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This paper introduces a calculation method to determine the peak pressure on a bearing with a misaligned
shaft. A case study is presented, where the guidevane bearings had experienced persistent excessive wear
as a result of edge loading, possibly caused by insufficient shaft stiffness. A practical solution is provided,

involving the use of non-metallic, homogeneous polymer bearings.

describe a situation where several bearings on

one shaft line are not concentric, or the axes of
shaft and bearings are not parallel. In the case of guide-
vanes, there are two major causes of shaft misalign-
ment leading to edge loading, namely imperfect instal-
lation and insufficient shaft stiffness. Edge loading
caused by insufficient stiffness can occur within low to
medium head, high specific speed and high power out-
put turbines. In such cases, to achieve the required
power output, the gate height may be designed to be
quite tall with a guidevane area that is also rather large.
Misalignment caused by installation can be corrected
by careful and diligent procedures, but the shaft stiff-
ness cannot be corrected during operation and can
become an inherit issue to bearings. This paper deals
with an edge loading problem which resulted in an
excessive bearing wear possibly caused by insufficient

S haft misalignment is used as a general term to

shaft stiffness, and provides a practical solution involv-

ing the use of homogeneous polymer bearings.

1. Shaft bending and edge loading

Insufficient shaft stiffness causes an excessive slope
when the shaft bends as a combined result of hydraulic
pressure on the guidevane and pulling force by the
operating mechanism. There are two methods to deter-
mine the shaft slope at the bearings the traditional ana-
lytical approach and the modern finite element
method. Kovalev, [1965'] developed a part analytical
and part numerical procedure to determine shaft slope
caused by bending. This method has been widely used
for guidevane calculations and even in today’s age of
prosperous computerization, it remains an effective
method in practice because of its simplicity and rea-
sonable accuracy. In addition to this practical method,
the finite element method (FEM) has become a domi-
nant technique because of its ability to handle com-
plex geometry and virtually any type combination of
physics. The guidevane shaft can be simulated using
FEM and a relatively reliable result can be obtained.
However, FEM can only be as accurate as can be
defined by assumed physical and boundary condi-
tions. It cannot completely replace a diligent analyti-
cal approach in certain circumstances. In this case
study, the traditional analytical approach had been
used to calculate the shaft slope and reaction forces.
The result was compared with FEM analysis.

By knowing the bearing load and the shaft slope
obtained by shaft bending analysis, it is possible to
calculate pressure distribution over the contact surface
caused by shaft inclination. The resulting maximum
pressure is then used as initial information to select a
suitable material and determine a feasible design. It
seems that very little attention is paid to this very spe-
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cial topic in the literature. Engineers at Thordon
Bearings Inc have created a practical and useful
method to predict the bearing pressure caused by edge
loading. When the axis of the shaft is inclined to the
axis of the bearing, the contact surface between the
shaft and bearing is shifted to one end of the bearing
and this creates a very high pressure zone at one end
of the bearing. The contact surface is a 3D surface in
shape (Fig.1), but the projected contact area becomes
approximately an ellipse. The pressure from high at
very end of bearing along shaft in the direction to
bearing inside to zero. The integration of the pressure
over the entire contact surface builds up the bearing
capacity to support the shaft load. An analytical study
revealed that the bearing capacity, the supporting
force of bearing Feupaciy, 1S a function of the compres-
sive E-modulus of material, the wall thickness of bear-
ing, the running clearance of bearing, the shaft diam-
eter and the bearing surface deflection at the very end
edge of the bearing and shaft slope. The bearing
capacity can be expressed by following equation

- E.,-D-5?2
" w.s

capacity = K, K

u
In this equation, the variables are: L)
Feapacity = Supporting force of bearing (N)
Ky= (1-)/(1+p)(1-24).
This factor is based on the assumption that two strains
other than loading direction are zero. This assumption
could lead to a stiffer bearing and higher estimated
edge load than the actual one.
K,=0.0959 ‘n* — 0.086°1*+ 0.327-n1 — 0.0017
This factor was obtained by integrating the bearing
pressure over the actual contact surface, and is valid
only if the length of the contact area is smaller than the
bearing length.
W = Poisson ratio of bearing material
E. = Compressive E-modulus of bearing material (MPa)
D = Shaft diameter (mm)
W = Wall thickness of the bearing (mm)
S = Shaft slope at bearing
Om = Maximum deflection of bearing surface at the
edge of the bearing end (mm)
1 =sin(®./2) a parameter defined by eq. 2
®,, = Contact angle between the shaft and bearing at
the very end edge

It should be noted that contact the angle ®,, is not an
independent variable, but is a function of other vari-
ables. It follows that:

n—sin&—
T2

. (2
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Fig. 1. Notations for
the equations.

