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ABSTRACT

This report documents the results of recent tests sponsored by the Nuclear Regulatory Commission
(NRC) and performed by the Idaho National Engineering and Environmental Laboratory (INEEL).  These
tests address the effectiveness of the lubricant used on the threaded portion of the valve stem, where the
stem nut turns on the stem.  Recent testing indicates that an elevated temperature environment can lead to
significant increases in the friction coefficient at the stem/stem-nut interface.  Most valve actuator
qualification tests are performed at room temperature.  Similarly, in-service tests are run at ambient plant
temperatures, usually 70 to 100°F.  Since design conditions conditions can lead to valve operating
temperatures in the 200 to 300°F range, it is important to know whether a temperature-induced increase in
friction at the stem/stem-nut interface will prevent the required operation of critical valves.  Lubricant
aging is another phenomenon that might have deleterious effects on the thrust output of a valve actuator.
Laboratory experience and field experience both indicate that after long periods in elevated temperature
environments, the lubricants may lose their lubrication qualities.

The scope of the current test program includes testing of five different lubricants on four different
valve stems.  Pending completion of the testing, results are provided in this interim report for two of the
valve stems.  The test series included collection of baseline data at room temperature, single step
temperature tests where the temperature of the test setup was elevated directly to 250°F, and step testing
where the temperature was elevated in steps to 130, 190, and 250°F, then returned to 70°F.  All greases
tested showed evidence of physical change after elevated temperature tests.  Except for one particular
lubricant, all of the greases tested showed increased coefficients of friction at elevated temperatures.
Numerous other preliminary conclusions are presented in the report.  Recommendations for future
research in the area of aged valve stem lubricant performance at elevated temperatures are also presented.
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Performance of MOV Stem Lubricants at Elevated
Temperature — Interim Report

1. INTRODUCTION

During the past several years, the Nuclear Regulatory Commission (NRC) has supported research
addressing the performance of motor-operated valves (MOVs) installed in nuclear power plants.  This
research included tests and analysis to determine the capability of safety-related MOVs to close (or open)
when subjected to the conditions specified in the plants  design documents.  For some safety-related
MOVs, these design basis conditions include high flow and pressure loads, high temperatures, and
degraded voltage.

This report documents the results of recent tests sponsored by the NRC and performed by the Idaho
National Engineering and Environmental Laboratory (INEEL) to address the effectiveness of the lubricant
used on the threaded portion of the valve stem, where the stem nut turns on the stem.  The effectiveness of
this lubricant can impact the thrust output of the valve actuator and reduce the margin for ensuring the
performance of the MOV.  Recent testing indicates that an elevated temperature environment can lead to
significant increases in the friction coefficient at the stem/stem-nut interface.  Most valve actuator
qualification tests are performed at room temperature.  Similarly, in-service tests are run at ambient plant
temperatures, usually 70 to 100°F.  Since design conditions conditions can lead to valve operating
temperatures in the 200 to 300°F range, it is important to know whether a temperature-induced increase in
friction at the stem/stem-nut interface will prevent the required operation of critical valves.

Lubricant aging is another phenomenon that might have deleterious effects on the thrust output of a
valve actuator.  Laboratory experience and field experience both indicate that after long periods in
elevated temperature environments, the lubricants may become caked and lose their lubrication qualities.
Caked lubricants will likely be more viscous, which might prevent the lubricants from flowing into the
region between the threads of the valve stem and stem nut and result in higher friction coefficients.  This
may cause a reduction in the thrust available from a valve actuator, thus resulting in the inability to either
open or close the valve when required.  For this reason, it is important to quantify the effects that aging
may have on the behavior of lubricants commonly used on the stems and stem nuts of motor-operated
valves.

1.1. Background

In rising stem MOVs, the conversion of actuator output torque to a stem thrust load occurs at the
stem nut, as shown in Figure 1. The ratio of actuator torque to stem thrust is generally referred to as the
stem factor.  For a specific valve stem and stem nut, the only variable in the conversion of torque to thrust
is the coefficient of friction, as shown in the following power screw equation.
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where

Toutput = The output torque of the valve actuator

Thstem = The valve stem thrust

d = ODstem - (1/2)Pitch

tan a = Lead/(πd)

µ = The stem/stem-nut coefficient of friction

ODstem = The outside diameter of the stem

Pitch = The distance from the peak of one thread to the peak of an adjacent thread
(inches/thread)

Lead = The distance the stem travels in one revolution of the stem nut (inches/stem
revolution)

This equation is written for U.S. Customary units, where torque is in foot-pounds, thrust is in
pounds force, and stem diameter and thread pitch and lead are in inches. The pitch is the distance from the
peak of one thread to the peak of an adjacent thread (inches/thread). The lead is the distance the stem
travels in one revolution of the stem nut (inches/stem revolution). As an example, if the configuration
consists of two threads spiraling the stem instead of one, the lead is different from the pitch. (If only one
thread spirals the stem, the pitch and the lead are the same.) The output torque consists of the torque
delivered to the stem nut. The stem thrust is the thrust applied to the valve stem to move the stem and
valve disc. The ratio of torque to thrust, shown in Equation (1), is the stem factor. The term d represents
the mean diameter of the stem in terms of the thread contact area, treated as the midpoint of the depth of
the thread. The design of Acme power threads is such that the depth of a single thread is equal to half the
pitch, so d is equal to the outside diameter of the stem minus 1/2 the pitch (1/4 the pitch on one side, and
1/4 the pitch on the other side). The term tan a is the slope of the thread. The term 0.96815 is a constant in
the Acme power thread equation, representing the cosine of half the thread angle (14.5 degrees for Acme
threads). The value 24 (2 × 12) in the numerator represents the d/2 calculation that provides the mean
radius of the stem, combined with the conversion from inches to feet; stem measurements are in inches
but torque values are in ft-lb.

The mean stem diameter, the thread pitch, and the thread lead for any stem/stem-nut configuration
are constants in the power thread equation. The only variable is the coefficient of friction at the interface
between the stem and the stem nut.

