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CALCULATION METHODSFOR STEADILY LOADED FIXED-INCLINED-PAD

THRUST BEARINGS

1 NOTATION AND UNITS

The International System of Units (SI) isused in this Item. This is a coherent system. It should be noted
that any other coherent system of units (using revolutions as the unit of shaft rotation) can be used in place

of Sl where the data are given in non-dimensional form.

b pad radial width (see Sketch 3.3)
g C specific heat capacity of lubricant
% D outside diameter of thrust pads (see Sketch 3.3)
‘g Dr diameter of runner (see Sketch 3.1)
o
é d inside diameter of thrust pads (see Sketch 3.3)
g dn mean diameter of thrust pads, (D + d)/2
()
% dg shaft diameter (see Sketch 3.1)
"(_")_ H total film power loss, an
g Hen churning power loss
©
E Hp film power loss for single thrust pad
oy
% H; total power loss for whole bearing, H + H .,
§ h pad outlet film thickness (see Sketch 3.2)
@ h, minimum acceptabl e film thickness where misalignment is known to be
minimal (see Section 7.1)
hin minimum allowable pad film thickness
h, representative film thickness for Peclet number (see Section 6.2.4)
K factor for calculation of churning losses (see Section 8.2)
L length of pad at mean diameter (see Sketch 3.3)
N frequency of rotation
n number of thrust pads
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ntNd

Peclet number = ]—<——m

L
land pressure (at start-up)

hr2 (see Section 6.2.4)

mean pad pressure

total lubricant feed flow rate to bearing

lubricant feed flow rate to single groove

minimum lubricant feed flow rate to single groove

pad entry lubricant flow rate

lubricant flow rate from inner and outer sides of single thrust pad

surface roughness value
pNDZ
n

runner Reynolds number =

empirical factor for calculation of temperatures (see Section 6.2.4)
empirical factor for calculation of temperatures (see Section 6.2.4)

effective film temperature of lubricant for design calculations

pad feed temperature

pad maximum temperature

lubricant temperature at inlet to housing
[ubricant temperature at outlet from housing

runner thickness (see Sketch 3.1)
total load, an (see Sketch 3.1)

load for single thrust pad (see Sketch 3.2)
total start-up load

factor for calculation of temperatures (see Section 6.2.4)
taper rise of thrust pad (see Sketch 3.2)
effective dynamic viscosity of lubricant in housing

effective dynamic viscosity of lubricant in film
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K thermal diffusivity of lubricant m?/s

Y kinematic viscosity of lubricant in housing m?/s

D density of lubricant kg/m®
2. INTRODUCTION

ThisItem provides charts and cal cul ation methods for the design of fixed-inclined-pad thrust bearings. The
Item may also be used to analyse the performance of existing bearing designs in failure analysis or to
investigate the feasibility of uprating their performance.

An aternative form of thrust bearing incorporates tilting pads (see Reference 1). A number of factors may
influence the choice between the two forms but discussion of these factorsisbeyond the scope of thisItem.

The charts and cal culation methods presented in this Item have been derived largely from the established
dataavailablefor rectangul ar pad bearingswith aland length of 20 per cent (measured at the mean diameter).
However, no significant errors should arise for land lengths within the range 10 to 30 per cent. The use of
rectangular pad datafor the design and analysis of bearings with sector shaped pads does not lead to errors
of practical significance with sector angles up to 45°. The bearings considered are steadily loaded with the
load shared equally between the pads but applications with loads and speeds varying slowly may betreated
by the method of this Item.

Thetext of thisltemisdivided into two major parts. Thefirst part of thetext (Sections 3, 4 and 5) describes
the operation of a fixed-inclined-pad thrust bearing, gives guidance on the specification of the design
parameters and provides a method for estimating the required dimensions of the bearing. The second part:
of the text (Sections 6, 7 and 8) provides a method for analysing the performance of a bearing design and:
gives guidance on modifying the performance and ensuring that the bearing operates with an adequate
margin of safety. :

3. DESCRIPTION
The operation of a hydrodynamic thrust bearing depends, as it does for ajournal bearing, upon a viscous

lubricant being drawn into awedge-shaped space. A pressure is generated in the tapering lubricant film so
balancing the applied load.

ESDU Copyright material. For current status contact ESDU.

