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Abstract
Many turbo-machines such as turbines and compressors generate axial and radial load during their operation. Conical

hydrodynamic journal bearing is proposed to sustain radial load and adjust the effect of axial load on rotating elements. The

present study has proposed the performance analysis for conical hydrodynamic journal bearing of semi-cone angles

(c = 5�, 10�, 20�, 30�) for a wide range of radial load ( �Wr ¼ 0:1� 0:9) on rotating journal. Finite element method has been

used to solve the modified Reynolds equation for investigating the flow of lubricant in the clearance space between journal

and bearing. Performance characteristics such as load-carrying capacity, fluid film thickness, stiffness coefficients,

damping coefficients and threshold speed for various configurations of conical hydrodynamic journal bearing have been

presented and discussed. Results show that threshold speed ( �xth) of conical journal bearing is considerably reduced as the

semi-cone angle increases to c = 30� as compared to the base bearing of semi-cone angle c = 5�.

Keywords Conical journal bearing � Hydrodynamic lubrication � Aspect ratio � FEA

List of symbols
Cij Damping coefficient (i, j = 1,2) (Ns/m)

cr Radial clearance (lm)

cr=Rj Clearance ratio

D Mean bearing diameter (mm)

d Mean journal diameter (mm)

e Journal eccentricity (mm) ðe2 ¼ x2 þ z2Þ
eo;uo Journal eccentricity and attitude angle at

initial equilibrium position

F Fluid film reaction oh
ot
6¼ 0 (N)

Fo Fluid film reaction oh
ot
¼ 0 (N)

Fx, Fz Fluid film reaction component in X and Z

directions, oh
ot
6¼ 0 (N)

Fa, Fr Fluid film reaction component in axial and

radial directions, oh
ot
6¼ 0 (N)

h Fluid film thickness (mm)

hmin Minimum fluid film thickness (mm)

L Bearing length (mm)

o1; o2 Bearing and journal center

p Fluid film pressure (MPa)

pmax Maximum fluid film pressure (MPa)

ps Supply pressure (MPa)

Rb Mean bearing radius (mm)

Rj Mean journal radius (mm)

R1;R2 Minimum and maximum radius of conical

journal (mm)

Sij Fluid film stiffness coefficients (i, j = 1, 2)

(N/m)

t Time (s)

ts Supply temperature (�C)
W External load (N)

Wa Axial load (N)

Wr Radial load (N)

X, Y, Z Cartesian coordinates (mm)

x, z Horizontal, vertical journal eccentricity

(mm)

Xj; Zj; _Xj; _Zj Journal center displacement and velocity

components

XJ ; ZJ Coordinates of steady-state equilibrium

journal center from geometric center of

bearing (mm)
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Greek symbols
a Circumferential coordinate (/) (rad)
b Axial coordinate (r sin c=Rj)

c Semi-cone angles

e Journal eccentricity ratio (e/cr)

r, h;/ Spherical coordinates (mm, rad) (h ¼ cÞ
u Attitude angle (rad)

k Aspect ratio (L/D)

l Lubricating fluid absolute or dynamic viscosity

(Ns/m2)

q Mass density of lubricating fluid (kg/m3)

lr Dynamic viscosity at reference inlet temperature

and atmospheric pressure (Ns/m2)

m Journal relative velocity (m/s)

x Journal angular velocity (rad/s)

X Speed parameter x lR2
j =c

2
r ps

� �

Non-dimensional parameters
�C11, �C22 Direct damping coefficients
�C12, �C21 Cross-coupled damping

coefficients
�Cij Damping coefficient

�h Fluid film thickness (h=cr)
�hmin Minimum fluid film thickness

ðhmin=crÞ
�Mc Critical mass parameter

Mc c5r ps=l
2R6

j

� �

Nj Shape function

n, g Local coordinates system for

shape function Nj

�p Pressure ratio (p=ps)

�pj Pressure ratio at jth nodal point

pj=ps
� �

�pmax Maximum pressure ratio

pmax=psð Þ
�S11, �S22 Direct stiffness coefficients
�S12, �S21 Cross-coupled stiffness

coefficients
�Sij Stiffness coefficient

�Wa
Axial load �Wa ¼ Wa

psR
2
j

� �

�Wr Radial load ( �Wr ¼ Wr

psR
2
j

)

�l Dynamic viscosity (l=lrÞ
�xth Threshold speed margin
�F½ � Assembled fluidity matrix

�pf g Nodal pressure vector
�Qf g Nodal flow vector
�RHf g Column vector due to

hydrodynamic terms

�Rxj

� 	
; �Rzj

� 	
Global vectors due to journal

center linear velocities
�t Time t c2r ps=lR

2
j

� �

D �XJ , D�ZJ Small amount of journal

movement from steady-state

equilibrium journal center
�XJ ¼ XJ=Cr, �ZJ ¼ ZJ=Cr Coordinates of steady-state

equilibrium journal center

D �_XJ , D
�_ZJ

Velocity components of

journal center

1 Introduction

Research activities in the area of fluid film conical journal

bearings have been increased due to its low cost, compact

size and applications in combined axial and radial load

conditions. The conical hydrodynamic journal bearings

have been recently used in the precision spindle of a

rotating machine to replace the journal and thrust hydro-

dynamic bearings (Kim et al. 2017; Krzysztof 2008). These

bearings also provide better suitability for rotating shaft by

adjustment of clearance space between rotor and bearing.

