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An investigation of a detection method for a subsurface crack in 
the outer race of a cylindrical roller bearing

Badania metody wykrywania pęknięć podpowierzchniowych 
w zewnętrznej bieżni łożyska walcowego

As one of major failure modes of roller bearings due to periodic contact forces and external impulse loads, subsurface cracks 
caused by fatigues may produce catastrophic failures of rotating machines. Investigations of subsurface crack detection methods 
for roller bearings are very useful for maintenance purposes of these machines. In this study, a new detection method based on 
the curvature and power spectral density (PSD) of displacements is presented to detect a subsurface crack in the outer race of a 
cylindrical roller bearing. A dynamic finite element model of the cylindrical roller bearing with a subsurface crack in its outer race 
is developed using an explicit dynamics finite element software package to obtain the time-domain displacements. Differences of 
the curvature and PSD of displacements of the bearing without and with the subsurface crack are investigated, which are used to 
detect the location of the subsurface crack with different sizes in the outer race of the bearing. The results show that differences of 
the curvature and PSD of displacements from the measurement points on the outer race of the cylindrical roller bearing without 
and with the subsurface crack can be used to detect the location of the crack.

Keywords:	 detection method, subsurface crack, cylindrical roller bearing, power spectral density (PSD), curva-
ture.

Zmęczeniowe pęknięcia podpowierzchniowe, stanowiące jedną z głównych przyczyn uszkodzeń łożysk tocznych powodowanych 
okresowym działaniem sił kontaktowych i zewnętrznych obciążeń impulsowych, mogą prowadzić do katastrofalnych awarii ma-
szyn wirnikowych. Badania metod wykrywania podpowierzchniowych pęknięć łożysk tocznych mają niezwykle istotne znaczenie 
dla obsługi serwisowej tych urządzeń. W prezentowanym badaniu, zaproponowano nową metodę detekcji podpowierzchniowych 
pęknięć w zewnętrznej bieżni łożyska walcowego. Metoda ta opiera się na pomiarze krzywizny oraz gęstości widmowej mocy 
(PSD) przemieszczeń. Opracowano dynamiczny model łożyska walcowego, w którego zewnętrznej bieżni powstało pęknięcie pod-
powierzchniowe . Model stworzono przy użyciu pakietu oprogramowania do analizy zjawisk szybkozmiennych metodą elementów 
skończonych w celu określenia przemieszczeń w dziedzinie czasu. Badano różnice krzywizny i PSD przemieszczeń dla łożyska, 
w którym powstało pęknięcie podpowierzchniowe  w bieżni zewnętrznej łożyska oraz łożyska bez takiego pęknięcia. Różnice te 
wykorzystano do lokalizacji pęknięć podpowierzchniowych różnych rozmiarów. Wyniki pokazują, że różnice krzywizny i PSD prze-
mieszczeń względem punktów pomiarowych na bieżni zewnętrznej między łożyskami walcowymi, z których jedno charakteryzujące 
się pęknięciem w warstwie podpowierzchniowej, a drugie nie, mogą być wykorzystywane do wykrywania położenia pęknięcia.

Słowa kluczowe:	 metoda wykrywania podpowierzchniowych pęknięć, łożysko walcowe, widmowa gęstość mocy 
(PSD), krzywizna.

tic emission and vibration methods to detect the propagation initiation 
and propagation time of rolling contact fatigue cracks. They denoted 
that the subsurface cracks can be detected by the acoustic emission 
method. Mano et al. [25] investigated the relationship between the 
growth of rolling contact fatigue cracks and load distribution on the 
inner race of a radial rolling bearing using a new acoustic emission 
source location method. They represented that the fatigue crack at the 
early stage would occur in a narrow area. Choudhury and Tandon [7] 
studied changes in the acoustic emission signal for defects with differ-
ent sizes on the inner race and a roller of a cylindrical roller bearing. 
They denoted that the ringdown counts of the acoustic emission signal 
can be used to detect the defect in bearing raceways. Price et al. [27] 
and Schwach and Guo [31] also used the acoustic emission method 
to detect a subsurface crack caused by rolling contact fatigue. They 
also indicated that the acoustic emission method can be used to detect 
the subsurface crack in the bearing. Elforjani and Mba [12] used a 
range of time and frequency domain analysis techniques to detect a 

1. Introduction

Roller bearings are one of key components in various rotating 
machines. As one of major failure modes of the roller bearings due to 
periodic contact forces and external impulse loads, subsurface cracks 
in the bearings can significantly affect their dynamic performances 
[18,29], and produce catastrophic failures in these machines. Detect-
ing the subsurface cracks in the races of the bearings at an early stage 
enables timely maintenance works to extend the lifetime of the ma-
chine system. One of current detection methods is vibration-based 
damage detection based on changes in dynamic characteristics [6,13]. 
Therefore, it is helpful to investigate the subsurface crack detection 
method for early failure detection and diagnosis for maintenance pur-
poses.