The main components of a fixed-inclined-pad thrust bearing are shown in Sketch 3.1. In such a thrust
bearing, for constant direction of rotation, the wedge-shaped space is obtained by the use of a suitably
machined pad (see Sketch 3.2). A number of such pads divides the bearing support plate as shown in
Sketch 3.3. Each pad is profiled so as to provide a convergent lubricant film and the motion of the runner
in thedirection of decreasing film thickness draws the lubricant into the converging taper, thus establishing
the load carrying film. The pads are usually made with near “square” (b = L) proportions (see
Section 6.1.2).

A land is normally left after machining the taper to provide starting load capacity (see Section 5.1.2). The
run out of the tapered portion of the pad surface onto the land is often arranged to be parallel to the leading
edge of the pad asillustrated. The pads are usually surfaced with a bearing metal such as whitemetal and
mate with aplain carbon steel runner. Chromium alloy steel runners are prone to wire wool failure and are,
therefore, not recommended.
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The bearing is commonly enclosed in a housing and is provided with a lubricant supply and a lubricant
drain. It is assumed that the bearing receives sufficient lubricant by either supplying the lubricant directly
between the pads (directed lubrication) or by arranging that the bearing operates with the housing full of
[ubricant (flood feed).

f\q ‘ ~ Runner

i . Pad
| |
Bearing support plate

i e

1

Sketch 3.1 View showing relative position of bearing components

Motion ‘ p Runner

Typical pressure pattern
generated

Sketch 3.2 Section through athrust pad
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Sketch 3.3 View showing layout of padson bearing support plate
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4, SPECIFICATION OF DESIGN REQUIREMENTS

Certain basic information regarding the intended application isrequired in order to facilitate the design and
analysis of the thrust bearing.

41 Load and Speed

The load, W, and frequency of rotation, N, should be specified assuming steady loading and a constant
rotational speed of the bearing. In specifying the rotational speed of the bearing, it should be noted that
short overspeeds can usually be tolerated. However, sometimes “off design” loads and speeds occur that
can give rise to more severe operating conditions. It is, therefore, advisable to investigate the operation of
the bearing under all potentially critical conditions.

High loads combined with low speedsare normally critical with regard to film thickness (see Section 6.2.1)
whilst high loads combined with moderate to high speeds can be critical with regard to temperatures (see
Section 6.2.4).

The starting load is also an important factor (see Section 5.1.2).
4.2 Dimensional Constraints

The shaft diameter, d, is usualy predetermined by strength or stiffness requirements.
In choosing a value for the inner diameter, d, of the bearing pads allowance should be made for blending
radii, oilways and running tolerances. Theinner diameter isusually made 10 to 20 per cent greater than the
shaft diameter.

Sometimes the overall bearing size is restricted. However, a machine design should not impose space
restrictions unless absolutely necessary and for this reason early consideration of bearing requirementsis
desirable.

4.3 The Lubricant

The lubricant is often specified to suit the design requirements of an associated journal bearing or another
component. The designer should have available the temperature-viscosity characteristics of the lubricant.
Typical temperature-viscosity characteristics are shown in Sketch 6.1 and will serve as a guide where the
designer has afree choice of [ubricant.

ESDU Copyright material. For current status contact ESDU.

For the purposes of analysing the performance of the bearing (see Section 6) it is necessary to assume a
valuefor thetemperature of the lubricant availableto the pads, T; . Inflooded or oil-bath lubrication systems
(see Section 8.1) thisis not likely to be significantly different from the housing drain temperature, T,
the value of which would be controlled by adjustment of the lubricant flow rate through the housing.
Typically for ails, T; would be between 50 and 70°C. With directed lubrication systems (see Section 8.1)
T¢ may be assumed to be equal to the supply temperature, T; . .
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5. PRELIMINARY BEARING DESIGN

When designing abearing it is convenient to start with an approximate design arrived at by the use of broad
assumptions in order to:

() provide a sarting point for a more accurate iterative procedure (which rapidly converges) from
which the final bearing dimensions and performance may be calculated,

(i) seewhether alower thanideal margin of safety may haveto be accepted in order to obtain abearing
design which satisfies specified space limitations.

This section gives guidance on estimating the required dimensions of the bearing. The procedure to be
followed is shown in the flow chart of Table 11.1.

Thedesigner should always striveto design bearingsthat are not unnecessarily large since they are wasteful
of materials and energy. However, the bearing must be made large enough to provide sufficient total pad
area to support the running load safely (see Section 5.1.1). Sometimes the bearing size is dictated by the
necessity to provide sufficient land areato support the start-up load (see Section 5.1.2).

Particular design requirementsand constraints, such as spacerestrictions, may requirethat theinitial bearing
dimensions be revised. Points at which the designer may haveto revise the values are indicated in the flow
chart. Subsequent analysis of the performance of the preliminary bearing design (see Section 6) may
necessitate further modifications to the bearing dimensions.