Conical journal bearings are also utilized to support rotors

in a wide range of rotating machinery, varying from micro-

electro-mechanical systems (MEMS) to hydro-turbines of

capacity more than 100 MW (Chen 2012).

Many researchers have investigated the performance of

conical journal bearing system. Korneev et al. (2010) and

Korneev and Yaroslavtsev (2010) proposed the formulae

for load-carrying capacity and variation in dynamic coef-

ficients of the lubricant layer for the dynamic characteris-

tics of conical multipad hydrodynamic liquid friction

bearings. From their study, it has been observed that

dynamic characteristics of the conical multipad hydrody-

namic bearing depend on relative radial eccentricity, speed

and taper angle. Gamal and Al-Hanaya (2014) studied the

fluid flow in the immobile conic surfaces using averaged

clearance method based on the thin film model to solve the

pressure distribution equation. They have presented

numerical results in the form of non-dimensional charts for

radial and axial load-carrying capacity of bearing. In

another study, Korneev (2014) used a special program to

plot the rotor trajectories in order to determine the stability

of the system for conical hydrodynamic bearings using

geometric parameters and various operating conditions.

Murthy (1981) carried out the experimental work to

analyze the performance of conical hydrodynamic crown

bearing and found that different lobe configuration of

bearings improves the stability of the bearing. Ettles and

Svoboda (1975) studied the application of double-conical

journal bearings in high-speed centrifugal pump and stated
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the limitations of double-inclined journal bearing. They

have also discussed the effect of aspect ratio on stability of

circular bearing. Further, Sumikura et al. (2005, 2006)

conducted the experiments on conical hydrodynamic

journal bearings for axial flow blood pump, which can be

used in medical science applications and found that conical

bearing provides an excellent load-carrying capacity with

reducing fluid film thickness. Heshmat et al. (2006)

reviewed the performance of conical hydrodynamic journal

bearings and reported that taper-land configuration of

bearing geometry had a significant influence on load-car-

rying capacity of hydrodynamic journal bearing. Very

recently, Sharma et al. (2011a, b) analyzed the static and

dynamic performance analysis of conical hydrostatic/hy-

brid journal bearing using modified Reynolds equation and

Newton–Raphson method. They have also developed a

code to compute the performance of bearing by using finite

element method. Kirk and Guntur (1976) demonstrated the

minimum influence of cross-coupling damping coefficients

on the performance of hydrodynamic journal bearing as

compared to cross-coupled stiffness coefficients. Mehrjardi

et al. (2016) used the finite element method for stability

performance characteristics of circular and non-circular

journal bearings for different values of eccentricity ratio.

Result from their studies shows that by increasing the

eccentricity ratio for a constant external load, the whirl

frequency ratio increases, where as critical mass parameter

decreases.

Benasciutti et al. (2012) used numerical approach based

on perturbation method to compute stiffness and damping

matrices for static and dynamic analysis of hydrodynamic

radial journal bearings. They also showed the influence of

deformation in bearing components on oil pressure distri-

bution and compared the results with rigid components in

bearing. Further, Hong et al. (2009) discussed the effect of

rotational speed and eccentricity ratio on dynamic coeffi-

cients of the hybrid conical journal bearing using theoret-

ical and experimental methods. Kim et al. (2012) used the

finite element formulation to calculate the load, stiffness,

and damping coefficients for fluid dynamic bearings

(FDBs) of various configurations such as journal, thrust,

conical and spherical. Papadopoulos et al. (2008) solved

the Reynolds equation using finite element method and

presented the results in terms of dynamic coefficients of

rotor bearing. The result demonstrated in the study of Luis

(2010) shows that the hydrodynamic journal bearing sta-

bility performance is improved with the increase in

eccentricity ratio and found it stable at eccentricity ratio of

0.75 and above for all aspect ratios of bearings. The pre-

vious studies of other researchers (Ferron et al. 1983;

Jagadeesha et al. 2012; Bouyer and Fillon 2011; Cong and

Khonsari 2013) confirmed that the performance of fluid

film bearings is dependent on bearing geometrical

configuration, operating conditions and viscosity of lubri-

cant used.

