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Introduction

The step journal or pressure dam bearing has been one of the
American rotating equipment industry’s standard bearings for
many years. Some examples include turbine manufacturers who
equip many of their machines with step bearings prior to sale.
Pressure dam bearings are extremely popular in the petro-clem-
ical industry where a large percentage of the industry’s turbo-
machinery operates on these bearings.

Other applications include high speed gear boxes where the
gear loading may vary from several thousand to only a few
hundred pounds. This large variance in load is often accompanied
by a change in load direction. An example is the gear box be-
tween a motor/generator and a drive turbine on a compressor
train. In this type of application, step bearings are used to insure
stable operation when the gear loading is small.

Some of the relevant references contained in the literature
concerning pressure dam bearing design and application are
listed here [1-10]. The relative importance of inertia effects at
the step and turbulence in the pocket is dicussed in references
[5, 6]. Step design for maximum load capacity is considered in
references [1-3, 6]. Optimum step bearing designs for favorable
rotor-bearing stability are suggested in references [7-9]. Refer-
ence [8] also contains the dynamic stiffness and damping proper-
ties for different step bearing geometries.

Experimental results for different step configurations may be
found in references [4, 5, 9, 10]. A theoztical-experimental com-
parison of the instability onset speed for a three mass flexible
rotor is presented in reference [8]. The rotor is supported by
three different sets of bearings: two axial groove bearings, a poor
step bearing design and a near optimum step bearing design.

This work is an extension of the theoretical-experimental com-
parison of [8]. Five different step bearing geometries and a two
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The off optimum destgns increase the instability speed by 18, 30 and 35 percent. The
theoretical stability analysis predicts the general trends in the expertmental data.
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Fig. 1 Instrumentation schematic

axial groove bearing are considered. The pressure dam bearings
employed have different step heights and locations. Optimum
and off-optimum designs are used. Instability onset speeds are
determined both theoretically and experimentally and a com-
parison is made to determine the accuracy of the theoretical
analysis.

Rotor and Bearing Geometries

A three mass flexible rotor mounted symmetrically between
two bearing supports was used to obtain the experimental results.

Discussion on this paper will be accepted at ASME Headguarters until October 10, 1979




K'=h,/h,
hy=c

Fig. 2 Step bearing schematic, end view

The rotor’s mass is lumped in the center as shown in Fig. 1. The
total rotor weight is 132.6 N (29.8 lbs), the bearing span is 53.34
cm (21.0in) and the shaft diameter (cold) at the bearing supports
is 2.540 cm (1.000 in). The rotor is driven by a one horsepower
DC motor. The oil supply temperature is variable, but was
maintained at 54°C during the tests.

A noncontacting probe mounted near the shaft center was used
to monitor the horizontal shaft vibration (Fig. 1). Fig. 1 also
includes a schematic of the instrumentation. Additional details
of the experimental procedure may be found in references (9, 10].

All six pairs of bearings considered have two axial oil supply
grooves located at the horizontal split (Fig. 2). These grooves are
20 degrees in arc length making the arc length of both top and
bottom pads 160 degrees. The step and two axial groove bearings
do not contain a circumferential relief groove in the bottom pad.
The two axial groove bearings are identical to the pressure dam
design with k1 = hy in Fig. 2. The length to diameter ratio for
each bearing is 1.0 with D = 2.54 cm.

Ideally, each bearing was to have a 5.08 X 1073 cm (2.0 mil)
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Fig. 3 Step bearing schematic, top and bottom pads

radial clearance. However, due to difficulties in manufacturing,
the radial clearance ranged from 4.57 X 10~% em (1.8 to 2.5 mils).
The clearance was measured cold with a dial micrometer. Several
readings were taken and the average value used.