51 Required Total Pad Area
The required total pad areawill be dictated by either running requirements or start-up requirements.
5.1.1 Running requirementsand mean pad pressure

The mean pad pressure, P, 1S an important parameter in the operation of athrust bearing. Itispossible
to operate thrust bearings up to very high mean pressures of about 7 MN/m? but very careful design isthen
required in order to ensure that an adequate lubricant film thickness is maintained between the pads and
the runner and to avoid high bearing temperatures. In practice the loads applied to the bearing are often not
known accurately and may increase throughout the life of the machine. Also the ability of the bearing to
accommodate the load safely can be degraded by, for example, wear of the pads. As a consequence it is
unusual for bearings to be designed for mean pad pressures exceeding about 3 M N/mZ. Inthe majority of
applications it is considered advisable to design initially for a mean pad pressure of typically 2 MN/m?.
Some applications, where low viscosity lubricants such as water are used, may require that the mean
pressure be considerably lower than this value.

ESDU Copyright material. For current status contact ESDU.

Having chosen the initial value of the mean pad pressure the total pad arearequired is equal to W/p, .-
Where the overall bearing size is restricted it may be necessary to reduce the total pad area so allowing a
more compact bearing to be designed. In such cases the desigh mean pad pressure would be increased.

512 Sart-up requirementsand land pressure

At start-up of the bearing the [ubricant film separating the pads and the runner has not developed. The load
on the bearing is, therefore, supported on the land of each pad. As a general guide avalue of 0.7 M N/m?
for the land pressure, p;, may be used for whitemetal faced pads to determine the allowable thrust under
start-up conditions. Bronze pads, however, have poor start-up characteristics and for this reason their use
is not recommended. When start-up requirements dictate the bearing design consideration should be given
to increasing the land length to 30 per cent. Where only infrequent stop/starts are anticipated higher land
pressures can be alowed at start-up. Still greater loads can be carried if hydrostatic jacking is used.
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Control over theland length when machining the padsis very difficult due to the small taper rise, 8, of the
pad surface. The length of the land should, ideally, be within the range 10 to 30 per cent of the pad length
inthecircumferential direction. The chartsand calculation methods giveninthisltem relateto aland length
of 20 per cent but the results are not greatly affected by moderate variations from this value.

Having chosen the value of the land pressure the total pad area required, assuming a 20 per cent land, is
100 W

X .
20 P
5.2 Preliminary Bearing Dimensions

5.21 Full complement bearings

Initially the designer should consider a full complement bearing. Full complement bearings have the
minimum practical overal sizefor arequired total pad areaand it is normal practice for the pads to occupy
no more than approximately 5/6 of the area enclosed between D and d. The minimum practical outside
diameter for the required total pad area may be found using Equation (5.1).

Total padarea = 2 x S(D? - d?). (5.1)

(e &)
A

In afull complement bearing the required number of pads, n, depends on the ratios D/d and b/L. It isusual

to design for square pads (see Section 6.1.2) in which case guidance on the required number of padsisas.
indicated in Sketch 5.1.
Ratios of D/d exceeding those covered by Sketch 5.1 are not normally to be recommended. Where Iargergl

D/d ratios have been calculated the designer is advised to increase the inside diameter of the bearing, d, .
and to recal culate the bearing geometry. 1

T,

20 N
16 \%«%\'\

ESDU Copyright material. For current status contact ESDU.

1

bearing with b/L

Required pad number, n, for full complement

1.0 1.2 1.4 1.6 1.8 2.0 2.2
Ratio D/d

Sketch 5.1 Required pad number
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5.2.2 Partial complement bearings

Where the specified inside diameter of the bearing, d, is comparatively large for the design load, only a
small D/d ratio would be required to accommodate the required total pad areain afull complement bearing
and a correspondingly large number of small pads would be called for. Such a bearing design might be
regarded as unduly complex and expensive and it is often advisable in such cases to employ a partial
complement of larger pads in a bearing with an increased overall diameter. The required square pad size
for a specified pad number is then given by Equation (5.2).

2 2 _ Regquired total pad area

bL = b™ = L" = - (5.2
The increased overall diameter may be found using Equation (5.3).
D = d+ 2b. (5.3)

6. PERFORMANCE ANALYSIS

This section gives guidance on analysing the performance of a proposed or existing design. Charts and
calculation methods are provided to allow the film thickness, the film power loss, the [ubricant flow rates,
and the pad maximum temperature to be determined.