The focus of the present work is to study the perfor-

mance of conical hydrodynamic journal bearing for various

semi-cone angles and bridge the gap in the available open

literature. In the present research work, finite element

method is used to solve Reynolds equation and to compute

the performance of conical hydrodynamic journal bearing

for a wide range of radial load ( �Wr ¼ 0:1� 0:9). The

numerically simulated results have been presented for four

conical hydrodynamic journal bearings having different

semi-cone angles (c = 5�, 10�, 20�, 30�) in terms of static

and dynamic performance characteristics such as load-

carrying capability, fluid film thickness, stiffness coeffi-

cients, damping coefficients and threshold speed of journal

bearing. Based on this parametric study, hydrodynamic

conical journal bearing is suggested as an option to replace

the two separate journal bearings, i.e., cylindrical and

thrust in applications, where radial and constant axial loads

act on rotating shaft.

2 Analysis

Conical hydrodynamic journal bearing is analyzed using

modified Reynolds equation in steady-state equilibrium

condition for rotation of journal in the clearance space of

bearing. Schematic view of a bearing supported by fluid

film in clearance space is shown in Fig. 1. Bearing model is

developed and expressed in spherical coordinate system.

Time-dependent equation governing the fluid flow in the

clearance space of conical hydrodynamic journal bearing is

as follows:

1

r

o

or

r

12l
h3

op

or

� �
þ 1

sin2 c

o

o/
h3

12l
1

r2
op

o/

� �
¼ x

2

oh

o/
þ oh

ot

ð1Þ

where r, c, x, l, p and h represent the journal radius, semi-

cone angle, journal rotational speed, viscosity of lubricat-

ing fluid, fluid pressure and fluid film thickness,

respectively.

Equation (1) is expressed in non-dimensionalized form

as follows (Sharma et al. 2011a, b):

o

ob
ðsin2 cÞb

�h3

12�l
o�p

ob

� �
þ o

oa
1

b

�h3

12�l
o�p

oa

� �
¼ X

2

o�h

oa
þ o�h

o�t

ð2Þ

where the following non-dimensional parameters are:

b ¼ r sin c=RJ
; �p ¼ p=ps;

�h ¼ h=cr;
�t ¼ t



lR2

J=c
2
r ps

;

X ¼ x lR2
j =c

2
r ps

� �
;
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cr radial clearance; a = /, circumferential coordinate (an-

gle in radians); b axial coordinate of cone; �p dimensionless

pressure.

Flow field between the bearing and journal clearance

space is discretized by using 60 nodes and 48 isoparametric

elements in the present analysis and is shown in Fig. 2. In

computational domain, each element is represented by the

corresponding corner node number and the element is

Fig. 1 Conical hydrodynamic

journal bearing configuration in

equilibrium position

Fig. 2 FEA model of

development surface of conical

journal bearing
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identified by the number at the center of the element. In

finite element formulation, for simplicity and feasibility of

the solution, this model is preferred and results are found to

be converging with this model (Sharma et al. 2011a, b;

Khakse et al. 2016).

Following Lagrangian interpolation function used for

pressure calculation at nodal points by incorporating the

boundary conditions:

�p ¼
X4
j¼1

Nj�pj ð3aÞ

where Nj is the shape function for linearly interpolated

isoparametric element.

Shape function Nj is expressed in terms of local coor-

dinates (n, g) as follows:

N1 ¼
1

4
1� nð Þ 1� gð Þ

N2 ¼
1

4
1þ nð Þ 1� gð Þ

N3 ¼
1

4
1þ nð Þ 1þ gð Þ

N4 ¼
1

4
1� nð Þ 1þ gð Þ

ð3bÞ

�pe ¼ N1;N2;N3;N4

� �
�p1
�p2
�p3
�p4

8>><
>>:

9>>=
>>;

ð3cÞ

Using the value of �p in Eq. (2), and Galerkin’s technique

to minimize the residue by orthogonality condition along

with interpolation function, then the typical element

equation in matrix form is as follows:

�F½ �e �Pf ge¼ �Q½ �eþX �RHf geþ �_xj �Rxj

� 	eþ �_zj �Rzj

� 	e ð4Þ

The resulting equation for all the elements are obtained

and assembled in global matrix form, which can be

expressed as follows:

�F½ � �Pf g ¼ �Q½ � þ X �RHf g þ �_xj �Rxj

� 	
þ �_zj �Rzj

� 	
ð5Þ

where �F½ � assembled fluidity matrix, �Pf g nodal pressure

vector, �Q½ � nodal flow vector, �RHf g column vectors due to

hydrodynamic terms, �Rxj

� 	
; �Rzj

� 	
global right-hand side

vectors due to journal center linear velocities.