1.2. Earlier NRC/INEEL Testing

The results of the earlier NRC/INEEL test programs documented in NUREG/CR-61001 showed
that the actual stem friction at the crucial moments in the valve closing stroke (at flow isolation and at
torque switch trip) can vary significantly, depending on the load profile applied to the valve before torque
switch trip.  Figure 2 shows the stem thrust traces from four tests of the same valve, with the same torque
switch setting, but with different load histories preceding torque switch trip. In this figure, the sudden
increase in stem thrust, as indicated by the vertical portion of the trace, is caused when the disc wedges in
the seats. The increase in thrust after torque switch trip is caused mostly by motor and gearbox
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momentum. Flow isolation occurs just before the disc wedges in the seats. The margin is indicated as the
difference between the thrust needed for flow isolation and the thrust delivered at torque switch trip.

Diagnostic tests of valves in the plants have sometimes indicated stem friction values as high as
0.20. This corresponds with the high end of the default values formerly used in the U.S. nuclear industry.
Today, a valve analyst at a U.S. utility would use plant data to justify use of a stem friction value in the
range of 0.15. In some cases, a higher default value of 0.20 is necessary. When performing instrumented
in-plant tests to determine the actual stem friction for a valve, the analyst must take special care to ensure
that the values derived from the in-plant tests are used appropriately and conservatively.  Results from
NRC/INEEL laboratory tests of valves and actuators show that the stem friction can vary significantly.
The variability depends on:

• The particular stem and stem nut configuration. Each stem and stem nut have their own
friction characteristics. Some stems show higher friction than others, and some stems show
higher friction at lower loads than at higher loads, while other stems show the opposite.

• The brand of lubricant used on the stem. NRC/INEEL testing of two popular lubricants on
eight stems showed a difference of about 0.01 to 0.02 in the stem friction. Most of the eight
stems performed better (lower friction) with one lubricant than with the other; the difference
was greater for some stems than for others.

• Temperature

• Lubricant aging. As the grease ages, the friction is likely to change.

• Load magnitude. During a closing stroke against flow and pressure, the stem friction tends to
be different (either higher or lower) at the beginning of the stroke, when the load is low, than
later in the stroke just before flow isolation, when the load is higher. Further, the friction
tends to be lower during wedging, when the stem experiences a sudden increase in the load,
than at the critical moment at or just before flow isolation, when the stem is experiencing a
gradual increase in the load.

• Load profile. As shown in Figure 2  (discussed above), the friction at torque switch trip
varies depending on the profile of the load that preceded torque switch trip. In general, a
large load before flow isolation corresponds with high friction at torque switch trip, while a
low load before flow isolation corresponds with low friction at torque switch trip.

1.3. Previous Stem/Stem Nut Lubricant Aging Tests

Lubricant aging on valve stems has not been extensively tested. One test program was conducted
by Atomic Energy of Canada Limited (AECL), who performed tests to evaluate the effects of aging on
MOV stem/stem nut lubricants used for MOVs in CANDU and EdF nuclear power plants.  However, that
work did not consider the effects of different stem/stem nut combinations.  A lubricant that is best suited
for one type of stem/stem nut configuration may not behave similarly for other stem/stem nut
configurations under similar environmental conditions.  Also, these tests did not age the lubricant in place
on the stem and stem nut.  Instead, the lubricant samples were oven aged and then the lubricant was
applied to the stem and stem nut to be tested.  The operational tests were conducted at 77°F, essentially
room temperature.
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1.4. Scope of Current Testing

The information included in Sections 1.2 and 1.3 above provides only a brief history of previous
testing efforts.  As noted above, the previous test results indicated a number of parameters (e.g., lubricant
aging) that could affect the proper operation of MOVs.

The tests described in this report evaluate the effects of elevated temperature on the performance of
the lubricant used on stem and stem nut configurations that are typical of those used in MOVs in U.S.
nuclear power plants. Initially, the research set out to investigate how the coefficient of friction might
change as the lubricant ages. The intention was to use elevated temperature to accelerate the aging effect
on the lubricant.  Baseline tests on an unaged lubricant were performed at both cold and hot conditions to
determine the friction coefficient for two lubricants on one stem.  The results from these tests showed an
unexpected increase in the stem/stem-nut coefficient of friction when the temperature changed from
ambient (70°F) to hot (250°F) conditions.  To properly account for the unexpected increase in friction, the
original lubrication accelerated aging program was postponed while the elevated temperature effect on the
lubricants was investigated.  The results of the elevated temperature testing will determine if accelerated
aging through the use of elevated temperature is feasible. The results will also indicate whether operation
at elevated temperature might cause lubricant degradation and higher-than-anticipated coefficients of
friction at the stem/stem-nut interface. The elevated temperature testing consisted of the following:

• Perform a preliminary investigation, consisting of a series of tests on two stem/stem-nut
combinations using five typical lubricants.  The purpose of these tests is to evaluate the
effect of a temperature increase from ambient (70°F) to design basis (250°F) conditions on
friction at the stem/stem-nut interface.

• Perform additional tests to evaluate the sensitivity of the coefficient of friction to increasing
operational temperature.  The purpose of these tests is to determine if the temperature
sensitive performance is dependent on variations in stem thread geometry and to determine
the temperature at which performance of each lubricant departs from room temperature
baseline data.

• Based on the results from the above testing, perform stem-stem nut lubrication aging tests to
determine how the coefficient of friction and the temperature sensitivity might change as the
lubricant ages.
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2. TEST DESIGN

2.1. Test Equipment

The tests were conducted at the INEEL on the motor-operated valve load simulator (MOVLS),
shown in Figure 3.  The MOVLS is an instrumented test stand that provides dynamometer-type testing of
valve actuators using load profiles that are very similar to the load profile a valve actuator would
experience when closing a valve against a flow load. The MOVLS was modified for this test program to
produce simulated valve strokes with essentially no variation in the stem thrust profile between strokes
and over the duration of the testing.  This was accomplished by adding a sight glass to the MOVLS
accumulator to precisely control the water level at the start of each stroke.  The initial pressure in the
accumulator was controlled using a pressure gage.  The volume of water in the accumulator and the
overpressure at the beginning of the stroke determine the load profile during the stroke.  With multiple
strokes all beginning with the same overpressure and water level in the accumulator, the thrust-versus-
position profiles will all be essentially the same.