Many crack detection methods for rolling element bearings have 
been numerically and experimentally studied [21, 22, 29]. For in-
stance, Yoshioka and Fujiwara [32] and Yoshioka [33] used the acous-
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subsurface initiation and subsequent crack propagation. They dem-
onstrated that the subsurface crack initiation and propagation can be 
detected by a time and frequency domain acoustic emission analysis. 
Eftekharnejad et al. [11] compared the applicability of the acoustic 
emission and vibration methods in monitoring a naturally degraded 
roller bearing. They described that the acoustic emission method was 
more sensitive in diagnosing incipient faults than the vibration meth-
od. Zhang et al. [34] studied the rolling contact fatigue damage proc-
ess of the sprayed coating using the acoustics emission and vibration 
signals. Their results showed that the analysis of acoustic emission 
frequency and waveform can be effective approaches for investigat-
ing the rolling contact fatigue failure process.

 Kumar et al. [17] analyzed the subsurface crack initiation pro-
duced by rolling contact fatigue. They indicated that the subsurface 
crack initiation and growth can be influenced by the plastic strains 
and residual stresses. Liu and Choi [19] proposed a new method to 
study the crack initiation life for rolling contact fatigue according to 
the dislocation and crack propagation. Their results showed that the 
fatigue life from their model was only 14% of that from the Interna-
tional Standard. Sawalhi and Randall [30] discussed the relationship 
between the subsurface crack and the spalling on the races of a rolling 
element bearing. They described a reasonable approximation of the 
measured defect widths. Kocich et al. [16] used an acoustic emission 
method to detect the subsurface crack initiation. Deng et al. [9] stud-
ied effects of subsurface cracks, distributing along the axial direction, 
on the rolling contact fatigue failure in the races of a bearing. They de-
noted that the subsurface crack growth ratio can be significantly influ-
enced by the distribution density and interval. Bomidi and Sadeghi [3] 
and Moghaddam et al. [26] also investigated the subsurface crack 
initiation and propagation due the rolling contact fatigue. They indi-
cated that a larger inclusions have a higher change to be located at the 
critical depth and produce damage. Most of the above research works 
are focused on modeling the subsurface crack initiation and propaga-
tion and detection the subsurface crack using the acoustic emission 
method. A few previous research works used vibration methods to 
detect the subsurface crack in rolling element bearings. Therefore, it 
is necessary to study the detection methods based on vibration signals 
for the subsurface crack in rolling element bearings.

A new detection method based on the curvature and power spec-
tral density (PSD) of displacements from the measurement points 
on the outer race of a cylindrical roller bearing is proposed to detect 
the location of a subsurface crack in the outer race of the bearing in 
this study. The curvature method can easily detect the kinds in the 
structure displacements. The PSD method can give clearly under-
standing how a signal strength is distributed in its frequency domain. 
The curvature method [24, 28] and PSD method [1, 8, 10] have been 
widely used to detect cracks and localized defects in beam structures 
and bearings. Therefore, in proposed detection method, the curvature 
and PSD of displacements are used. In the practical experiments, the 
displacements on the outer race of the bearing can be measured by a 
3D Doppler laser vibrometers such as a Polytec PSV-500 scanning 
laser vibrometer. In this study, a dynamic finite element model of the 
cylindrical roller bearing with a subsurface crack in its outer race is 
developed using an explicit dynamics finite element software pack-
age to obtain the time-domain displacements since the finite element 
method has been widely used to formulate the cracks due to rolling 
contact fatigue [2, 5, 15, 19]. Differences of the curvature and PSD 
of displacements of the bearing without and with the subsurface crack 
are investigated, which are used to detect the location of the subsur-
face crack with different sizes in the outer race of the bearing.

