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ABSTRACT

Hydrostatic bearings of a large vertical
pump using sodium as the lubricant were criti-
cally examined to determine their ability to
withstand seismic loads. Initial linear
dynamics analyses predicted journal displace-
ments to exceed bearing clearance by a ratio
of 3:1. Equivalent time-history excitations
were then developed from the response spectra
to determine the number, magnitude, and dura-
tion of the bearing impact loads. Predicted
loads were further reduced by 50% by modeling
non-linear bearing characteristics normally
present but not generally included in conven-
tional linear analyses. Results are presented
of the comprehensive design evaluation per-
formed, based on these non-linear predictions,
that assess stress, wear, and fatigue to
demonstrate hydrostatic bearing integrity.

INTRODUCTION

The Clinch River Breeder Reactor Plant
(CRBRP) is a loop type design with a Primary
Heat Transport System (PHTS) and an Inter-
mediate Heat Transport System (IHTS). Both
primary and intermediate loops use liquid
sodium as the heat transfer fluid and operate
at 1000°F (538°C), and 650cF (343°C),
respectively. Circulation of the liquid
sodium is achieved by large variable speed
vertical pumps, (See Figure 1), (weight
193,000 lbs (853,507 N), supporting 89,100 lb
(396,337 N) motors which drive the 23,845 lb
(106,068 N) rotating assembly at a maximum
speed of 1116 RPM (18.6 Hz). The rotating
assemblies consist of a double suction
impeller, hollow pump shaft, and motor rotor
supported by two hydrodynamic tilting pad
bearings in the motor and by two hydrostatic
sodium bearings straddling the impeller. A
bumper bea*.!ng is located within the seal

assembly to protect the shaft seal oil cir-
culation pump during seismic deflections.

To achieve the greatest efficiency in
design, analysis, and testing, as well as
component interchangeability, the PHTS pump
and the IHTS pump designs are the same with
only minor differences to accommodate the more
severe elevated temperature and radiation
conditions experienced in the PHTS loop. The
principal structural differences between the
two units are the foundation support char-
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Figure 1. CRBRP Primary Plant Pump
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acteristics. The PHTS unit is mounted within
the containment on a rigid foundation. The
IHTS pump is located outside the containment
on a more flexible support. Both units were
designed in conjunction with their foundation
parameters to place the first structural
resonance of the combined pump-foundation
systems above the maximum operating speed
(1).' Because of the different supports and
locations, the pumps are subjected to differ-
ing seismic accelerations. The response
spectrum for the IHTS pump location peaks at
2.2 g and 5.5 g for the operating basis
earthquake (OBE) and the safe shutdown
earthquake, (SSE), respectively. Similar
accelerations for the PHTS location are
1.9 g and 2.8 g.

Since the combined pump-motor masses
are comparable to the dynamic mass of the
supporting foundations, the design for
seismic response must optimize the pump-
motor-foundation as a combined system (2-4) .
This was done at an early stage in the
design process (5). Subsequently, final
foundation characteristics were developed
which caused only minor changes in the PHTS
system response but which resulted in in-
creases of up to 43% in the impact loads on
the IHTS pump rotor and rotor supports.

This paper presents the additional
analyses performed to determine the magnitude
and acceptability of these IHTS impact
loads on the hydrostatic bearings.

SEISMIC ANALYSIS

To determine loads caused by seismic
accelerations, the pump was modeled using a
Nastran (6) finite element, nested beam
model. Regions of the unit which did not
exhibit axial symmetry were modeled separa-
tely using three dimensional plate elements
to determine equivalent beam properties.
These were then input to the model directly
as stiffness matrices. The modal also
included the foundation support structure
consistent with established analysis cri-
teria.