For elevated temperature testing and accelerated aging of the stem lubricant, the valve actuator was
wrapped in heat tape and insulated so as to control the actuator, valve stem threads, and stem nut at the
temperature required for testing of the stem nut lubricant.  Figure 4 shows the MOVLS during elevated
temperature testing.  The design configuration allowed operation of the valve actuator without disturbing
the heater or insulation.

The following is a list of the major equipment used in the performance of this research.

• Limitorque SMB-0 actuator equipped with a Reliance 25 ft-lb 480V ac motor

• Limitorque SMB-1 actuator equipped with a Reliance 60 ft-lb 480 V ac motor

• Stem 2, 1.750-inch-diameter, 1/4-pitch, 1/4-lead valve stem and stem nut

• Stem 3, 1.250-inch-diameter, 1/4-pitch, 1/2-lead valve stem and stem nut

• Stem 4, 2.0-inch-diameter, 1/3-pitch, 3/3 lead valve stem and stem nut

• Stem 6, 2.50-inch-diameter, 1/3-pitch, 2/3-lead valve stem and stem nut.

The valve stems listed above were selected based on their performance in our earlier research (the
names match those used in that work) documented in NUREG/CR-6100.  It should be noted that
NUREG/CR-6100 contains a typographical error that lists the characteristics of Stem 6 shown above as
Stem 5.  The Stem 6 listing above is correct.  This selection of valve stems is intended to allow the
research to examine the lubrication heating and aging effects using several different lead designs, running
coefficients of friction, end-of-stroke friction behaviors, and stem nut rotational speeds.  Stem 2 is a
single-lead stem that exhibited running coefficients of friction of 0.12 and end-of-stroke friction behavior
(ESFB) in the 16% range when tested with the EP-1 lubricant (that is, the coefficient of friction was 16%
higher at the end of a high-load stroke, as compared with a low-load stroke).  Stem 3 is a double-lead
stem that exhibited running coefficients of friction of 0.10 and ESFB in the 20% range when tested with
the EP- 1 lubricant.  The rotational speed of the stem nut on Stem 3 is about half that of Stem 2.  Stem 4 is
a triple-lead stem.  During the previous INEEL research program, it averaged a 0.11 running coefficient
of friction and about 15% ESFB.  Stem 6 is a double-lead stem.  During the  previous INEEL research
program, it averaged a 0.12 running coefficient of friction and about 20% ESFB.  All the testing
performed under the previous INEEL research program referred to above was accomplished at room
temperature.
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3. INSTRUMENTATION

During the testing of each stem/stem-nut combination, the temperature of the MOVLS components
were monitored using the instrumentation listed in Table 1. A chart recorder was used to track selected
temperature measurements throughout the test period.  Full measurement scans using the instruments
listed in Table 1 and the data acquisition system (DAS) were recorded periodically during the test period.

Table 1.  Heater control instrumentation (600 Hz recording frequency).

TCS Channel No. Description

0 Thermocouple:  Grease temperature - side

1 Thermocouple:  Grease temperature - top

2 Thermocouple:  Operator housing temperature - limit switch

3 Thermocouple:  Operator housing temperature - rear

4 Thermocouple:  Valve stem temperature

5 Thermocouple:  Stem cover temperature

6 Thermocouple:  Spring pack temperature

7 Thermocouple:  Spool piece temperature

Table 2 lists the instrumentation used to monitor actuator operation during the tests.  Electrical
measurements for the ac motors included the ac line current and voltage for each phase.  Motor output
torque and speed were measured using a torque cell and tachometer mounted between the motor and the
gearbox.  A torque arm attached to the valve stem measured the output torque of the gearbox, and an in-
line load cell measured valve stem thrust.  Other measurements included actuator torque switch trip,
torque spring thrust and deflection, and valve stem position.

Table 2.  MOV Stroke Instrumentation (600 Hz recording frequency).
TCS Channel No. Description

48 Motor current -I1 RMS
49 Motor current - I2 RMS
50 Motor current - I3 RMS
56 Motor speed
32 Motor torque
51 Motor voltage - V 1-2 RMS
52 Motor voltage - V2-3 RMS
57 Valve stem position
40 Valve stem torque
41 Valve stem torque
33 Valve stem thrust
58 Actuator torque spring deflection
34 Actuator torque spring thrust
59 Actuator torque switch trip
60 Transformer voltage
35 Accumulator pressure



7

3.1. Test Matrix

The scope of the testing described above requires several different tests to be run.  These tests and
the conditions for which the data were used are described in the following paragraphs. The test matrix
calls for testing with five lubricants and four stem/stem-nut combinations, for a total of twenty sets of
tests. So far, two of the four stem/stem-nut combinations have been tested. Five lubricants commonly
used in nuclear power plant MOVs were selected for testing: Exxon Nebula EP1, Chevron SRI, Mobil
Mobilgrease 28, SWEPCO Moly 101, and Loctite N-5000 Anti-Seize.

3.1.1. Baseline Tests

The baseline tests provided data from MOVLS setup strokes and test strokes with the lubricant at
ambient temperature.  No-load/low-load baseline tests are intended to represent typical in-service tests
conducted in the power plants. Data from these tests were used to determine the stability of the
stem/stem-nut coefficient of friction at these load levels and to establish the ambient temperature baseline
values.

For the high-load baseline tests, the actuator torque switch was set to produce a final stem force
near the maximum allowed for the valve stem or the actuator, whichever was lower.  The level and
pressure in the MOVLS accumulator was determined during the initial setup so that the running load was
sufficient to produce a stem thread pressure that exceeded 10,000 psi by the end of the stroke. A stem
thread pressure threshold of 10,000 psi is needed for the friction coefficient to stabilize. Stem thread
pressure is determined using the measured thrust and an approximate thread area based on one stem
thread revolution.

3.1.2. Elevated Temperature Tests

Two groups of elevated temperature tests were performed.  In the first group of tests, data at
elevated temperature conditions (250°F) were collected for comparison with the baseline data.

The second group of elevated temperature tests was performed to investigate the temperature
sensitivity of each lubricant by roughly identifying the temperature threshold at which the coefficient of
friction departs from the baseline. This report refers to that temperature threshold as the coefficient of
friction departure point. This second group of tests was conducted by raising the valve actuator
temperature in steps and performing five loaded strokes to acquire data at each step.  Note that the data
from each set of five strokes at a given temperature was processed while heat-up began for the next test
temperature. The baseline tests described above provided data at ambient temperature (~ 70°F). The
elevated temperature tests described here collected data at three temperature steps: 130, 190, and 250°F.
Following the 250°F tests, the actuator was allowed to cool down, and a final test set of tests was
performed at ambient temperature (70°F).