2. Description of the detection method

In order to detect a subsurface crack in the outer race of a cylindri-
cal roller bearing, a new detection method based on the curvature and 
PSD of displacements from the measurement points on the outer race 
of the bearing is presented in this study. The measurement points on 
the outer race of the bearing are shown in Fig. 1.

The radial displacement signal Rp from the measurement points 
on the outer race of the bearing is defined as:

	 [ ]p 1 2, , , , ,i NR r r r r=   	 (1)

in which ri is the radial displacement of the ith measurement point 
on the outer race of the bearing at time t, where i is from 1 to N. The 
radial displacement signal ri is calculated by:
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in which xi and yi are the coordinates in the X- and Y-direction, re-
spectively; dxi and dyi are the displacements in the X- and Y-direction, 
respectively. The curvature of the radial displacement signal Rp is de-
termined by:
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in which ( )1if r +  , ( )f r , and ( )1if r −  are the curvatures of the dis-
placement signals of the outer race at (i+1)th, ith, and (i-1)th measure-
ment points, respectively; and Δr is the distance between the chosen 
measurement points used to calculate the curvature. 

According to the calculation method for the PSD of a signal 
in Ref. [4], the PSD of the radial displacement signal Rp can be 
defined as:
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in which ω is the excitation frequency of the radial force F(t) applied 
on the outer race of the bearing, which will be described in the next 
section; T is the symbol time; n is the nth date in the radial displace-
ment signal, where n is from 1 to N.

The difference ∆f between the curvature of the displacement 
signals of the bearing without and with the subsurface crack is cal-
culated by:

Fig. 1.	 (a) Measurement points on the outer race of a cylindrical roller bear-
ing and (b) crack diagram
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	 ( ) ( )h cf f r f r′′ ′′∆ = − 	 (5)

in which ( )hf r′′  and ( )cf r′′  is the curvature of the displacement signal 
of the bearing without and with the subsurface crack on its outer race, 
respectively. 

The difference ∆S between the PSD of the displacement signals of 
the bearing without and with the subsurface crack is calculated by:

	 ∆S S S= ( ) − ( )h cω ω 	 (6)

in which Sh(ω) and Sc(ω) is the PSD of the displacement signal of 
the bearing without and with the subsurface crack on its outer race, 
respectively.

3. Finite element model

In this study, a cylindrical roller bearing is analyzed and its pa-
rameters [23] are listed in Table 1. Geometries of the subsurface crack 
with different sizes in the outer race of the bearing are plotted in 
Fig. 2. The width (B) and length (L) of the crack case 1 are 0.3mm and 
1.85mm, respectively. The width and length of the crack case 2 are 
0.3mm and 3.65mm, respectively. The width and length of the crack 
case 3 are 0.90mm and 8.1mm, respectively. The radial clearance of 
the bearing is assumed to be 0.01mm. The depth (H) of the subsurface 

crack is 0.3mm, which is the distance between the crack and the sur-
face of the outer race of the bearing. The crack is introduced into the 
finite element model by modelling a gap with the same sizes of the 
crack in the outer race. Here, the crack width, length, and depth are 
determined by the practical spalls in rolling element bearings used in 
railways and mining. The clearance between the rollers and their cor-
responding cage slots is assumed to be 0.05mm.

An explicit dynamic finite element method is used to solve the 
displacements of the bearing. This method was presented by using a 
commercially available finite element software package [14]. The fi-
nite element model of the bearing is developed using two dimensional 
shell elements. The two dimensional shell elements are considered 
as plane strain elements, which have two degrees-of-freedom at each 
node (translations along the X- and Y-directions) and can be applied 
to simulate the roller bearing as a solid structure [23]. The finite ele-
ment model of the bearing in this study has 32080 elements and 33694 
nodes. The materials of the bearing structure, such as the inner race, 
the outer race, the rollers, and the cage, are considered as isotropic 
elastic materials. They are described using the material properties of 
steel. A linear elastic material model is used to formulate the material 
properties of the bearing components. The Young’s modulus of the 
material is equal to 200GPa, the density of the material is 7850 kg/m3, 
and the Poisson’s ratio of the material is 0.3. In addition, the displace-
ments of the nodes on the inner surface of the inner race of the bearing 
are fixed. Based on the description in Ref. [23], a dry frictional con-
tact model is used for the contacts between the rollers and correspond-
ing mating bearing components in the finite element model. A low 
friction coefficient of 0.005 is applied for the contact interfaces within 
the model according to the descriptions in Ref. [23]. A sinusoidal ra-
dial load is applied on the outer race of the bearing in the Y-direction 
to excite its vibrations as shown in Fig. 3, which is determined by its 
amplitude FA and frequency ω. 