Seismic evaluation consisted, initially,
of a response spectrum analysis which pre-
dicted loss of the 0.020 in. (0.051 cm) radial
bearing clearances at 100% (18.6 cps) speed.
Since hydrostatic bearing stiffness is pro-
portional to rotational speed, these results
also predicted contact at lower speeds as
well. To remove the conservatism inherent
in the response spectrum analysis, synthetic
time-histories of the OBE and SSE events
were developed and linear time-history
analyses performed. Comparison of the results
of these two analysis methods is shown in
Table 1.

From the time-history results, loss of
clearance in the hydrostatic bearings was
predicted to occur at operating speeds less
than 780 RPM (13.0 Hz).

'Numbers in parenthesis indicate references.

Table 1
SSE Searing Loads

Linear Seismic Analysis @ 18.6 Hz

Bearing Location

Seal Bumper,
Upper Sodium,
Lower Sodium,

lbs
lbs
lbs

(N)
(N)
(N)

Response

Impact Load

Spectra

Impact
15,837 (70,446)
15,306 (68,084)

Time-History

Impact
13,941
6,245

(62
(27

,013)
,780)

To determine the magnitude of the impact
loads, a non-linear time-history analysis was
performed. The analysis method employed
treated the non-linear effects as corrections
to the incremental load vectors without
changing the stiffness matrix (5, 7).
Initially, only the constant bearing stiff-
nesses were replaced by bilinear springs
representing the fluid film stiffness and,
upon contact, the flexibility resulting from
bearing distortion and structural deflection
(8). However, due to the low 2% structural
damping and the vibratory nature of the SSE
motion, the rotor motion is strongly governed
by the bearing damping. This effect is
illustrated in Table 2.

Table 2
Influence of Bearing Damping

(PHTS Pump 9 18.6 Hz)

Impact Force

Location Damping No Damping

Upper Motor, lbs (N)
Lower Motor, lbs (N)
Seal Bumper, lbs (N)
Upper Sodium, lbs (N)
Lower Sodium, lbs (N)

0 5,520 (24,554)
2,640 (11,743) 7,200 (32,027)

0 6,600 (29,358)
0 10,200 (45,372)
0 0 0

Thus, non-linear bearing damping relations
were developed (8) that described the squeeze
film damping and the impact energy losses
as well as the viscous damping. Schematics
of these non-linear bearing properties are
shown in Figure 2 and Table 3 presents
quantitative values.

Table 3
Non-Linear Bearing Parameters

(IHTS Pump @ 7.44 Hz)

Stiffness, lb/in(N/cm)
Fluid 0.12(10)6

Structure 5.88(10)6

Damping, lb/in/sec(N/cm/sec)
Viscous 330
Squeeze Film >360
Impact 407

[2.1(10)sl
[1.03(10)']

(578)
(>630)
(713)



0 . 5 1.0 0 0.5
JOURNAL ECCENTRICITY

1.0

FIGUBS 2. SCHEMATIC OF .VON-LINEAR
BEARING PROPERTIES

When these non-linear effects are incor-
porated into the analysis for the sodium
bearings, a redistribution of forces occurs
along the rotor and the impact loads are
greatly reduced. This result can be seen
in Figure 3 which shows the effectiveness of
squeeze film damping to limit journal excur-
sions and reduce the number and magnitude
of impacts.

Figure 3a. Journal Displacement
Viscous Damper Only

Q

Figure 3b. Journal Displacement
Squeeze Film Damper Added

Since the hydrostatic bearing fluid
stiffness varies with pump speed, repeated
solutions at different speeds were obtained
to determine peak bearing loads. This
condition was found to occur at the minimum
motor speed of 445 RPM (7.44 Hz). Table 4
presents the magnitude of the IHTS Pump
bearing design loads predicted to occur for
the thirty seconds SSE event at this operating
speed.

Table 4

Maximum Bearing Impact Loads (SSE)

Bearing
Location

Bearing
Force

No. No. Duration
Impacts Cycles (Sec.)