Table 3 summarizes the test sequence. The sequence listed in Table 3 has been performed on two
of the four stems, with all five lubricants, for a total of ten sets of tests. Testing with the other two stems
is proceeding.
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Table 3.  Test sequence.

Test Type Description

Elevated Temperature Tests

Setup Various loads, ambient temperature (multiple strokes)

Baseline High load, ambient temperature (five strokes)

(Heatup)

Hot tests High load, elevated temperature at 250°F (five strokes)

(Cooldown)

Final High load, ambient temperature (five strokes)

Temperature Step Tests

Baseline High load, ambient temperature (five strokes)

(Heatup)

Step 1 High load, elevated temperature at 130°F (five strokes)

(Heatup)

Step 2 High load, elevated temperature at 190°F (five strokes)

(Heatup)

Step 3 High load, elevated temperature at 250°F (five strokes)

(Cooldown)

Final High load, ambient temperature (five strokes)
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4. RESULTS

4.1. Initial Accelerated Aging Tests

As mentioned earlier, two lubricants were tested on one stem as part of the originally intended
lubrication aging test series. Those initial tests identified the temperature sensitivity of the lubricants. This
subsection discusses the results of those initial tests.

4.1.1. Stem 2 with Exxon Nebula EP1 (Aged)

The first configuration tested under the initial accelerated aging series was Stem 2 with Exxon
Nebula EP1.  The grease sample was taken from a container that had been on site for approximately 10
years.  Neither the grease container nor the MSDS for this grease indicated a shelf life or operational life
restriction. The Exxon Nebula EP1 sample was applied to the stem and the startup and baseline tests for
the aging test series were performed.  It was during these tests that the anomalous stem/stem-nut
performance was first observed. The following paragraphs discuss five cold tests (ambient temperature, ~
70°F) and five hot tests (250°F).

Figure 5 shows the stem thrust traces for the five cold tests. The data show no variation in stem
thrust among the five tests, with each stroke beginning about 5,000 lbs and increasing to near 10,000 lbs
thrust.  This equates to a running stem thread pressure from  7,800 to 14,900 psi, (recall the 10,000 psi
threshold for stable stem-stem nut frictional performance discussed earlier).  The stem torque traces for
the same five cold tests show consistent performance with no variation among tests.

Figure 6 is a plot of the stem/stem-nut coefficient of friction for the same five cold tests.  Again the
data show consistent performance, with values running at about 0.10, which is similar to the results
obtained in the earlier INEEL research program (documented in NUREG/CR-6100).

During the hot tests at 250°F, the actuator failed to complete the stroke on the first of the five
strokes, reaching torque switch trip mid-stroke.   In order to complete the testing, we reduced the
accumulator pressure (which reduces the thrust load imposed on the actuator), and we repeated the test
(with a lower running load).  The actuator successfully stroked on the second test but again failed to
complete the third stroke.  We reduced the running load again, and the actuator successfully stroked on
the fourth test but failed on the fifth.  The fifth test was accompanied by a loud squealing sound coming
from the actuator, apparently from the stem nut. Figure 7 presents the stem thrust traces for the five hot
tests, showing the reduction in stem thrust after the first and third tests and the failure to fully close on the
first, third, and fifth tests.

The increase in stem/stem-nut coefficient of friction associated with these tests can be seen in
Figure 8.  The coefficient of friction started out significantly higher that in the cold tests (0.13 compared
to 0.10) and continued to increase with each stroke at 250°F.  A coefficient of friction greater than 0.20
was observed in the final hot test.

Following the anomalous performance, Stem 2 was removed from the actuator and inspected.
Figure 9 is a photograph of Stem 2 with the Exxon Nebula EP1 lubricant immediately after removal from
the actuator.  Figure 10 shows a smear of the lubricant taken directly from the original container and from
the stem after testing, both from the bottom of the stem nut and inside of the stem nut.  Notice how the
lubricant changed from a tan color to dark brown and had hardened due to the elevated temperature
conditions.  The stem and stem nut were cleaned and inspected, and no damage or abnormal wear was
observed on the load-bearing surfaces.  Exxon Nebula EP1 was also used as the lubricant inside the
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actuator gearbox. We inspected the grease inside the actuator gearbox and found it to be near the original
color and consistency.  Figure 11 shows a smear from the side and the top ports of the actuator and shows
that the lubricant from inside the sealed gearbox does not show the signs of degradation seen on the stem-
stem nut.

Exxon Nebula EP1 has been used for stem lubrication in some nuclear plants.  Our review of the
MSDS indicated that the flash point, melting, and auto-ignition temperatures were well above the
accelerated aging temperature of 250°F. The MSDS states:

• Nebula EP, in the appropriate consistency grade, is suitable at high or low
temperatures  and Nebula EP tends to retain its consistency with increasing
temperatures.

• This grease is not recommended for applications where continuously high temperatures
cause oil separation.

Conversations with Exxon technical representatives indicated that because Nebula EP1 is soap-
based, it tends to harden with age.  This is one consideration that helps determine the shelf life.  The
Exxon representatives stated that base oil separation with shelf storage over extended time periods is also
a concern and another factor considered in the shelf life recommendation.  Exxon stated that the shelf life
of Nebula EP1 is two years but does not provide any service life recommendations.  The technical
representative also stated that use of the grease in applications where it would be worked  or mixed
(e.g., a ball bearing or closed gear train) would extend the service life of the lubricant by preventing base
oil separation and hardening.  Exxon recommends a continuous operating temperature limit of 250°F.
They do not publish any in-service inspection criteria; however, most users apply in-service inspection
criteria based on visual inspection for color, separation, and hardening.

For use in actuator gearboxes, Limitorque lists Nebula EP1 as one of only two lubricants
acceptable for nuclear containment units.  No service life restrictions are provided, but periodic lubricant
inspections are recommended.  As long as the lubricant passes these inspections, the grease can remain in
the actuator for the qualified life of the actuator.  The typical use of Nebula EP1 in actuator gearboxes
exceeds  the Exxon recommended shelf life.  However, the Limitorque environmental qualification at
340°F supports higher temperature.  Operating experience and existing test data supports use as a gearbox
lubricant beyond the recommended shelf life.