4. Results and discussion

In this study, there are totally 332 measurement points from 
points A to C on the outer race of the cylindrical roller bearing, 
as shown in Fig. 3, which are evenly distributed along the circu-
lar surface of the outer race. The total simulation time is equal to 
0.04s. The sample frequency of displacement signals from the 
measurement points on the outer race of the bearing is 100K. 
Effects of the amplitude and frequency of the radial load on the 
time-domain displacement, the curvature and PSD of radial dis-
placements from the measurement points at the same time tB are 
investigated to detect the location of the subsurface crack in the 
outer race of the bearing. Here, the time tB is that when the radial 
displacement at point B reaches its maximum.

Table 1.	 Dimensions of a cylindrical roller bearing.

Parameters Value

Diameter of inner race (di, mm) 40.5

Diameter of outer race (do, mm) 62.5

Diameter of pitch (D, mm) 51.5

Diameter of roller (d, mm) 11

Effective contact length of roller (Ler, mm) 11.4

Number of rollers (Z) 12

Fig. 3. Boundary conditions of the finite element model

Fig. 2.	 Schematics of the subsurface crack with different sizes in the outer race of the 
bearing: (a) normal; (b) crack case 1; (c) crack case 2; and (d) crack case 3
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4.1.	 Time-domain displacement signals

Figure 4 shows the effects of the amplitude and frequency of the 
radial load on the time-domain displacement signals at point B in Y-
direction from 0.015s to 0.03s. As shown in Fig. 4, the periods of 
displacements are equal to those of the frequencies of the radial loads. 
The amplitude of displacement increases with the amplitude of radial 
load as shown in Fig. 4a. The frequency of radial load has slight effect 
on the amplitude of radial load as shown in Fig. 4b. The results show 
that it is difficult to detect the location of the subsurface crack in the 
outer race of the bearing based on the time-domain displacement from 
the measurement point on the outer race of the bearing.

4.2.	 Curvature of the displacements

4.2.1.	 Effect of the amplitude of the radial load

Figure 5 shows the effect of the amplitude of radial load on the 
curvatures of displacements from the measurement points on the outer 

race of the bearing for the normal case, crack cases 1, 2, and 3. The 
results in Fig. 5 show that it is difficult to detect the location of the 
subsurface crack in the outer race of the bearing based on the curva-
ture of displacements from the measurement points on the outer race 
of the bearing. To overcome this problem, the difference of the curva-
ture of displacements of the bearing without and with the subsurface 
crack is calculated using the method in Eq. (5). Figure 6 shows the 
effect of the amplitude of radial load on differences of the curvatures 
of displacements of the bearing without and with the subsurface crack 
for crack cases 1, 2, and 3. As shown in Fig. 6, a peak at the center lo-
cation of the crack zone (the point number is 167) can be observed in 
the difference of the curvature of displacements of the bearing without 
and with the subsurface crack, whose amplitude increases with the 
amplitude of the radial load. The results in Fig. 6 show that the differ-
ences of the curvatures of displacements of the bearing can be used 
to detect the location of the subsurface crack in the outer race of the 
bearing, and the curvature method can be more sensitive to detect the 
subsurface crack when a larger radial load applied on the outer race 

of the bearing.

4.2.2.  Effect of the frequency of the radial load

Figure 7 shows the effect of the frequency of 
the radial load on the curvature of displacements 
from the measurement points on the outer race of 
the bearing for the normal case, crack cases 1, 2, 
and 3. The results in Fig. 7 show that it is also dif-
ficult to detect the location of the subsurface crack 
in the outer race of the bearing based on the cur-
vature of displacements of the bearing. Figure 8 
shows the effect of the frequency of the radial load 
on difference of the curvatures of displacements of 
the roller bearing without and with the subsurface 
crack for crack cases 1, 2, and 3. As shown in Fig. 
8, a peak at the center location of the crack zone 