The important geometric parameters in step bearing design are
the film thickness ratio, K', and the dam location, 8, [7]. The
ratio of film thicknesses is defined as h;/h, when the shaft is
centered in the bearing (Fig. 2). Thus

K' = hi/he
K ' = hl/c
where hi = centered clearance inside pocket

The dam location angle, 6,, is measured with rotation from the

Nomenclature
¢, ¢, ¢ = bearing radial clearance, number one
bearing, number two bearing (L)
Cizy Czy, Cyzy Cyy = bearing damping coefficients (FTL™1)
Cez, Coy, Cyz, Cyy = dimensionless damping coefficients, C..
= Csz (ij/WT)
D = shaft diameter (L)
ey = bearing eccentricity (L)
g = gravitational constant (LT-2)
hy, he = film thickness before, after step, centered
bearing (hy = ¢) (L)
K., K.y, Ky, K,y = bearing stiffness coefficients (FL-1)
K., K2y, Ky2, Ky, = dimensionless stiffness coefficients, K.
= Kzz (¢/Wr)
hiy Mk . .
K' = P film thickness ratio
2
L = bearing axial length (L)
L, = rotor bearing span [L]
La, L, = step bearing axial dam length, relief

track axial length (L)

La, L. = La/L, Li/L, step bearing axial dam length
ratio, relief track axial length ratio
N, N, = shaft rotational speed (rpm), (rps)
Oy, O; = bearing, journal center
R = radius of shaft (journal) (L)
S = #N.LD (I_i)i Sommerfeld number
Wr c
Wr = bearing external load (F)
W, = rotor total weight (F)
X, Y = coordinate system for rotating journal in
bearing housing
X.: = horizontal probe location
€ = ep/c, bearing eccentricity ratio
0, = location of step measured with rotation
from positive X-axis (degrees)
u = average fluid viscosity (FTL™2)
X = pad arc length (degrees)
w; = shaft rotational speed (7-1)
w., = w;+/c/g, threshold speed, horizontal rotor
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stability are around XK' = 3.0 and 8, = 125° to 150° [7]. Other
parameters are the dam axial length ratio Ly = La/L (Fig. 3)
and the relief groove axial length ratio L, = L,/L. For all cases,
L, 0.0 since the bottom pad does not have a circumferential
relief groove.

A summary of these parameters are listed in Table 1 for all six
sets of bearings. Note that step bearing sets 1 and 2 represent
the near optimum design [8] with film thickness ratios between
2.1 and 2.8. Sets 3 and 5 are off-optimum designs with larger
K" values between 6.6 and 11.7. The off-optimum angular loca-
tion is represented by set 4 with 8, = 90°. The dual numbers
in the tables refer to the left (motor) and right ends of the test
rotor respectively.

Experimental Results

To obtain the experimental instability onset speed, the rotor is
accelerated until a large subsynchronous vibration component is
observed. Speed-amplitude plots are shown here for the six
different bearing sets. For three cases, frequency spectrums are
also included.

Fig. 4 illustrates the total rotor response with two axial groove
bearings. Fig. 5 is a frequency spectrum for the same case. The
subsynchronous component first appears at about N = 6,600
rpm.

The total response for a near optimum step bearing design (set.
number 1) is shown in Fig. 6 with a corresponding frequency
spectrum in Fig. 7. This design features a step at 8, = 145° and
film thickness ratios of 2.1 and 2.4. The rotor was run up to
maximum speed without a large subsynchronous component ap-
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Fig. 5 Frequency spectrum, two axial groove bearings

pearing. However, two small peaks appear in Fig. 6 at around
10,500 rpm and 12,000 rpm. Fig. 7 shows a slight nonsynchronous
“bump’’ at 12,000 rpm (frequency around 3300 rpm). It appears
that the rotor may be on the instability threshold at 12,000 rpm.

Fig. 8 is a speed-amplitude plot for another, nearly identical
optimum design (set number 2) with 8, 140° and K' = 2.8,
2.6. For this case, the onset of instability is around N = 9,300
rpm.