To summarize: At room temperature, the stem nut performance was consistent with earlier testing.
The observed anomalous stem nut performance was caused by degradation in the lubricant properties at
hot conditions. Our EP1 lubricant had exceeded the recommended shelf life and was used near the
recommended operating temperature limit.  This recommended limit is not common knowledge in the
nuclear industry.

4.1.2. Stem 2 with Chevron SRI

The second configuration tested under the initial accelerated aging series was Stem 2 with Chevron
SRI.  The grease sample was new, purchased specifically for this test program. As before, the following
paragraphs discuss five cold tests and five hot tests.

Figures 12 and 13 show the stem thrust and stem torque traces for the five cold tests.  Once again,
the data show no variation in stem thrust among the five tests (Figure 12), with each stroke beginning
about 5,000 lb and increasing to near 10,000 lb thrust. The stem torque traces for the same five cold tests
(Figure 13) show consistent performance with no variation among tests. Figure 14 is a plot of the
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stem/stem-nut coefficient of friction for the same five cold tests.  The data show consistent performance,
with values at about 0.12 at the end of the stroke.

Figure 15 shows the stem thrust traces for the five hot tests.  The five strokes show essentially the
same profile as the cold tests, except that the final force at the end of the stroke has dropped from
approximately 24,000 lbs to approximately 20,000 lbs. The torque traces for the same five hot tests are
shown in Figure 16.  Note how the running torque is higher with each successive stroke, even while the
stem thrust remained constant among strokes. Note also how the final torque in the hot tests has the same
value as in the cold tests.  Both the increase in stem torque during running and the decrease in final stem
thrust are an indication of an increase in the stem/stem-nut coefficient of friction. The increase in the
friction associated with these tests is shown in Figure 17.  The coefficient of friction started out
significantly higher than in the cold tests (0.14 compared to 0.12) and continued to increase with each
stroke at 250°F.  A coefficient of friction as high as 0.20 was observed in the final hot test.

Following the hot tests, the test stand was allowed to cool down to 70°F and another set of cold
tests were performed.  Figures 18, 19, and 20 show the stem thrust, stem torque, and stem/stem-nut
coefficient of friction traces for these final cold strokes.  The data in Figure 20 show that the coefficient of
friction was lower for the first test and essentially the same as the earlier cold tests, while the other four
were very consistent but higher.

To summarize: At room temperature, the tests show very stable stem nut friction, similar in value
to that in the earlier testing with other lubricants (documented in NUREG/CR-6100).  At 250°F, the
friction increases with the first stroke and continues to increase with each subsequent stroke.  After
cooling, the friction in the first subsequent cold test was similar to that in the earlier cold tests, while the
friction in the other four strokes was relatively stable but slightly higher.

4.2. Temperature Tests

The purpose of the elevated temperature tests is to evaluate the change in stem/stem-nut coefficient
of friction as conditions change from normal in-plant temperatures to design-basis temperatures. The test
series consisted of two strategies:

• Single-step design-basis tests, where the temperature was taken from 70°F directly to 250°F
and then back to 70°F

• Temperature step tests, where the temperature was increased from 70°F in three steps,
typically 130, 190, and 250°F, then returned to 70°F at the conclusion of testing.

Five typical lubricants have been tested on two stem/stem-nut configurations, Stem 2 and Stem 3
(driven by the SMB-0 actuator).  The same five lubricants will be tested on Stem 4 and Stem 6 (driven by
the SMB-1 actuator) after publication of this Interim Report.

It is very important to understand how performance characteristics might change due to periodic
valve cycling, changes from static to design basis conditions, and valve and lubricant aging.  It is
important to know if performance characteristics measured during a test can be considered typical of
subsequent MOV performance, specifically design basis operation.  Measured values for stem/stem-nut
coefficient of friction are key factors in setting torque switches to appropriate levels.  Increases in this
value decrease the thrust available to overcome design basis loads, while decreases in this value increase
final thrust, with the possibility of overloading valve and actuator structural components.
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Our evaluation of each lubricant was divided into four topics.

• Physical observations

• Consistency in performance among strokes

• Change with temperature

• Change in ESFB.

The following discussion addresses each of these topics for each of the five greases. The discussion
addresses both stem/stem-nut combinations tested.

4.2.1. Exxon Nebula EP1

Physical Observations

We used new EP1 for these tests, rather than the old lubricant (shelf aged approximately 10 years)
that had been in storage.  As mentioned earlier, the old EP1 was the supply that provided the sample used
in the earlier accelerated aging tests.  Figure 21 is a photograph showing the original container of the new
sample of Exxon Nebula EP1.  With this grease and with the other greases, we applied a thick layer of the
grease and rotated the stem nut about the stem by hand to produce a thin uniform layer.  A small bead of
lubricant was allowed to remain on each end of the stem nut to ensure adequate supply was present to
allow the stem to re-lubricate itself during valve strokes. (This is consistent with typical industry practices
for stem lubrication.) After the testing was completed, the stem and stem nut were removed and the
lubricant was inspected. Figure 22 and 23 are photographs of the stem lubricant after testing.  Note how
the lubricant had changed from tan to brown and appears to have hardened inside the stem nut (Figure
23). Figure 24 contains a photograph of a smear comparison, before and after testing.

Consistency Among Strokes

Figure 25 is a history of stem/stem-nut coefficient of friction for the five cold baseline strokes of
Stem 2 with Exxon Nebula EP1. The data show that the stem nut friction was lower (6%) in the first
stroke than it was in subsequent strokes.  The other four strokes operated at essentially the same stem nut
friction value.  This low first stroke characteristic did not appear on the hot tests, shown in Figure 26.  All
of the hot tests performed on Stem 2 with EP1 were consistent, but the scatter among tests increases in the
250°F step test (Figure 27).  This larger scatter among tests remained after final cooldown, as shown in
Figure 28. Here the data show a slight increase of about 5% over the cold baseline tests.  The friction in
the first stroke remains the highest.