Fig. 4.	 Effects of the amplitude and frequency of the radial load on time-domain displacement signal from 
point B on the outer race of the bearing: (a) effect of the amplitude, and (b) effect of the frequency

Fig. 5.	 Effect of the amplitude of the radial load on the curvatures of displacements from the measurement points on the outer race of the bearing for different crack 
cases: (a) F=800N, and ω=400Hz; (b) F=4000N, and ω=400Hz; and (c) F=8000N, and ω=400Hz

Fig. 6.	 Effect of the amplitude of the radial load on differences of the curvature of displacements from the measurement points on the outer race of the bearing 
without and with the subsurface crack for different crack cases: (a) crack case 1; (b) crack case 2; and (c) crack case 3

a) b)
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(the point number is also 167) can be observed in the difference of 
the curvature of displacements of the bearing without and with the 
subsurface crack too, whose amplitude increases with the amplitude 
of the radial load. The amplitude of the peak for the 400Hz is larger 
than those for the other two frequencies. The amplitude of the peak 
for the 200Hz is larger than that for the 600Hz. The results in Fig. 8 
also show that the difference of the curvature of displacements of the 
bearing can be used to detect the location of the subsurface crack in 
the outer race of the bearing.

4.3.	 PSD of the displacement

4.3.1.	 Effect of the amplitude of the radial load

Figure 9 shows the effect of the amplitude of the radial load on 
the PSD of displacements from the measurement points on the outer 
race of the bearing for the normal case, crack cases 1, 2, and 3. The 
results in Fig. 9 show that it is difficult to detect the location of the 
subsurface crack in the outer race of the bearing based on the PSD of 

displacements of the bearing. To overcome this problem, the differ-
ence of the PSD of displacements of the bearing without and with the 
subsurface crack is calculated using the method in Eq. (6). Figure 10 
shows the effect of the amplitude of the radial load on differences of 
the PSD of displacements of the bearing without and with the subsur-
face crack for crack cases 1, 2, and 3. As shown in Fig. 10, a peak at 
the center location of the crack zone (the point number is also 167) 
can be observed in the difference of the PSD of displacements of the 
bearing without and with the subsurface crack, whose amplitude in-
creases with the amplitude of the radial load. Moreover, as shown in 
Fig. 10a, the PSD is not very sensitive for the subsurface crack with 
a small size under a smaller radial load, which means a lager radial 
load is needed to detect the subsurface crack with a small size using 
the PSD method. The results in Fig. 10 show that the difference of 
the PSD of displacements of the bearing can be used to detect the 
location of the subsurface crack in the outer race of the bearing for a 
larger radial load, and the PSD method has slight sensitive to detect 
the subsurface crack when a smaller radial load applied on the outer 
race of the bearing.

Fig. 7.	 Effect of the frequency of the radial load on the curvature of displacements from the measurement points on the outer race of the bearing for different crack 
cases: (a) F=800N, and ω=200Hz; (b) F=800N, and ω=400Hz; and (c) F=800N, and ω=600Hz.

Fig. 8.	 Effect of the frequency of the radial load on differences of the curvatures of displacements from the measurement points on the outer race of the bearing 
without and with the subsurface crack for different crack cases: (a) crack case 1; (b) crack case 2; and (c) crack case 3

Fig. 8.	 Effect of the frequency of the radial load on differences of the curvatures of displacements from the measurement points on the outer race of the bearing 
without and with the subsurface crack for different crack cases: (a) crack case 1; (b) crack case 2; and (c) crack case 3
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Fig. 9.	 Effect of the amplitude of the radial load on differences of the PSD of displacements from the measurement points on the outer race of the bearing without 
and with the subsurface crack for different crack cases: (a) crack case 1; (b) crack case 2; and (c) crack case 3

Fig. 10.	 Effect of the amplitude of the radial load on differences of the PSD of the displacements from the measurement points on the outer race of the bearing 
without and with the subsurface crack for different crack cases: (a) crack case 1; (b) crack case 2; and (c) crack case 3

Fig. 11.	 Effect of the frequency of the radial load on the PSD of displacements from the measurement points on the outer race of the bearing for different crack cases: 
(a) F=800N, and ω=200Hz; (b) F=800N, and ω=400Hz; and (c) F=800N, and ω=600Hz