An off optimum design (set number 3) is shown in Fig. 9 (speed-
amplitude) and 10 (frequency spectrum). This design retains the
near optimum 6, = 150° but the film thickness ratios are larger
with K' = 6.6 and 8.6. A large subsynchronous vibration com-
ponent appears at approximately N = 8,900 rpm.

Pressure dam set number 4 has near optimum film thickness
ratios of 3.3 and 2.1. However, the step is located at 6, = 90°.
Fig. 11 shows that the instability occurs at around N = 8,600
rpm.

The final case is another off optimum design with 6, 140°
and K' = 11.7 and 8.3. It should also be noted that the dam
axial length ratio is Ls = 0.5 while the other step bearing designs
have a dam length ratio of 0.75 (Table 1). Fig. 12 indicates the
onset of instability occurs at N = 7,800 rpm.

Table 2 summarizes the experimental results. The near opti-
mum designs (sets 1 and 2) increase the instability onset speed
by 109 and 41 percent respectively over the two axial groove
bearings. The off optimum designs (sets 3, 4 and 5) increase the
instability speed by 35, 30 and 18 percent respectively.
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Fig. 7 Frequency spectrum, step bearing set number 1, near opti-
mum designs

Comparing step bearing set number 3 to number 5, increasing
the film thickness ratios from 6.6 and 8.6 to 11.7 and 8.3 decreases
the instability speed by 12 percent. This trend is somewhat
tainted since the dam axial length ratio is smaller for set 5 com-
pared to set 3. Also, the step locations differ by 10°.

Theoretical Results

To obtain the theoretical instability onset speeds, the stiffness
and damping properties of the bearings must be determined. The
dynamic properties for all six sets of bearings were calculated
using a finite length step bearing computer program that solves

Yeynolds equation using finite elements [11]. The same program
generated the step bearing characteristic curves in reference [8].
The speed dependent characteristics are used as input data to a
stability program that employs a transfer matrix approach similar
to the method presented in reference [12].

The rotor model used in the stability computer program is
given in Table 3. The dynamic properties of a sample bearing
(set number 1) are summarized as a function of rotor speed in
Tables 4 (stiffness properties) and 5 (damping properties).

Table 6 compares the Sommerfeld number, eccentricity ratio
and rigid rotor stability parameter, w, [7] for all six bearing sets
at 8000 rpm. The Sommerfeld number for all bearings is greater

4

analysis. The experimental results are also indicated along with
the percent error in the theoretical predictions. The error is under
10 percent for all cases except bearing sets 1 and 2. Set number 1
has an error greater than 19.6 percent. Set number 2 over esti-
mates the onset speed by 23.7 percent. All other cases theoreti-
cally under predict the instability speed.

Discussion of Results

The theoretical stability analysis predicts the general trends
in the experimental data. All step gearing designs increase the
onset speed over the two axial groove case. Comparing gll step
bearing cases, the near-optimum designs have the highest onset
speeds and the off-optimum designs the lowest.

The analysis for step bearing set number 1 shows an error
greater than 19.6 percent. The theoretical onset speed is 11,100
rpm. However, set number 1 shows two small peaks around
10,500 and 12,000 rpm (Fig. 6) and a very small 3300 CPM com-
ponent at about 12,000 rpm (Fig. 7).

Set number 2 over estimates the onset speed by 23.7 percent.
Closer examination of step bearing set 2 shows that the pockets
on both bearings are not of uniform depth. This is not the case
for the other step bearing sets. Near the step, the pocket depth
for set 2 is 11.2 X 1073 (4.4 mils) and 10.4 X 1073 ¢m (4.1 mils).
This results in the film thickness ratios indicated in the tables
and used in the analysis (K' = 2.8, 2.6). Upstream of the step,
the pocket depth decreases to around 2.5 X 10~% cm (1.0 mils)
for both bearings.