Upper Motor 15,888(70,673) 200 100

Lower Motor 9,788(43,539) 200 100

Seal Bumper 20,100(89,409) 144 72 .0024

Upper Sodium 32,400(144,122) 202 101 .0037

Lower Sodium 7,800(34,696) 30 15

HYDROSTATIC BEARING ANALYSIS

The deep pocket hydrostatic bearings
(see Figure 4) are machined from cast SA-351
Grade CF8M material. The bearings have four
pads separated by lands running axially
between two integral, circumferential end
lands. Dump grooves are machined into these
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FIGURE 4. HYDROSTATIC BEARING SCHEMATIC



lands to remove bearing fluid. Each pad
contains two pockets also separated by
axial lands. All axial bearing lands are
relieved 0.003 in. (0.008 cm) from the end
land dimensions, A third circumferential
land, which bridges the pockets, is located
midway between the end lands. All circum-
ferential bearing lands are hardsurfaced with
0.040 in (0.012 cm) thick Colmonoy, Number 5.
The journal is hardsurfaced with Colmonoy
Number 6. Nominal bearing diameter is
16.00 in. (40.64 cm), with a radial operating
clearance of 0.020 - 0.025 in. (0.0508 -
0.0635 cm).

During normal operation, the journal
centerlines are off-set from the bearing
centerlines by 0.004 in (0.0101 cm) and
0.0025 in (0.006 cm) respectively, for the
upper and lower bearings due to shaft mis-
alignment and impeller radial hydraulic
forces (1, 5). Under seismic excitation,
the journals will be displaced from these
positions and bounce around within the
bearing as shown in Figure 3. For those
displacements in which the journal and
bearing impact, two conditions occur simul-
taneously. The first is the contact stress
and deformation caused by the impact load
which produces metal-to-metal contact along
ten percent of the bearing circumference.
The second effect is local heating of the
bearing and journal material due to friction
created by the tangential impact forces.

Contact Stress
Under impact loadings, the journal

makes a metal-to-metal line contact with
the bearing. Contact width (b) and compres-
sive contact stress (<j ) can be calculated
using the usual Hertz equations (9-11);

temperature of 650°F (34 3°C), yields

b = 1.59(PFDCE/t)'

'_,.. = 0-?98 [P/(I

(1)

(2)

where

p =

t =

F =

CE "

Bearing load (lbs)

land width (in)

DiDs/fD, -

E. T E;

• Di);

and

D1/D2 = Bearing, journal diameters;

vi,v2 = Bearing, journal poisson
ratio; and

Ei,E2 = Bearing, journal modulus of
elasticity.

For the upper hydrostatic bearing,
which is subject to the greatest load and
thus represents the limiting case, substitu-
tion of design dimensions and material prop-
erties evaluated at the steady-state operating

= 4.68 in (11.89 cm) and= 5'026 psi t3-465 (1°7°max
under the conservative assumption that only
one of the three circumferential lands carry
the load.

Evaluation against the ASME code (14)
maximum allowable stress of 15,400 psi
[1.062 (10)9 Pa] for a direct bearing load
indicates a significant design margin.

Bearing Distortion
To determine how much the journal and

bearing structures deform out-of-round during
seismic impact, it is assumed that the
metal-to-metal contact is a point load re-
acted by a distributed shear load. The
change in diameter is then given by (9) to be

6 = 8.54 (10)"3PD3/EI.

Since the moment of inertia of the
bearing structure is an order of magnitude
greater than the combined journal and shaft
value, any significant ovalization will occur
only to the journal. For the present
geometry, the increase in journal diameter at
a location 90° from the line of contact is
calculated to be less than 0.001 in.
(.0025 cm). A decrease in bearing operating
clearance cf this magnitude is insignificant.