The total pressure at a node point (for jth node) in the

lubricant flow field is given by the expression:

�Pj ¼ �Pj
�Xj; �Zj;

�_Xj;
�_Zj

� �
ð6Þ

where pressure is the function of journal steady-state

position �XJ ; �ZJð Þ and velocity condition �_XJ ;
�_ZJ

� �
. If initial

steady-state position with zero initial velocity ð �_XJ ¼ 0 ¼

�_ZJÞ is assumed, then initial flow field condition is as

follows:

�Pj ¼ �Pj
�XJ ; �ZJð Þ ¼ �Po ð7Þ

where �Po steady-state nodal pressure

After modifications for necessary boundary conditions,

Eq. (5) is solved for nodal pressure using linearized per-

turbation method applied to Reynolds equation.

2.1 Fluid Film Thickness

The fluid film thickness (h) between clearance space of

journal and bearing is expressed in a non-dimensional form

(Sharma et al. 2011a, b) in the expression as shown in

Eq. (8).

�h ¼ 1� �Xj cos a� �Zj sin a
� �

cos c ð8Þ

Assumptions made in this equation are: rigid bearing

and journal surfaces, uniform axial and azimuthal clear-

ance and journal is alignment in bearing configuration.

2.2 Boundary Conditions

In fluid film bearing, fluid film thickness (h) is very small

as compared to the bearing length (L) and mean radius of

journal (Rj), i.e., (h/L); (h/Rj)�1; hence, a negligible effect

of film curvature on performance of bearing has been

reported. The boundary conditions used for the analysis of

lubricant flow field are described as follows by Luis (2010).

1. The pressure is periodic in the circumferential direc-

tion

�p a; b; tð Þ ¼ �p aþ 2p; b; tð Þ ð9aÞ

2. The pressure equals the atmospheric pressure on the

bearing sides/edges

�p a; b ¼ þ1; tð Þ ¼ �p a; b ¼ �1; tð Þ ¼ 1 ð9bÞ

3. Reynolds boundary conditions are employed for solu-

tion and assumed that pressure and pressure derivative

are equal to zero at the outlet condition a ¼ h2ð Þ.

�pÞa¼0 ¼ 0; �pÞa¼h2
¼ 0;

o�p

oa
Þa¼h2

¼ 0 ð9cÞ

�p� �pcav; in 0� a� 2p; b ¼ �1� z� b ¼ þ1

ð9dÞ
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2.3 Load-Carrying Capacity

Figure 3 shows the external load impressed on the journal

of a hydrodynamic conical journal bearing. The resultant

components of load in axial and radial directions ( �Fa, �Fr)

are expressed in Eqs. (10a) and (10b) (Rajput and Sharma

2013).

�Fr ¼ �F cos c ¼ �
Z k

�k

Z 2p

0

�p cos c dadb ð10aÞ

�Fa ¼ �F sin c ¼ �
Z k

�k

Z 2p

0

�p sin c dadb ð10bÞ

In Eqs. (10c) and (10d), the resultant radial load ( �FrÞ
acts on journal center at an angle h as shown in Fig. 3, and

it is further resolved into X and Z directions ( �Fx and �Fz) as

follows:

�Fx ¼ �Fr cos h ¼ �
Z k

�k

Z 2p

0

�p cos h cos c dadb ð10cÞ

�Fz ¼ �Fr sin h ¼ �
Z k

�k

Z 2p

0

�p sin h cos c dadb ð10dÞ

2.4 Fluid Film Dynamic Coefficients

The fluid film stiffness coefficients (�Sij) and damping

coefficients ð �CijÞ have been evaluated as a function of the

relative displacements and velocities of the journal center

with respect to bearing center, respectively. Fluid film

reaction components on the journal are calculated by

integration of the pressure field acting on the journal sur-

face. The small magnitude of journal displacement

D �XJ ;D�ZJð Þ about the journal position and fluid film

replaced by dynamic coefficients of bearing is shown in

Fig. 4.

The fluid film stiffness and damping coefficients (�Sij,
�Cij) are defined as the negative rate of change in fluid film

reaction with respect to film thickness and are expressed in

Eqs. (11) and (12), respectively (Sharma et al. 2011b),

which are functions of the journal center displacements and

velocities in X and Z directions.

�Sij ¼ � o �Fi

o�qj
ð11Þ

�Cij ¼ � o �Fi

o�_qj
ð12Þ

where ‘i’ represents the direction of force or moment and �qj
represents the direction of journal center displacement as

(�qj ¼ �Xj; �Zj). �_qj represents the velocity component of

journal center (�_qj ¼ �_Xj;
�_Zj).

2.5 Stability Parameters of a Linearized System

The stability parameters such as threshold speed ( �xth) of

journal bearing are obtained using the Routh’s stability

criteria. The threshold speed is obtained by using the

relation as follows (Sharma and Rajput 2012):

Fig. 3 Load-carrying capacity

distribution of a conical journal

bearing

Fig. 4 The equilibrium locus of journal center of a fluid film

hydrodynamic journal bearing
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�xth ¼ �Mc=�F0

h i1=2
ð13Þ

where �F0 is resultant fluid film force o�h
o�t ¼ 0

� �
.