Transactions of the ASME
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The side rails are known to be important in determining the
stability characteristies provided by step bearings [4]. If the
side rails are not deep enough (ideally, as deep as the step), the
pressure build-up inside the pocket is diminshed and the effect
of the step is reduced. The approximate this effect theoretically,
the analysis was repeated with a film thickness ratio of 1.5 for

Journal of Mechanical Design

Table 2 Summary of experimental instability onset speeds for the
six bearing cases

see e Type © % | onser Speet (Re¥)
A Two Axial Groove 1.0 - 6,600
1 Step 2.1,2.4 145° >13,800
2 Step 2.8,2.6 140° 9,300
3* Step 6.6,8.6% 150° 8,900
4% Step 3.3,2.1 90°* 8,600
5% Step 11.7,8.3*% 140° 7,800

* Off-optimum

both bearings. The predicted onset speed is reduced to 8,200 rpm.

The biggest problem with the analysis is that the bearings are
of small dimensions. Requested tolerances on the clearance,
dam height, step location and pocket depth were difficult to hold.
Measurement of these quantities was also a problem. The small
size also produced a Reynolds number based on a radial clearance
of 5.08 X 1073 (2.0 mils) of 8.94 at 8000 rpm. Thus, the load
produced by the step is predominantly due to viscous effects and
not turbulence in the pocket.

Conclusions

The near optimum pressure dam bearing designs increase the

5
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Table 3 Rotor model used in the stability computer program

Outside Diameter
External***
si:;:“ i::;ﬁ“ Stiffness Weight** Weight
in cm in cm in cm 1bs N
1 3.20 8.13 1.00 2.54
2% 1.00 2.54 1.00 2.54
3 2.30 5.84 1.00 2.54
4 1.50 3.81 1.00 2.54
5 1.50 3.81 1.00 2.54
6 2.25 5.72 1.00 2.54
7 0.52 1.32 1.00 2.54
8 0.31 0.79 1.00 2.54
9 1.00 2.54 6.00 15.24 1.00 2.54 3.95 17.57
10 0.36 0.91 1.00 2.54 3.95 17.57
11 1.00 2.54 6.00 15.24 1.00 2.54 3.95 17.57
12 0.36 0.91 1.00 2.54 3.95 17.57
13 1.00 2.54 6.00 15.24 1.00 2.54 3.95 17.57
14 0.45 1.14 1.00 2.54 3.95 17.57
15 2.25 5.72 1.00 2.54
16 1.50 3.81 1.00 2.54
17 1.50 3.81 1.00 2.54
18 1.75 4.44 1.00 2.54
19 0.25 0.64 1.63 4.14
20 0.30 0.76 1.00 2.54
21% 1.00 2.54 1.00 2.54
22 0.20 0.51 1.00 2.54
23 0.45 1.14 1.63 4.14
24 0.00 0.00 1.63 4.14

* Bearing locations
*%* Blanks in outside weight diameter column indicate same values as stiffness diameter
**%* Blanks in external weight column indicate zero