Fig. 2. Ratio of the
clamping to
supporting force
defined by eq. (8).
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Where W is the ratio of bearing running clearance to
shaft diameter

Egs. (1) and (2) show that the only unknown variable
is the maximum surface deflection at the edge of bear-
ing end &y. Other parameters are either obtained during
shaft bending analysis such as shaft slope or the geo-
metric information of bearing and material property. In
effect, eq. (1) is a relationship between bearing load
capacity Fepaciy and maximum surface deflection at the
edge of bearing end &y. The real use of eq. (1) is to cal-
culate the maximum surface deflection 8., by a known
bearing load:

W-S- F(a/mm{r
““\E: DK,k

.. (3)

It should be emphasized that variable 8, and 1 are
interdependent. An iteration technique is required to
solve eq. (3) for the maximum surface deflection &
After the maximum surface deflection at the bearing
end has been obtained, the peak pressure is calculated
using following equation
Ec

=Ky s,
P e
The projected contact area is approximately:
P 1 =¥-sin¢2"’ 6?’”
. (5)

Note that @, is the contact angle between the shaft
and the bearing at the bearing end (see Fig. 1). Similar
to the projected bearing area in the perfectly aligned
condition, the projected contact area for misaligned
cases is the real contact surface projected to the hori-
zontal plane through the central axis of the bearing.
The pressure over the projected contact area is then
obtained, using eq. (6):

F

Apro

Ppro =

.. (6)

The equations above are derived from elastic theory.
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Examining the predicted edge peak pressure with eq.
(4), it can be noted that in real bearing situations, the
deformation behaviour at the very edge may be quite
different from that inside the bearing. The material at
the bearing end is less restrained and the relationship

Ky = (1-p)/(1 + py(1-2p)

may be invalid, and it may approach to K, = 1/(1-y?).
Consequently, there will be a decreased bearing peak
pressure at the bearing end. The peak pressure predict-
ed by eq. (4) will therefore be higher than the real peak
pressure. Fig. 1 explains some of the most important
dimensions.

2. Clamping force and friction force

Peter Bakker [2009?] discusses the effect of clamping
force on non-metallic bearings. If the contact angle
between the shaft and bearing increases, so will the
actual friction force, as a result of the so-called clamp-
ing effect. This phenomenon is not new, and has been
used for some time by traction elevators and other
mechanical devices where increased friction is prefer-
able. However, this clamping force is not desirable for
bearings where a minimum friction is advantageous.
There are two main factors determining the amount of
clamping force: the running clearance and the bearing
stiffness. If the running clearance is small, this tends
to result in a large contact angle and an increased fric-
tion force, while a large clearance tends to reduce the
friction, but may cause high edge loading. Therefore,
proper clearance is a trade off, and can only be deter-
mined according to practical need. Increasing bearing
stiffness reduces contact angle and therefore reduces
friction force. However, an inappropriately high stiff-
ness of the bearing will cause high edge loading and
premature failure. The clamping force for the inclined
shaft can be calculated using eq. (7)

E.-D-5;
WS

F;

clamp

=K, K,

(7

The equation above appears very similar to eq. (1).
The only difference is that a different modification
factor is used, which is:

K’y =0.758 -1° - 14751 + 1.054 - 1* - 0.192 - 1> + 0.026 - m

instead of K. Thus the ratio of the clamping force to
the bearing supporting force is calculated by:

Fotamp _ Ky
F,

‘capacity

Ao

K’I
. (8)

Fig. 2 shows the ratio of the clamping force to the
supporting force. It should be recalled that:

N =sin (®n/2),M =1 means ®,, = 180 degrees.

From Fig. 2 it can be seen that if the contact angle
approaches 180°, the amount of clamping force can be
as high as 50 per cent of the bearing supporting force,
which means the friction coefficient increases to 1.5
times the material coefficient of friction. However, for
well aligned guide bearings, the contact angle is typi-
cally not more than 40 degrees, so parameter 1| may
fall about 0.35 and the coefficient of friction may pos-
sibly increase 10 to 15 per cent. It must be pointed out
that the eqgs. (1) to (8) apply only to cases where:

On/S <L

here L is the bearing length. If this condition is not ful-
filled, then a more complicated procedure is required
for this type of analysis.
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3. Case study of homogeneous polymer

bearings operating in guidevanes

The previous sections have provided the theoretical
background for calculating the maximum bearing
pressure and clamping force for an inclined shaft.
This section provides a case study where high edge
loading is the predominant factor. For most applica-
tions, only a general review of nominal bearing pres-
sure may suffice to justify the design chosen, since the
nominal bearing pressure is typically designed at a
much lower level than the strength of the material cho-
sen. However, there are indeed cases where edge load-
ing may be the dominant factor to consider, as a result
both of imperfect installation and insufficient shaft
stiffness. The following case describes one of the chal-
lenges which was solved by the use of a bearing mate-
rial produced by Thordon Bearings.