Stem 3 with Exxon Nebula EP1 also exhibited a first stroke that was significantly lower in friction
that the other four on several sets of tests: the cold baseline and final cold tests in the elevated temperature
series, and the 250°F test in the temperature step test series. This is shown in Figure 29 for the initial cold
baseline test.  Unlike Stem 2 with EP1, the overall scatter among tests did not increase at higher
temperature.  For Stem 3 with EP1, the cold baseline and final cold tests run at essentially the same
friction value, with very good repeatability among tests.

Change With Temperature

Unlike the previous testing (accelerated aging tests) with old EP1, where we saw very large
increases in stem/stem-nut coefficient of friction, Stem 2 with the new EP1 experienced essentially no
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change due to elevated temperature. Figure 30 shows the performance of this stem and lubricant
combination at the various temperatures tested.  In this plot, the five valve strokes at each temperature
have been averaged, and single values taken that represent the performance during the last portion of the
valve stroke (highest loaded).  Figure 31 shows the same information for Stem 3 with EP1.  The data
show very little change due to elevated temperature.  Figure 31 does show a 5% variation between test
sets.

Change In End Of Stroke Friction Behavior (ESFB)

Stem 2 with the Exxon Nebula EP1 grease exhibited relatively high ESFB on cold strokes.  This
can be seen at the end of each stroke in Figure 25.  Our evaluation of ESFB will consider the total change
from hard seat contact to final stem thrust load.  The overall change in the stem-stem nut coefficient of
friction at the end of the valve stroke was approximately 28%.  Figures 26 and 27 show that at higher
temperatures (130 and 250°F respectively) the change in friction at the end of the stroke drops to about
13% for both tests.  The high ESFB appears again in the final cold tests, similar to earlier cold baseline
values.

Stem 3 with EP1 (Figure 29) shows even higher ESFB values of 40% during the cold baseline test,
with slightly higher values in the final cold tests.  As with Stem 2, ESFB appears to get smaller as
temperatures increase.

4.2.2. Chevron SRI

Physical Observations

Figure 32 shows the original containers for the Chevron SRI grease, and Figure 33 is a photograph
of Stem 2 with a fresh coat of the Chevron SRI grease at the beginning of the test. Figure 34 is a
photograph of the stem lubricant after testing.  Note how the lubricant had changed from green to dark
brown and hardened. Figure 35 is a photograph of a smear comparison, before and after testing, again
showing the change in color and consistency.  Figure 36 is the same smear a few days later. Note how the
oil has absorbed into the paper, approximately the same for each sample, indicating that the oil content
has remained consistent through the heatup and cooldown.

Consistency Among Strokes

For Stem 2 with Chevron SRI grease, the cold baseline test shows good repeatability among the
five strokes, as shown in Figure 37.  As the temperatures increase, more variability is evident among the
five strokes, with the first being the lowest and increasing with each additional stroke.  This result is
shown in Figure 38 for the 250°F test series.  This trend reverses after cooldown, where the first stroke is
5 to 10% higher.  Strokes 2 through 5 of the final cold test return to the cold baseline values.

Stem 3 with Chevron SRI was similar to the Stem 2 characteristics, but with tighter repeatability
among strokes at cold baseline and in all the elevated temperature tests.  Figure 39 shows this
performance for 250°F.  Stem 3 with SRI also exhibits a higher first stroke in the final cold tests, by
approximately 5% (Figure 40). Here again the final four strokes return to cold baseline values.

Change With Temperature

Stem 2 with Chevron SRI exhibited a large coefficient of friction increase with increased
temperature.  Figure 41 shows the average coefficient of friction during the single step (design basis) test
and the temperature step tests. Note that the temperature step test was repeated because of unexpected
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trends found in the July 18, 2000 test.  This figure shows increases due to temperature on the order of
25% from 70 to 250°F and a possible linear relationship with temperature. Figure 42 shows Stem 3 with
SRI, and reveals a strong linear coefficient of friction increase with temperature to about 20% at 250°F.

Change In End of Stroke Friction Behavior (ESFB)

For Stem 2 with Chevron SRI, Figure 37 shows a more moderate ESFB value on cold strokes, at
about 17%.  At 250°F, Figure 38 shows this behavior greatly reduced, at less than 10%.  This is true for
all of the hot tests. Stem 3 exhibits the same performance: moderate ESFB in the cold tests of 20%
(Figure 40), with less than 10% under hot conditions (Figure 39).  For Stem 3, ESFB decreases as
temperatures increase.

4.2.3. Mobil MobilGrease 28

Physical Observations

Figure 43 is a photograph of the original container for the MobilGrease 28.  This grease is
commonly referred to throughout industry as simply Mobil 28 and that nomenclature will be used in the
remainder of this report.  Figure 44 shows Stem 2 with a fresh coat of the Mobil 28 grease at the
beginning of the test. Figure 45 is a photograph of the stem lubricant after testing.  Note how the lubricant
had changed from bright red to almost black and hardened. Figure 46 is a photograph of a smear
comparison, before and after testing, and Figure 47 shows the same smear one day later. Note how the
absorption into the paper has changed after elevated temperature testing.  The radius for absorption is
reduced to about half, and the color has also changed.

Consistency Among Strokes

Stem 2 with Mobil 28 exhibited a wider spread between tests within each temperature series.
Figure 48 shows the stem/stem-nut coefficient of friction for the cold baseline series.  Here the data show
increases in friction on each successive stroke, starting at 0.11 and reaching 0.12 in the fifth stroke. This
characteristic was duplicated in the 130 and 190°F series.  In the 250°F series (Figure 49) the scatter
increases and trends disappear during the later, high-load part of the strokes.  The first test starts lower,
near 0.10 but increases to greater than 0.14 by the end of the stroke.  The other four strokes begin near
0.11 and all lay on top of one another.  The latter half of each stroke produces more scatter. By the third
stroke, the high load value has increased to almost 0.17.  The final two tests at 250°F fall back to near
0.13.  After cooldown, the scatter reduces and the increase with each stroke seen in the baseline cold test
has disappeared (Figure 50). In the final cold series, the first test has a slightly higher value than the other
four strokes, and the stem/stem-nut coefficient of friction has returned to cold baseline levels.