Transactions of the ASME



Table 4 Stiffness properties - step bearing set number 1

K x 107" K x 10" K x 10 ° K x 107"
XX X yx vy
Speed RPM T [ 1 0
1bs/in : N/cm lbs/in | N/cm lbs/in | N/cm ibs/in N/cm
o | 8,000 6.82 | 11.94 1.64 ; 2.87 —2.43 1 426 6.68 | 11.70
o
§ [10.000 8.46 : 14.81 1.96 | 3.43 -2.97 : -5.20 8.32 | 14.57
2
~ }12,000 1011 | 17.70 2.29 | 401 -3.57 L -6.25 9.96 1 17.44
|
g 14,000 11.77 | 20.61 261 | 457 -4.17 | -7.30 .61 20.33
g i
% | 16,000 13.46 ' 23054 2,94 1 5.5 .77 1 835 13.26 | 23.22
| !
| | | |
w | 8,000 526 | 9.18 1.00 | 175 -Lse o -2.73 S.44 9,53
5 i
% 110,000 6.46 | 1131 L1 2.03 -1.95 | -3.41 6.74 11.80
g ;
2
o [12,000 7.69 | 13.47 .32 2.3 2,33 | -4.08 8.04 14.08
|
8 | 14,000 8.93 | 15.64 1.47 4 2,57 -2.71 475 9.36 16.39
=1 i
g i
Z | 16,000 10.17 [ 1781 1.63 | 2.85 -3.10  ,  -5.43 10.67 |, 18.69
‘ 1
Table 5 Damping properties - step bearing set number 1
c [ c.=¢C c
XX xy yx vy
Speed RPM 1b-s/in ! N-s/cm | 1b-s/in ! N-s/cm lb—s/inI N-s/cm
L 1 1
1
%0 8,000 125 | 219 -59 | -103 443 ) 776
e}
g 10,000 126 | 217 ~58 | -102 442 | 774
m
—- 12,000 123 l 215 -57 i -100 441 | 772
1S}
é’ 14,000 122 | 214 -57 | -100 441 | 772
3
= 16,000 122 1V 214 -57 | -100 441 ) 772
1 | |
| ] I
s 8,000 86 | 151 -47 | - 82 291 | 510
et
g 10,000 85 | 149 -46 | - 81 287 | 502
m
o~ 12,000 84 | 147 -46 ] - 81 285 | 499
-
fé 14,000 83 | 145 45 | - 79 284 | 497
=}
= 16,000 83 | 145 45 | - 179 283 | 496
L. ) i

Table 6 Comparison of Sommerfeld number, eccentricity ratio and Table 7 Results of theoretical stability analysis - real part of eigen-

rigid rotor stability parameter for the six bearing sets at 8000 rpm value as a function of speed for step bearing number 1
N = 8000 RPM
Speed Real Root
Bearing | Type K” 8 S € @ (RPM) (sec ')
Set No.
Two Axialf

A Groove 1.0 - 5.3, 4.3 .03, .04 2.1, 2.1 8,000 -9.18

1 Step 2.1, 2.4 | 145°| 3.5, 2.7 [.29, .29 [ 7.5, 7.0 10,000 -2.15

2 step | 2.8, 2.6 | 140°| 2.7, 2.7 | .28, .28 [ 6.6, 6.6 11,100%* 0.00%*

ki Step 6.6, 8.6%| 150°| 3.0, 2.7 }.21, .16 | 4.6, 3.6 12,000 +1.14

2
4% Step 3.3, 2.1 [ 90% 3.0, 3.0 |.22, .21 | 4.6, 4.8 14,000 +2.52
16,000
5% Step  (11.7, 8.3%[ 140°| 3.8, 2.9 |.09, .13 | 3.0, 3.4 ’ +3.10
* Off optimum * Interpolated instabilityv onset speed
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Table 8 Summary of theoretical instabilitly onset speeds for the six
bearing designs

- 01 S
Bear ing Type " o, Instability Onset Speed (RPM) Percent
Set No. Theoretical Experimental Error
Two Axial
A Groove 1.0 - 6,000 6,600 9.1%
1 Step 2.1, 2.4 145 11,100 >13,800 >19.6%
2 Step 2.8, 2.6 140° 11,500 9,300 -23.7%
3% Step 6.6, B.6% 150° 8,850 8,900 0.6%
4x Step 3.3, 2.1 90°* 8,100 8,600 5.8%
5% Step 11.7, 8.3% [ 140° 7,800 7,800 0.0%

* Off optimum

instability onset speed of the three mass rotor by around 109
and 41 percent compared to the two axial groove bearings. In-
creasing the film thickness ratio from the near optimum cases,
decreases the onset speed. Decreasing the step location angle
to 90° from the near optimum locations also decreases the onset
speed.

The theoretical stability analysis predicts the general trends in
the experimental data. All step bearing designs increase the onset
speed over the two axial groove bearings. The near-optimum
designs have the highest onset speeds and the off-optimum de-
signs the lowest.

Side rail construction is important in designing step bearings
for optimum stability. Care should be taken to insure uniform
pocket depth.
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