A hydraulic turbine owner in South America experi-
enced persistent guidevane bearing problems at its
hydroelectric station. The root cause was a result of
excessive edge loading which had been evidenced by
increased friction force and excessive wear, and the
wear pattern of guidevane bearings. The powerplant
houses two 230 MW medium head (99 m), vertical
Francis turbines operating at 125 rpm.

The study provides an analysis identifying the possi-
ble effects of gate deflection on the bearings, and the
performance after replacing the existing guidevane
bearings with a non-metallic, homogeneous polymer.
It uses a practical method to calculate edge loading on
the bearings, as described earlier, and explains in
details why non-metallic polymer materials such as
ThorPlas® are more suitable, and able to handle edge
loading better than stiffer metallic bearing compo-
nents. An excellent performance result was obtained
from an eight-month trial conducted in early 2008 by
the owner, using ThorPlas®, which eventually had led
them to replace all existing bearings in April of 2009
for one turbine, followed by a retrofit of the second
turbine in April 2010.

3.1 Determination of the shaft slope
at the bearings

The shaft slope at the bearings was calculated using
the analytical method described by N.N. Kovalev
[1965'] and the result was compared with the finite
element analysis [Endesa 2007°]. The maximum load
used for the calculation was 10 bar hydraulic pressure
acting on the guidevanes in combination with a 160
kN operating link load. For investigation purposes
these loads are considered to operate in the same plane
and in opposite directions. Fig. 3 shows the assumed
loading arrangement for this investigation. The
assumptions applied to the calculation were:

e The shaft is considered as an elastic beam,
point—supported at bearing centres. There are three
bearings, known as the lower, intermediate and upper
bearing.

e The moment of inertia of guidevane was calculated
in the weakest bending resistant direction.

* The 3 bearings (Lower, Intermediate and Upper) are
ideally aligned

* Bearing surface material is homogeneous elastic

As shown in Fig.3, the system is statically over-deter-
mined. However, since the system can fairly be
assumed to be linear, the superposition principle can be
applied to it. This means one can separate the loading
case into three individual conditions (a), (b) and (c).
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e Loading Case (a): Loaded by hydraulic pressure on
guidevane only;

* Loading Case (b): Loaded by gate ring pulling force
only; and,

¢ Loading Case (c): Loaded by reaction force of upper
bearing R..

Now each individual loading case is statically deter-
mined. After calculating each case and adding all the
results together, one can obtain the reactions and shaft
slope of the entire system [N.N. Kovalev, 1965'].

In loading case (c), there are three unknowns, includ-
ing bearing reaction R.. The two-dimensional system,
however, can only solve two unknowns, and thus one
more equation is required to solve all the variables.
Shaft deflection at the upper bearing is chosen as such
a variable. This means all reactions for the lower, mid-

| dle and upper bearings can be expressed as a function

of deflection at the upper bearing. It is designated y..
According to Fig. 3:

Ye=YatYe2t¥es

.9

The final value of y. will be equal to the running
clearance of the upper bearing, which is a known
design parameter. Now there is sufficient information
to solve the problem. Without going into detail about
the solving procedure, the next section of this paper is
a discussion of the results.

Fig. 4 shows the calculated shaft slope at the lower
and middle bearing. The pulling force of the linkage
arm applied at the top end was assumed to be the max-
imum. It is worth noting that neither the pulling force
of the linkage nor the clearance of the upper bearing
has a significant effect on the shaft slope of the lower
and middle bearings. The dominant factor was found

o Shaft slope of lower bearing o Shaft slope at middle bearing
e ———
00015 | 20 § E - e =5 ™ —
0.001+=
0.0005

0
-0.0005
-0.001
-0.0015
-0.002
-0.0025

Shaft slope due to bending

0.2 0.4 0.6 0.8 1

Hydraulic pressure on guide vane (MPa)

Fig. 3. The loading
diagram.

Fig. 4. Shaft slope
for the middle and
lower bearings.
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Table: Bearing reaction and shaft slope at max pulling force and hydraulic pressure
Shaft Diameter ~ Bearing Length ~ Bearing Reaction ~ Shaft Slope Bearing Reaction/3/  Shaft Slope
(mm) (mm) N) (FEM) (N) (FEM)/3/
Upper 248 60 -329 x 10° N/A 254 x10° N/A
Middle 280 160 1.03 x 10° 0.0015 0.83 x 10¢ 0.0017
Lower 250 140 6.36 x 10° -0.0023 6.16 x 10° -0.0021

Fig. 5. Peak and
nominal bearing
pressure (MPay).
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to be the hydraulic force. An independent study car-
ried out by a third party provided a finite element
analysis for the shaft deformation with a similar con-
clusion. It was reported that the shaft slope of the mid-
dle bearing was 0.0002, if only the maximum pulling
force of linkage applied. However this slope became
0.0017 if maximum hydraulic guide vane pressure
applied. The FEM result was listed in Table 1. The
data on the table was based on hydraulic pressure
applied to guidevane 1.0 MPa) and the pulling load of
linkage applied to top end of shaft = 160.5 N). The
pulling force of this turbine had been increasing in
operation in the history. This was suspected because
of the damaged bearing with increased friction.