The procedure to befollowed is shown in the flow chart of Table 11.2. The flow chart has alternative entry
points depending on whether the performance of a proposed design or an existing design isto be analysed.
When analysing the performance of a proposed design the designer should check that the predicted
performance is acceptable and satisfies the film thickness and temperature limit criteria described in
Section 7. Where the performance is inadequate the designer may have to modify the dimensions of the
bearing or, in extreme cases, revise the design requirements. Points at which this may be necessary are
indicated in the flow chart.

When designing a bearing, the first requirements to be met are that it should operate with an adequate
minimum film thickness and an acceptable maximum pad temperature. Once this has been achieved the
design may then be further refined to reduce the power loss, possibly by the use of directed lubrication (see
Section 8.1).

ESDU Copyright material. For current status contact ESDU.

For the purposes of design there is freedom to adjust the parameters of the bearing in order to obtain a
satisfactory performance. However, practical considerations limit the range of values available to the
designer. For example, the pads should have near square proportions and problems of machining the pads
may limit the practical values of B/h (see Section 6.1.2).

6.1 Initial Assumptionsfor Performance Analysis
6.1.1 Effectivefilm temperature and viscosity

To determine the performance of the bearing the effective viscosity of the lubricant in the film, 0, must
be known. However, the effective viscosity of the lubricant depends on its temperature which in turn
depends on the dimensions of the bearing and the operating conditions. It is, therefore, necessary to assume
initial values for the effective temperature, Te , and the effective viscosity, n o of the lubricant within the
film and then to refine these values using an iterative procedure.
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The effective temperature of the lubricant in the film, T, will aways be higher than the pad feed
temperature, T;. Typically, T, would be 10to 30K above T;.

In analysing the performance of the bearing the designer should have available the temperature-viscosity
characteristics of the lubricant. The effective dynamic viscosity of the lubricant, n, corresponding to the
assumed value of T, may then be determined. Sketch 6.1 shows the temperature-viscosity characteristics
of typical lubricants (1SO 3448).

10
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Sketch 6.1 Temperature-viscosity characteristics of mineral oils
6.1.2 Padriseand pad proportions

The parameter B/h is important for the satisfactory operation of the bearing. Small values of p/h
(B/h < 2.0) can give rise to high operating temperatures (see Section 6.2.4) and high power losses (see
Section 6.2.2) and should therefore be avoided. A value of B/h = 3.0 isusually considered optimal for the
operation of the bearing.

Thevalue of padrise, 3, corresponding to a B/h vaue of 3is3h. Where the film thicknessis of necessity
small, such asin small bearings or water lubricated bearings, the value of § correspondingto f/h = 3.0
can be so small as to present machining difficulties. In such applications the designer may have to specify
avaueof [ that can be effectively machined and design for a B/h value correspondingly greater than 3.0.

Itisrecommended that b/L ratios should bewithintherange 0.8to 1.2. The available pad areaisbest used
as approximately sguare pads. However, bearings with non-sguare pads (rectangular pads) do exist and the
designer may wish to investigate such designs.
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The performance analysis procedure for a proposed design described in this Item assumesinitial values of
B/h = 3andb/L = 1.Figureslto4alow investigation of the performance of bearingswith different
valuesof B/h (0to 19) and b/L (0.6to 1.5).

6.2 Per for mance Calculations

To proceed with the performance cal cul ationsthe mean pad pressure, p ., » should be cal cul ated according
to Equation (6.1).
W

Prean = HB—L (6.2)

6.2.1 Film thickness

Thevalue of the film thickness, h, isrequired in order that the safe operation of the bearing can be checked
(see Section 7.1) and so that the value of the pad rise, B, corresponding to an assumed value of B/h (see
Section 6.1.2) can be determined.

The film thickness depends on the dimensions of the pads, the pad rise, the surface speed of the runner, the
mean pad pressure and the effective viscosity of the lubricant in the film. In general, increasing the size of
the bearing for a specified duty increases the film thickness. However, larger bearings will have a greater
power loss than compact bearings (see Sections 6.2.2 and 8.2).