In the Stem 3, Mobil 28 tests, we see a much closer agreement among tests at all temperatures, with
the exception of the first stroke in many of the temperature series.  The first stroke varied significantly
from the other four, enough so that the testing of Stem 3 with Mobil 28 was repeated after cleaning and
regreasing the stem.  Often the first stroke shows a higher friction value, as shown in Figure 51 for the
cold baseline test of the step test series.  Other times, the friction in the first test is lower, as shown in
Figure 52 for the cold baseline test of the second elevated temperature test series.  In all of the 250°F
tests, the friction in the first stroke was higher than in the four subsequent tests, as shown in Figure 53,
where the friction in the first stroke is 0.12, while in the final three strokes it is 0.11.  Stem 3 with Mobil
28 also shows a friction value that is much lower on the first strokes of the final tests.  The friction in the
final four strokes returns to cold baseline values.
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Change With Temperature

The Stem 2 Mobil 28 combination also shows a strong coefficient of friction increase with
temperature.  Figure 54 shows increases as high as 28% for a temperature increase from 70 to 250°F.  The
data in Figure 54 also shows a possible temperature threshold somewhere between 130 and 190°F, where
the changes in temperature begin to make significant impact on the coefficient of friction.  Note that the
70 and 130°F tests have almost the same value.

The performance of Stem 3 with Mobil 28 appeared to change significantly over time.  Figure 55
shows that performance in the initial test was similar to that of Stem 2. However, the later tests at the
same conditions did not show any change in stem/stem-nut coefficient of friction with temperature
increases. The first test was performed in November 1999, while the other tests were performed 7 months
later. During the November 1999 tests, we observed an 18% increase in the coefficient of friction with a
temperature increase from 70 to 250°F.  Approximately 7 months later, testing shows no sensitivity to
temperature at all.  The tests were repeated to confirm this behavior.  This is in conflict with the Stem 2
data that show significant temperature-related changes in stem nut friction over the same time period.

Change In End of Stroke Friction Behavior (ESFB)

The Stem 2, Mobil 28 combination does not appear to experience any significant change in its
ESFB at any of the test temperatures.  Figure 48 and 49 show the data for 70 and 250°F, with evidence of
ESFB varying from 9 to 18%, depending on the test.  Stem 3 with Mobil 28 grease confirmed the Stem 2
performance.  Stem 3 exhibited moderate ESFB (approximately 13%) and experienced no change in
ESFB performance in any of the tests (see Figures 51 and 53).

4.2.4. SWEPCO Moly 101

Physical Observations

Figure 56 is a photograph of the original container for the SWEPCO Moly 101, and Figure 57
shows Stem 2 with a fresh coat of the Moly 101 grease at the beginning of the test.  The grease thickened
as a result of the testing.  Note the thick grease remaining in the stem threads above and below the normal
travel of the stem through the stem nut in Figure 58 and 59 (bottom and left of center). Figure 60 contains
a photograph of a smear comparison, before and after testing.  No difference in the two samples is
evident.

Consistency Among Strokes

In the Stem 2 with SWEPCO Moly 101 tests, there was a wide variation among strokes for each
temperature series except the initial heat-up at 145°F (For this test, the heat controller was set too high,
the 130°F step was missed, and data were taken at 145°F).  Figure 61 shows the cold baseline strokes.
These data show that the friction in the first stroke is lower than in the other four.  Figure 62 shows the
250°F test, where the data show a very large difference among strokes.  The first stroke begins at 0.12 but
rises dramatically as the load increases, reaching 0.16 at seating.  This seems to carry though to the
subsequent strokes, which all begin at 0.16 to 0.18.  Values above 0.20 are seen during running in some
of the repeat strokes.  There is a pronounced stroke sequence effect - each stroke is higher than the
previous stroke, except where cycles were not performed for several hours (during heatup, for example).
After each heatup period, the first stroke showed much lower friction, with values approaching to the cold
test values. Figure 63 shows that after cooldown, the opposite is true.  The first stroke begins at about
0.14 (similar to the first stroke in the hot tests), but drops with each subsequent stroke until it reaches
values comparable to the initial baseline tests.
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Stem 3 with the Moly 101 grease performed quite differently from Stem 2.  Stem 3 had almost no
variation among strokes, as seen in Figure 64 for the cold baseline tests.  Only the highest temperature test
(Figure 65) produced small variations among strokes. There was no stroke sequence effect; in fact, the
first stroke appears to run through the center of the overall scatter.  The final cold test duplicates the
behavior of the initial cold baseline tests. The striking difference between Stem 2 and Stem 3 behavior
with Moly 101 indicates a possible valve stem and stem nut geometry and surface condition dependence.

Change With Temperature

Figure 66 shows the coefficient of friction as a function of temperature for Stem 2 with the
SWEPCO Moly 101 lubricant. This combination also experienced a strong coefficient of friction increase
with temperature. In the single step to 250°F, the coefficient increased 21%, while the cumulative
increase in the temperature step tests was 37%.  The coefficient of friction saw a small increase at 145°F,
and larger increases at higher temperature. Looking back to Figure 62, note that the coefficient of friction
also increased with valve stroke. The friction in stroke 5 at 250°F was 75% greater than the average
friction in the cold baseline tests.

The data for Stem 3 with Moly 101 are shown in Figure 67.  These data show a clear increase in
friction as temperature increases.  This increase occurs almost completely at the first temperature step of
130°F with an increase of 11%, with only small increases beyond that temperature.  The overall increase
from cold baseline to 250°F was 14%.

Change In End of Stroke Friction Behavior (ESFB)

Stem 2 with Moly 101 grease exhibited moderate ESFB during the cold baseline tests and the final
cold tests.  This  behavior almost completely disappeared during any of the hot tests.  The final stem-stem
nut coefficient of friction gradually increased with each increase in temperature but did not show the
variability with successive strokes seen in the running portion of the strokes.  This behavior was repeated
on Stem 3 - moderate ESFB during initial and final cold tests, which disappeared during the hot strokes.