Thermal Stress
Friction heating caused by the tangen-

tial impact forces produces differential
thermal expansion and resultant thermal
stress in the contact zone. To bound the
problem, two conditions are examined; mul-
tiple impacts occurring at a single cir-
cumferential bearing location and a random
impact case. In both cases, the unsteady
heat transfer may be shown for the bearing
geometry and contact duration to be governed
by the one-dimensional heat conduction
equation;

3_T
3t (3)

where T = T(x, t) is the temperature (GF)
[°C] at depth x (ft) [cm] at time t (sec), and
a is the thermal diffusivity (ftVsec) [cm2/
sec] of the bearing material.

Boundary conditions are given by

T(x, o) = T ;
T(x, t) = T , x ->•
-K ?+ h (T-650)

CTX

Q, x = 0;

where TQ is the initial temperature of the
bearing land and journal and h is the con-
vective heat transfer coefficient of the
sodium lubricant.

The solution to the set of equations for
a single impact is given by (13) to be

%_n e r f c n, (4)



where

Q = htat flux, BTU/sec/ft* (w/cm2)

ct = thermal diffisivity, ftVsec
(cm2/sec)

K = thermal conductivity, BTU/sec/°F/ft
(w/°C/cm)

t = duration of heat input (sec),

n = x/(2 \jat ) where x = distance
below the contact surface, and

erfc = complementary error function.

The temperature rise for multiple impacts
is calculated by expressing Q as a super-
position of single contacts separated by
periods with no heat generation. For the
present case, where multiple contacts occur
with successively decreasing loads separated
by times on the order of twice to three times
the contact duration, it can be shown that
the surface temperature decays to nearly the
initial value between impacts.

Since the heat flux, Q, is assumed to be
constant, the impulse load that occurs during
impact must be averaged over the contact
duration. Assuming a sinusoidal variation
with time, average impact load is;

P = - S sin TT (£) dt = | P (5)
o

and the heat flux into the bearing is

1
Q — -JT

where

uP v •
TTTS)-

1
BT (6)

Q = heat generated by friction force;

u - coefficient of friction; and

v = velocity of journal surface
(ft/sec).

Substitution of these expressions in to
the heat rise equation yields:

3.85(10)" P V Vat"
Kbi + T (7)

Solving eq. (7) now becomes an iterative
procedure since the contact width, b, is a
function of the modulus, E, which is, in
turn, temperature dependent. Thus, eq. (7)
must be solved such that the temperature
assumed for the modulus is the same as the
final temperature of the surface. This was
done using the following least squares
expression for the modulus of elasticity of
316 stainless steel;

28.337(10)6-2.882(10)3T-3.69T2 +
7.7092(10)"" T3

(8)

The details of the impact loading are
obtained from the output of the nonlinear
time-history. These include tabulation of
deflection versus time and acceleration
versus time. From the former plot (see
Figure 3), the total number of impacts can be
determined as can the duration and deflection
of each impact. From the acceleration data,
the impact velocity, equivalent mass, and
journal acceleration may be calculated. For
the hydrostatic bearings these parameters are
determined for the impact with the largest
displacement beyond the clearance dimensions.
They thus correspond to the maximum impact
load in the upper bearing. Further conserva-
tism is introduced in the analysis by assum-
ing all impacts have this maximum magnitude
and that sliding (friction) contact occurs
over the full Hertz contact width when in
reality it occurs for only a portion of this
distance.

The coefficient of sliding friction, u,
for stainless steel in sodium is taken from
experimental data (IS) which presents varia-
tion of this parameter as a function of total
contact time. Since the time for impact is
on the order of a few milliseconds, the
smaller, initial value of 0.37 was chosen.

The final surface temperature after
contact was found to be 1175°F (635°C), or a
temperature rise due to friction of 525°F
(274°C). Figure 5 shows the temperature rise
during impact in the direction normal to the
surface. It is clear that essentially no
effect is seen at material depths greater
than 0.001 in. (0.0025 cm). Thus the heating
effect is purely a surface phenomenon.
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Figure 5. Normalized Land Temperature
Distribution-Single lr".-c-t Case
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