A typical variation of thefilm thicknesswith the pad risefor abearing lubricated with amineral oil isshown
in Sketch 6.2. A similar variation of film thickness with pad rise applies to bearings with alternative
[ubricants. Asshown, small valuesof 3, corresponding to values of the parameter 3/h lessthan about 1.0,
give rise to seriously reduced film thickness. Pad wear, which could be accelerated by the higher pad
temperatures that occur with small values of B/h (see Section 6.2.4), will reduce the pad rise and further
reduce the film thickness.
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Sketch 6.2 Typical variation of film thicknesswith pad rise
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From Figure 1 the vaue of the non-dimensional load per pad corresponding to f/h = 3.0 and
b/L = 1.0 is1.50. Hence, wherevaluesof B/h = 3.0 and b/L = 1.0 have been assumed as a starting
point for the performance analysis (see Section 6.1.2) the film thickness is given by Equation (6.2),

3
Nd_b M Nd_b
h = 05 |t m’ _ gg [lem? (6.2)
Wp pmean

Where the value of B/h is not known but the pad rise, B, is either known or has been specified (see
Section 6.1.2), Figure 1 may be used to find the value of the parameter 3/h and hence h. Figure 1 may also
be used to find B/h and h where b/L ratios other than unity have been used.

The calculated value of h should be compared with the minimum film thickness criterion (see Section 7.1).
Wherethecal culated value of hisinadequatethe bearing designwill havetobemodifiedin order toincrease
the film thickness. It is usually impractical to increase the viscosity of the lubricant (see Section 4.3) in
order to increase the film thickness. In the majority of applications the designer should decrease the mean
pad pressure in order to increase the film thickness.

6.2.2 Film power loss

The value of the film power loss is required in order to calculate the bearing temperaturesT (see
Section 6.2.4). The total power loss of the bearing arises from friction losses within the lubricant film and
churning losses. Guidance on the estimation of churning lossesis givenin Section 8.2. The film power loss
of anindividual pad depends on the dimensions of the pad, the pad rise, the dliding speed of the padsrelative
to therunner, themean pad pressure and the effectiveviscosity of thelubricantinthefilm. A typical variation
of the film power loss with the parameter §/h for a bearing lubricated with a minera oil is shown in
Sketch 6.3. As shown reducing B/h below about 1.0 givesriseto arapid increasein film power loss.

/

1
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Film power loss, H,, (arbitrary units)

0 5%10 15

Sketch 6.3 Typical variation of power losswith E

T Whereabearingdesignwith f/h = 3 and b/L = 1 isbeing analysed the bearing temperatures can be determined without first cal culating
the film power loss (see Table 11.2).
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Figure 2 may be used to find the film power loss for arange of values of B/h and b/L . The power lossis
expressed on aper pad basisand should, therefore, be multiplied by the number of pads, n, inorder to obtain
the total film power loss, H.

From Figure 2 the value of the non-dimensional film power loss per pad corresponding to B/h = 3 and
b/L = 1 is 20.4. Hence, where a bearing with f/h = 3.0 and b/L = 1.0 is being designed (see
Section 6.1.2) the film power loss per pad, Hp, isgiven by Equation (6.3),

- g4P
Hy = 9.1 Nd W, (6.3)

In some applications the power loss of the bearing can be critical. In general compact bearings have the
lowest power loss. However, compact bearings may mean that high valuesof p ..., and small hvaluesare
inevitable.

6.2.3 Lubricant flow rates

Thelubricant flow rates, Q, and Q,, arerequired in order to establish the heat bal ance' (see Section 6.2.4)
and, with directed lubrication (see Section 8.1) to estimate the lubrication requirements.

Figures 3 and 4 may be used to find the lubricant flow rates for arange of values of B/h and b/L .

From Figure 3thevalue of thenon-dimensional lubricant inlet flow rateper pad correspondingto f/h = 3
and b/L = 1 is1.38. From Figure 4 the value of the non-dimensional lubricant side |eakage flow rate
per pad correspondingto B/h = 3 and b/L = 1 is0.77. Hence, whereabearing with f/h = 3.0 and
b/L = 1.0 isbeing designed (see Section 6.1.2) the lubricant flow rates are given by Equations (6.4)
and (6.5),

Q; = 1.38BNd b (6.4)
and Qg = 0.778Ndb. (6.5)

6.24 Temperatureswithin bearing
The pad maximum temperature is required in order that the safe operation of the bearing can be checked

(see Section 7.2). The procedure to be followed when calculating bearing temperatures in an existing or
proposed design is shown in the flow chart of Table 11.3.
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The pad maximum temperature is influenced by the pad rise, 3. Sketch 6.4 shows a typical variation of
the pad maximum temperature, T, , with the parameter 3/h. As shown, reducing 3/h below about 2.0
givesriseto arapid increase in pad temperature.

T Where abearing design with /h = 3 and b/L = 1 isbeing analysed the heat balance can be established without first calculating the
Iubricant flow rates (see Table 11.2).
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