3.2 Maximum edge pressure

The edge loading calculation determines the uneven
distribution of the bearing pressure over the actual
contact surface caused by shaft inclination. The algo-
rithm is partially analytical and partially numerical
using eqs. (1) to (6). To solve the bearing surface
deflection at end edge, numerical iteration procedure
was applied. Peak and nominal bearing pressure is
shown in Fig. 5.

The ThorPlas® bearing was chosen for this applica-
tion. It was an optimal choice from balancing many
factors. Since the shaft slopes at the bearings are rela-
tively large, it is absolutely necessary to choose a
material that is able to mitigate edge loading. The
material must also have the capability to minimize the
clamping force. The wall thickness is restricted to 5
mm by the existing space. The material has to main-
tain an appropriate interference force to keep within
the housing. Low friction and low wear rate material
are basic requirements and the material must be grease
free as well. According to the reaction forces obtained
above, the nominal bearing pressure at the lower and
middle bearing is quite low. The average pressure over
the actual contact area (a half ellipse) is not exces-
sively high either. However, the peak pressure at the
very edge of the bearing is much higher than the nom-
inal pressure. Based on Fig. 5, the peak pressure is
about four times higher than the nominal pressure.
This is, however, much lower than the edge pressure
for a rigid metallic bearing, which would be about 350
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—— Lower brg nom —eo— Middle brg nom
100

90 b
T 80 =
= 70
g 60
g 50 =
g 40‘A
5 0 may
o —

10 e — —— 7

0

0.4 0.5 0.6 0.7 0.8 09 1
Hydraulic pressure on guide vane (MPa)

MPa and 15 times higher than the nominal in the same
conditions. To reduce the peak pressure at the very
edge, all ThorPlas® bearings for this application were
machined a chamfer at both ends. In effect, this has
changed the bearing edge towards the inside of the
bearing. The estimation of maximum bearing pressure
was from shaft bending perspective. However, the
deformation of supporting structure of the guidevane
shaft, the misalignment of shaft from installation,
fluctuation of hydraulic pressure on the guidevane, all
these factors that might make a precise determination
of the true maximum bearing pressure extremely dif-
ficult.

3.3 Installation and operational results

The trial installation of the bearings for two gates in
one of the two turbines was completed in March 2008.
In November 2008, the bearings were inspected to
verify the performance. The inspection confirmed that
there was no evidence of damage or wear on the bear-
ing surface. The customer was extremely satisfied
with this exceptional result. By the end of 2008, the
customer had ordered 29 bearing kits including seals
to protect abrasive substances from entering the lower
and middle bearings. By April 2009, one of the tur-
bines from this customer had been completely
equipped with ThorPlas® bearings. After completion
of the installation, the system was monitored careful-
ly, especially the oil pressure of the servomotor. The
servo system pressure was kept constantly at the
expected level, and with no damage and leakage
observed. In December 2009, the customer reported
that all bearings were operating well. The photograph
below was the lower bearing after eight months oper-
ation.

4. Summary

In this case study, by an analytical calculation of the
reaction forces and the shaft slope at the bearings, it
was identified that an insufficient stiffness of guide-
vane shaft was the dominant factor contributing to the
high edge loading and excessive wear on guidevane
bearings. The real problem, however, is that the edge

A lower bearing after eight months of operation.
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loading caused by shaft bending cannot be corrected
just by careful installation. The problem only shows
up when the turbine begins operation. The only way to
mitigate the problem is to choose a suitable material
with an appropriate bearing design, or to stiffen the
shaft and guidevane as suggested by the third party
analysis [2007°].

The application concerning this study is a rare case
having such high-level shaft slope and edge loading.
ThorPlas® Bearings were chosen according to estimat-
ed edge loading pressure and existing space available.
The actual performance of the bearing confirmed that
this was the right choice for the challenging applica-
tion. The homogeneous elastic nature allows the bear-
ing surface to deflect slightly and spreads the load
over a relatively large contact surface so that the
resulting peak pressure is controlled within the accept-
able range of material strength. ThorPlas® bearings are
made of new homogeneous polymer produced by
Thordon Bearings, with a very low coefficient of fric-
tion. It is easy to machine and install. The typical
designed nominal pressure for ThorPlas® bearings is
31 MPa. It can be concluded that factors such as iden-
tification of a problem, finding the root cause, select-
ing the right material, using a suitable design and care-
ful manufacturing and installation all are the keys to a
success project. 0
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