A journal bearing is asymptotically stable when the

operating speed of the journal is less than the threshold

speed, i.e., when X\ �xthð Þ.

3 Solution Procedure

Finite element method is used to solve Reynolds equation

governing the flow of lubricant in the clearance space of a

conical journal and bearing. The solution of Eq. (5) has

been obtained with steady-state conditions for journal

center coordinates using the bearing geometric and oper-

ating parameters (Sharma et al. 2011a; Sharma and Rajput

2012) as shown in Table 1.

In the present study of conical hydrodynamic journal

bearing, results are computed by the iterative procedure as

follows (Sharma et al. 2011b):

• Computation of maximum pressure by solving Rey-

nolds equation for lubricant flow

• Examination of journal center equilibrium position

• Computation of static and dynamic performance

characteristics.

The increment in journal center coordinates is used to

calculate the nodal values of fluid film thickness, and

thereafter, the fluidity matrices are generated for each

element. The system equation for specified boundary

conditions is directly solved for the nodal pressure using

the Gaussian elimination technique. The computation of

nodal pressure requires system fluidity matrix with the

continuity of flow between journal and bearing. The solu-

tion of system equation to establish the equilibrium journal

center position has been obtained for ith journal center

position using the following equations:

�Fx ¼ 0

�Fz ¼ �Wr

ð14Þ

The new coordinates for journal center �Xiþ1
J ; �Ziþ1

J

� �
are

represented as:

�Xiþ1
J ¼ �Xi

J þ D �Xi
J

�Ziþ1
J ¼ �Zi

J þ D�Zi
J

ð15Þ

where �Xi
J ,

�Zi
J are the coordinates of the journal center

position as shown in Fig. 4. The iterative solutions were

continued until the following convergence criterion was

satisfied:

D �Xi
J

� �2þ D�Zi
J

� �2� �1=2

�Xi
J

� �2þ �Zi
J

� �2� �1=2

2
664

3
775100\0:001 ð16Þ

Fluid film thickness (�h) at all node points is computed

assuming the bearing as a rigid body, and the results for

this are used as input parameters for computing nodal

pressure. The iterative solution procedure shown in Fig. 5

is used for the computation of static and dynamic perfor-

mance characteristics.

4 Results and Discussion

In the present work, the performance of the conical

hydrodynamic journal bearings with semi-cone angles

(c = 5�, 10�, 20�, 30�) has been investigated for a range of

radial load ( �Wr ¼ 0:1� 0:9). Presented results have been

discussed in terms of maximum fluid film pressure, radial

and axial load-carrying capacity, minimum fluid film

thickness, stiffness coefficients, damping coefficients and

threshold speed of conical journal bearing. The influence of

various operating and geometric parameters on bearing has

been numerically simulated using the analytical model and

code developed in Fortran-77.

The numerically computed results in the present study

have been compared in two stages. In the first stage,

numerical simulated results were compared with results

obtained by using the ANSYS Fluent software in CFD

analysis, and in the second stage numerical simulated

results were compared with experimental results. A com-

parison of non-dimensional maximum pressure for conical

hydrodynamic journal bearing (c = 10�) and aspect ratio

(k =1) for the CFD model as shown in Fig. 6a indicates a

good agreement between the numerically calculated FEA

results at a journal speed of 2000 rpm as shown in Fig. 6b.

Table 1 Operating and geometric parameters for conical hydrody-

namic journal bearing

Bearing parameters Value

Aspect ratio (k = L/D) 1.0

Mean journal radius (Rj) (mm) 50

Bearing length (L) (mm) 100

Clearance ratio (cr=Rj) 0.001

Bearing profile—conical (c) (semi-cone angle) 5�, 10�, 20�, 30�
Radial load ( �Wr) 0.1–0.9

Supply pressure (ps) (MPa) 0.5

Relative velocity/speed (v) (m/s) 2.6

Lubricant viscosity (l) (Pa s) 0.0277

Lubricant density (q) (kg/m3) 860
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In the second stage of validation, the numerically

stimulated results have been validated on customized

manufactured conical hydrodynamic journal bearing test

rig (CHJB-test-rig) for a semi-cone angle 10� and aspect

ratio (k =1) at the Machine Dynamics and Vibration Lab-

oratory, VJTI, Mumbai, India. The CHJB-test-rig devised

for this purpose is capable of measuring the pressure dis-

tribution at selected points in conical journal bearing, as

shown in Fig. 7. In CHJB-test-rig, all physically relevant

parameters have been taken into account the FEA simula-

tion model of conical journal bearing for semi-cone angle

10�. On the circumference of conical bearing, at the mid-

plane eight predefined positions are used for instrumenta-

tions as shown in Fig. 7b. In this study, five ports (Nos. P1,

P2, P3, P4 and P5) are used for measuring the pressure, two

ports (Nos. T1 and T2) are used for temperature measure-

ment and one port (IP1) is utilized for oil supply to the

bearing. The experimental results for pressure at these

positions have been compared with the FEA results. Fig-

ure 8 shows a good agreement between numerical and

experimental results.

