل بتعمق إلستجابة كل من طاقة التحميل 

وفاقد الطاقة اإلحتكاكية ومعامالت الجساءة واإلخماد في طبقة الغاز تحت تأثير إنحراف زاوي صغير. 

( للسريان المنضغط مع تقنية كوت Reynoldsدز )ولنمذجة السريان في طبقة الغاز، تم استخدام معادلة رينول

(Couette التقريبية. هذا وقد تم حساب التشكل الناتج  في سطح التحميل المطاوع باستخدام نموذج تحليلي )

محكم كما تم استخدام طريقة االضطرابات متناهية الصغر لحساب المعامالت الديناميكية لطبقة الغاز. وقد 

كرسي التحميل الدفعي ذو الرقائق المعدنية على توليد عزم إرجاع بدرجة كافية لمواجهة بينت النتائج قدرة 

اإلختالالت الميكانيكية المفروضة، عالوة على ذلك، فإن التأثير الهيدروديناميكي المحسن يضمن أداء متزن 

 لكرسي التحميل الدفعي ذو الرقائق المعدنية في وجود طبقات غاز رقيقة جداً.

 

 