Fig. 12.	 Effect of the frequency of the radial load on differences of the PSD of displacements from the measurement points on the outer race of the bearing without 
and with the subsurface crack for different crack cases: (a) crack case 1; (b) crack case 2; (c) crack case 3



Eksploatacja i Niezawodnosc – Maintenance and Reliability Vol.19, No. 2, 2017 217

Science and Technology

4.3.2.	 Effect of the frequency of the radial load

Figure 11 shows the effect of the frequency of the radial load on 
the PSD of displacements from the measurement points on the outer 
race of the bearing for the normal case, crack cases 1, 2, and 3. The 
results in Fig. 11 show that it is also difficult to detect the location of 
the subsurface crack in the outer race of the bearing based on the PSD 
of displacements of the bearing. Figure 12 shows the effect of the 
frequency of the radial load on the difference of the PSD of displace-
ments of the bearing without and with the subsurface crack for crack 
cases 1, 2, and 3. As shown in Fig. 12, a peak at the center location of 
the crack zone (the point number is also 167) can be observed in the 
difference of the PSD of displacement of the bearing without and with 
the subsurface crack, whose amplitude increases with the frequency 
of the radial load. The results in Fig. 12 show that the differences of 
the PSD of displacements of the bearing can be used to detect the 
location of the subsurface crack in the outer race of the bearing for a 
larger radial load, and the PSD method is more sensitive to detect the 
subsurface crack when a radial load with a higher frequency applied 
on the outer race of the bearing.

5. Conclusions

A new detection method based on the curvature and PSD methods 
is used to detect a subsurface crack in the outer race of a cylindrical 
roller bearing. A dynamic finite element model of the bearing with 
a subsurface crack in its outer race is developed to obtain the time-
domain displacements. Differences of the curvature and PSD of dis-

placements of the bearing without and with the crack are investigated 
to detect the location of the crack in the outer race of the bearing. The 
following conclusions can be draw from this study:

It is difficult to detect a subsurface crack in outer race of a 1)	
cylindrical roller bearings based on the time-domain displace-
ments of the outer race of the bearing.
A peak at the center location of the crack zone can be observed 2)	
in the difference of the curvature of the displacement of the 
bearing without and with the subsurface crack, whose ampli-
tude increases with the amplitude of the radial load applied 
on the outer race of the bearing. The curvature method can 
be used to detect the subsurface crack in the outer race of the 
bearing.
Differences of curvature and PSD of displacements from the 3)	
measurement points on the outer race can be used to detect 
the location of a subsurface crack in the outer race of the bear-
ing. The curvature and PSD methods can be more sensitive 
to detect the subsurface crack under a larger radial load. An 
appropriate excitation frequency of the radial load will help-
ful for detecting the subsurface crack. The PSD method is not 
very sensitive for the subsurface crack with a small size under 
a smaller radial load. A lager radial load is needed to detect the 
subsurface crack with a small size in the outer race of the bear-
ing using the PSD method.
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Fig. 12.	 Effect of the frequency of the radial load on differences of the PSD of displacements from the measurement points on the outer race of the bearing without 
and with the subsurface crack for different crack cases: (d) enlarge view of (a); (e) enlarge view of (b); and (f) enlarge view of (c)

Appendix A

Nomenclature
B	 Width of subsurface crack, mm
c	 Crack case
D	 Diameter of pitch, mm	
d	 Diameter of roller, mm	
di	 Diameter of inner race, mm
do	 Diameter of outer race, mm	
dxi	 Displacement in X-direction, mm	
dyi	 Displacement in Y-direction, mm	
FA	 Amplitude of radial load, N
F(t)	Radial load, N
f "(r)	Curvature of radial displacement signal
h	 Normal case
i	 Measurement point number
L	 Length of subsurface crack, mm
Ler	 Effective contact length of roller, mm

N	 Number of measurement points
Rp	 Radial displacement signal, mm
r	 Radius of roller, mm
ri	 Radius of inner race, mm
ro	 Radius of outer race, mm
ri	 radial displacement of ith measurement point, mm
S(ω)	PSD of radial displacement signal, dB
t	 Time, s
xi	 Coordinate in X-direction
yi	 Coordinate in Y-direction
Z	 Number of rollers
∆f	 Difference of curvature of displacements
∆S	 Difference of PSD of displacements, dB
ω	 Frequency of radial load, Hz
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