4.1 Variation of Maximum Pressure (�Pmax)
with Radial Load ( �Wr)

Maximum pressure (�Pmax) developed in fluid film conical

hydrodynamic journal bearing for various semi-cone angles

(c =5�, 10�, 20�, 30�) with variation in radial load condi-

tion is as shown in Fig. 9. Conical hydrodynamic journal

bearing with semi-cone angle 5� has higher specific load

(W/L*D) as compared to bearing of semi-cone angle 30�
for the same mean diameter and bearing axial length. Thus,

No 

Yes 

Pressure  
Solver

Read input data 
( , , , ,W p , etc) 

Fluid film thickness 

Fluidity matrix

Boundary conditions 

Solver to compute nodal 
pressures 

Performance results 
 (Load, Attitude angle, Stiffness coeff. 
Damping coeff., Threshold speed, etc.) 

Computation of  
  equilibrium position of 

journal center 
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in order to support the same value of the radial load ( �Wr),

the required fluid film pressure is reduced with the increase

in the semi-cone angle from 5� to 30� for bearing of aspect

ratio (k = 1). Therefore, from this viewpoint conical

hydrodynamic journal bearing of semi-cone angle 30� is

most suitable for variation in radial load application as

compared to the other configurations of conical bearings

studied. It is depicted from Fig. 9 that �Pmax is reduced in

the order of 29.13, 18.88 and 6.93%, for conical bearing of

semi-cone angles 30�, 20� and 10� as compared to base

bearing of semi-cone angle 5�, respectively, when bearing

is operating at radial load ( �Wr) equal to 0.9. However, it

was also observed that the value of maximum pressure

(�Pmax) increases linearly with the increase in radial load
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Load
Cell
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Cylinder

(b)
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P2 P3
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Fig. 7 a Conical hydrodynamic

journal bearing (CHJB)-test-rig,

at VJTI, Mumbai. b Conical test

bearing with eight ports for

mounting the pressure and

temperature sensors. c Conical

shaft of semi-cone angle

(c = 10�)
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( �Wr) from 0.1 to 0.9 for all four configurations of conical

journal bearings. Further, generally, when the bearing

operates under higher load condition ( �Wr ¼ 0:9), the

pressure developed in bearing of semi-cone angle 30� is

significant as compared to bearing operating in low load

condition ( �Wr � 0:3), with respect to base bearing of semi-

cone angle 5�.

4.2 Variation of Axial Load ( �Wa) with Radial Load
( �Wr)

When a radial load is applied to a conical fluid film journal

bearing, the load is transmitted from the bearing to conical

journal through the fluid film and the reaction from the

fluid film is developed at normal to the conical surface.

This reactive force induces a component in axial direction,

which is influenced by the semi-cone angle of conical

bearing. From the results, it is observed that for all four

configurations of bearings, capability to resist the load in

axial direction ( �Wa) has increased with the increase in

semi-cone angle. It is observed in Fig. 10 that for a conical

bearing of semi-cone angles (10�, 20� and 30�), there is

increase in the value of �Wa in order of 2.01, 4.16 and 6.6

times, respectively, with respect to base bearing of semi-

cone angle of 5� for aspect ratio (k =1) and bearing oper-

ating at radial load ( �Wr) equal to 0.9.

4.3 Variation of Fluid Film Thickness (�hmin)
with Radial Load ( �Wr)

In order to support the same value of external vertical load

in conical hydrodynamic journal bearing, the fluid film

thickness decreases with the increase in semi-cone angles.

This is also confirmed by the fact that for a conical journal

bearing, fluid film thickness is a function of the cosine of

semi-cone angle. Therefore, the fluid film thickness redu-

ces with the increase in semi-cone angles, and Fig. 11

depicts that the bearing of semi-cone angle 30� provides

less value of �hmin as compared to base bearing of semi-cone

angle 5�. In specific applications, where bearings are

placed inside the machine and replacement is not easy,

there is a need to ensure minimum film thickness to avoid

initiation of wear and metal-to-metal contact at contact

surfaces. It has been also observed from Fig. 11 that the

influence of semi-cone angle 30� on the value of �hmin is

significantly higher as compared to bearing having the

semi-cone angles 5�, 10� and 20�. It is seen from results

that for semi-cone angles 10�, 20� and 30�, the value of
�hmin decreases in the order of 0.5, 3.57 and 9.84% with

respect to base bearing, respectively, when bearing is

operating at a radial load ( �Wr) of 0.9 and aspect ratio

(k =1). Further, the percentage decrease in the value of the

minimum fluid film thickness (�hmin) for radial load ( �Wr)

from 0.1 to 0.9 in case of conical journal bearing of semi-
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cone angle 30� is found to be less than 50% with respect to

base bearing of semi-cone angle 5� which appears to be

quite significant. Therefore, conical journal bearing of

semi-cone angle of 30� has been found more consistent for

the various load conditions as compared to other configu-

rations of conical bearing studied.

4.4 Variation of Direct Stiffness Coefficient (�S11,
�S22) with Radial Load ( �Wr)

The influence of radial load on direct stiffness coefficient in

X direction (�S11) and in Z direction (�S22) for various con-

figurations of conical journal bearing (c =5�, 10�, 20�, 30�)
is shown in Figs. 12 and 13, respectively. The value of

fluid film reaction components in radial and axial directions

changes with the increase in the value of semi-cone angle

(c), and accordingly, the values of fluid film stiffness

coefficients are anticipated to change. Figure 12 depicts

that for hydrodynamic conical journal bearing of aspect

ratio (k =1) and for radial load condition ( �Wr ¼ 0:9), the

value of �S11 increases in the order of 0.9, 4.38 and 10.51%

for the bearing of semi-cone angles 10�, 20� and 30� with
respect to the base bearing of semi-cone angle 5�, respec-
tively. Further, Fig. 13 indicates that for the same operating

conditions, the value of �S22 increases in the order of 0.5,

2.98 and 6.6% for conical bearing of semi-cone angles 10�,
20� and 30� with respect to base bearing of semi-cone

angle 5�, respectively, as shown in Fig. 13. For all the

configurations used for study of conical journal bearing, the

value of direct fluid film stiffness coefficients (�S11, �S22) is

observed to be largest for the semi-cone angle 30� as

compared to base bearing of semi-cone angle 5� for all the
operating load conditions under study. The increase in the

value of direct fluid film stiffness coefficient indicates

better dynamic stability of conical hydrodynamic journal

bearing for varying radial load conditions.
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4.5 Variation of Cross-Coupled Stiffness
Coefficient (�S12, �S21) with Radial Load ( �Wr)

Variation of cross-coupled stiffness coefficients (�S12, �S21Þ
is shown in Figs. 14 and 15 for semi-cone angles (c =5�,
10�, 20�, 30�). The value of �S12 for a bearing with aspect

ratio (k =1) and semi-cone angles 10�, 20� and 30�
increases in the order of 11.67, 50.66 and 147.04% with

respect to base bearing of 5�, respectively, when bearing is

operating at radial load ( �Wr ¼ 0:9) as shown in Fig. 14.

While for the same operating conditions, the value of �S21 is
decreased in the order of 12.52, 56.56 and 149.92% for the

bearing of semi-cone angles 10�, 20� and 30� with respect

to base bearing, respectively. Results also show that cross-

coupled stiffness coefficients significantly influenced the

performance and stability of conical journal bearing at

higher semi-cone angles. Further, it has been observed

under steady state, at a constant journal speed of 2.6 m/s.

Cross-coupled stiffness coefficients (�S12, �S21Þ are not

influenced by change in radial load. It is also observed that

stiffness coefficients increase with the increase in semi-

cone angles and this is due to fact that the quantity of

lubricant increases in clearance space with the increase in

semi-cone angle.

4.6 Variation of Direct Damping Coefficients
(�C11, �C22) with Radial Load ( �Wr)

Direct damping coefficients ( �C11, �C22) counterbalance the

effect of cross-coupled stiffness coefficients and improve

the performance of the bearing. The damping coefficients

depend on the viscosity of the fluid film and equilibrium

position of the journal. The variation of direct fluid film

damping coefficients ( �C11, �C22) is shown in Figs. 16 and

17, respectively. It is illustrated in Fig. 16 that bearing with

semi-cone angle of 30� has higher effective damping as

compared to base bearing of semi-cone angle 5� from the

point of view of damping out the oscillations, as the

bearing with semi-cone angle 30� provides the larger value
of direct fluid film damping coefficients ( �C11, �C22) among

all the configuration of bearings studied. The value of �C11

is increased in the order of 10.50, 43.55 and 118.52% for

semi-cone angle of 10�, 20� and 30� with respect to base

bearing, respectively, when bearing is operating at load

condition ( �Wr ¼ 0:9) for conical hydrodynamic journal

bearing of aspect ratio (k =1), whereas for the same

operating conditions the value of �C22 is found to be

increased in the order of 11.41, 48.98 and 122.84% for the

bearing of semi-cone angles 10�, 20� and 30� with respect

to base bearing of semi-cone angle 5�, respectively, as

shown in Fig. 17. Further, it has been observed under

steady state, at a constant journal speed of 2.6 m/s. The

value of direct fluid film damping coefficients ( �C11, �C22) is

not influenced by change in radial load for all the config-

urations of bearings studied.
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4.7 Variation of Cross-Coupled Damping
Coefficient (�C12, �C21) with Radial Load ( �Wr)

The effect of variation in radial load on cross-coupled

damping coefficients ( �C12, �C21Þ is shown for semi-cone

angles (c =5�, 10�, 20�, 30�) in Figs. 18 and 19. In most of

the analysis, for fluid film bearings cross-coupled fluid film

damping coefficients have been computed, but for the sake

of brevity, the performance characteristics have not been

presented. However, these coefficients influenced the

dynamic response of hydrodynamic conical journal bearing

and are reported herewith. The value of �C12 is found to

decrease in the order of 1.4, 6.55 and 9.02% for semi-cone

angle of 10�, 20� and 30� with respect to the base bearing,

respectively, for aspect ratio (k =1) and load condition

( �Wr ¼ 0:9) as exhibited in Fig. 17. While for the same

operating conditions, �C21 decreases in the order of 1.4, 6.67

and 21.14% for semi-cone angle of 10�, 20� and 30� with
respect to base bearing, respectively, as presented in

Fig. 18. Further, it has been observed that the value of

cross-coupled damping coefficients ( �C12, �C21Þ is decreased
with the increase in radial load for all four configurations of

conical journal bearing.

4.8 Variation of Threshold Speed Margin ( �xth)
with Radial Load ( �Wr)

The variations of threshold speed margin ( �xth) with vari-

ation in radial load for various semi-cone angles (c =5�,
10�, 20�, 30�) are shown in Fig. 20. It has been observed

that for a bearing of aspect ratio (k =1) and semi-cone

angle of 10�, 20� and 30�, the value of �xth decreases in the

order of 0.7, 3.32 and 5.15%, respectively, with respect to

base bearing when bearing is operating at load condition

( �Wr) of 0.9. Conical bearing of semi-cone angle 30� has

slightly longer bearing length as compared to base bearing

of semi-cone angle 5� and has higher effective damping;

therefore, the threshold speed of semi-cone angle 30� is

low at the start. It is depicted from the trends in Fig. 20 that

threshold speed margin ( �xth) is influenced at the start of the

radial load in conical journal bearing. Also, there are some

problems associated with lightly loaded bearings. Hence,

low trends for all the configurations of bearings continue

till �Wr = 0.3. Later, sufficient lubricant layers are devel-

oped in bearing to provide nearly constant threshold speed

over �Wr = 0.3 to 0.9.

5 Conclusion

Performance analysis of conical hydrodynamic journal

bearing for four semi-cone angles (c =5�, 10�, 20�, 30�) is
performed by using finite element method for varying load

conditions ( �Wr ¼ 0:1� 0:9). The conclusions drawn on the

basis of the presented study are as follows:
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1. With the increase in semi-cone angle from 5� to 30�,
the required pressure in clearance space of fluid film

bearing is decreased significantly to balance the radial

load ( �Wr) on bearing. It is also observed that for

conical bearings, capability to resist the load in axial

direction ( �Wa) has increased with the increase in semi-

cone angle.

2. Minimum fluid film thickness of bearing decreases

with the increase in semi-cone angle from 5� to 30�,
and it is observed that change in minimum fluid film

thickness (�hmin) is more significant with the increase in

semi-cone angle of the bearing.

3. Direct fluid film stiffness coefficients (�S11, �S22Þ
increase with the increase in semi-cone angle. It is

also observed that cross-coupled stiffness coefficient
�S12 increases with the increase in semi-cone angle,

while the �S21 decreases with the increase in semi-cone

angle.

4. The value of damping coefficients ( �C11, �C22) increases

with the increase in semi-cone angle, whereas cross-

coupled damping coefficients ( �C12, �C21) decrease with

the increase in semi-cone angle. The conical journal

bearing with a higher value of semi-cone angle is

better for damping-out oscillations.

5. The stability behavior for conical hydrodynamic

journal bearing in terms of threshold speed ( �xth)

decreases with the increase in semi-cone angle from

base bearing of semi-cone angle 5� to other bearings of
semi-cone angles 10�, 20� and 30�. It is also observed

that the threshold speed ( �xth) shows variations for

initial radial load ( �Wr) condition up to 0.3 and

thereafter shows almost constant behavior with the

increase in radial load ( �Wr) up to 0.9 for bearing of

aspect ratio (k = 1). The value of �xth decreases in the

order of 5.15% for conical journal bearings of semi-

cone angle 30� with respect to base bearing of semi-

cone angle 5�, when bearing is operating at load

condition ( �Wr) of 0.9.

The present parametric study of conical hydrodynamic

journal bearing is useful at preliminary design stage to

substitute assemblies of journal and thrust bearing when

the axial force has a constant value.
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