4.2.5. Loctite N-5000 Anti-Seize

Physical Observations

Figure 68 is a photograph of the original container for the Loctite N-5000 anti-seize.  Figure 69 is a
photograph of the stem lubricant after testing.  Note how the lubricant has moved away from the threaded
area, running down the stem.  The N-5000 has also separated, with the silver component running down
the stem in a separate stream from the clear component.  Note the difference in the lubrication layer on
the bottom of the stem, which is the section being cycled during the test (Figure 70), and the layer on the
top of the stem (Figure 71) that has not been worked and still resembles the layer as it was originally
applied.  Figure 72 is a photograph of the stem spacer rings that sit below the stem nut and allow
installation of the stem torque arm.  Note where the anti-seize has dripped from the stem nut onto the
spacer ring, again showing separation of the clear and silver components.  Figure 73 contains a
photograph of a smear comparison, before and after testing.  The post-test sample clearly shows the
separation of the lubricant.  Also note the absence of any base oil absorption into the paper.

Consistency Among Strokes

Stem 2 with Loctite N-5000 Anti-Seize had large variations among strokes and exhibited an
interesting pattern through each set of five strokes.  As shown in Figure 74 for the cold baseline series, the
first test usually begins at a low stem/stem-nut coefficient of friction (0.11 in this case) and rises rapidly
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to a value that is the highest among the five tests (greater than 0.15).  The following test drops to a much
lower value that is relative stable over the valve stroke.  Subsequent tests exhibit small increases with
each repeat test.  The 190°F test series, shown in Figure 75, is probably the most dramatic example of this
behavior.  Here the first test starts very low (below 0.06) and increases to above 0.16 by mid stroke.  The
second test starts high, reaching values above 0.18 but drops by mid stroke to the lowest running value of
the set, 0.12.  As shown in Figure 76, at 250°F all five strokes are spread between 0.16 and 0.19, with the
first stroke reaching the highest value before seating.  During the final cold strokes (Figure 77), the
opposite is true, with the first stroke being high.  The friction values during the final cold tests did not
completely return to the cold baseline values.  Friction in the first cold stroke after hot testing was very
high, approaching 0.18 mid stroke.  Other values were within 10% of the initial cold baseline values.

Stem 3 with N-5000 showed similar behavior, with good agreement between tests 2 through 5 at
each test step, but completely different behavior on the first stroke.  With this stem and lubricant
combination, however, the first stroke s coefficient of friction was completely unpredictable.  Sometimes
the first stroke friction coefficient would be much higher, as in the 130°F test (Figure 78), and sometimes
much lower than the others, as in the 190°F test (Figure 79).  Coefficient of friction values for Stem 3
with N-5000 did not completely return to the cold baseline and some of the final cold tests yielded the
highest values of the test program.  Increases up to 13% were observed.

Change With Temperature

As shown in Figure 80, Stem 2 with the N-5000 Anti-Seize experienced a strong coefficient of
friction increase from 70 to 250°F, but with large variations during intermediate temperature steps.  The
overall increase was 29%, but the friction actually got lower with the first step to 130°F.

Because Stem 3 with N-5000 experienced such large variations on the first stroke of each
temperature step, we ignored the first test at each temperature step to produce Figure 81.  In this figure,
the data show almost no increase with temperature; in fact, the general trend is a reduction in coefficient
of friction (4%).  However, the first stroke is often the most important one for design basis operation.  In
the worse case test (the 130°F series), the first test friction coefficient was 40% higher that the cold
baseline tests, as well as the other 130°F tests.

Change In End Of Stroke Friction Behavior (ESFB)

Stem 2 with Loctite N-5000 Anti-Seize also exhibited wide variations in ESFB between strokes at
each temperature step.  The stem-stem nut coefficient of friction was usually very large on the first stroke
at each temperature.  Other strokes varied from almost no ESFB to large ESFB with no discernable
pattern.  All Stem 3 testing with N-5000 exhibited large ESFB with very similar behavior at elevated
temperature.
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5. CONCLUSIONS

This report describes the interim results in the ongoing efforts to evaluate the effects of elevated
temperature on the performance of the lubricant used in typical stem/stem nut configurations found on
MOVs in nuclear power plants.  Further testing will be accomplished during fiscal year 2001 (FY01) and
the results subsequently reported.  The following preliminary conclusions are based on the work
completed to date:

• Testing of the aged (~10 years stored at room temperature) Exxon Nebula EP1 indicated a
notable loss in lubricant performance at the 250°F test temperature.  This experience tends to
reinforce the manufacturer s recommended two-year shelf life for this product.

• The typical use of Nebula EP1 in actuator gearboxes exceeds the Exxon recommended shelf life.
However, the Limitorque environmental qualification at 340°F supports use at the temperatures
encountered in our testing.  Exxon does not provide a recommended service life for EP1;
however, operating experience and existing test data support use as a gearbox lubricant beyond
the recommended shelf life.

• The results of the initial accelerated aging tests showed an unexpected increase in the stem/stem-
nut coefficient of friction when the temperature changed from ambient (70°F) to hot (250°F)
conditions.  This clearly indicated the need to revise the testing scope to properly investigate the
effects of elevated temperature on lubricant performance and to observe the differences in
performance of different lubricants with several stem/stem nut configurations.

• Initial cold tests with Stem 2 and the aged EP1 yielded stem nut performance consistent with
earlier testing.  The observed anomalous stem nut performance at elevated temperature was
caused by degradation of the lubricant properties at hot conditions. As noted above, the aged EP1
lubricant had exceeded the manufacturer s recommended shelf life and was used near the 250°F
recommended operating temperature limit.  This recommended limit is not common knowledge
in the nuclear industry.

• Initial cold tests with Stem 2 and Chevron SRI show very stable stem nut friction, similar in value
to that in the earlier testing with other lubricants (documented in NUREG/CR-6100).  At 250°F,
the friction increased with the first stroke and continued to increase with each subsequent stroke.
After cooling, the friction in the first subsequent cold test was similar to that in the earlier cold
tests, while the friction in the other four strokes was relatively stable but slightly higher.

• Elevated temperature tests were completed with five lubricants and two stem/stem nut
configurations.  The lubricants used were selected on the basis of their common application
within the nuclear power industry.  The lubricants are Exxon Nebula EP1, Chevron SRI, Mobil
Mobilgrease 28, SWEPCO Moly 101, and Loctite N-5000 Anti Seize.  Testing of these same
lubricants with two additional stem/stem nut configurations is ongoing.

• The evaluation of testing of each lubricant was divided into four areas.  These are:

− Physical observations

− Consistency in performance among test strokes

− Changes with temperature

− Change in ESFB
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The results from each of these areas are summarized in Table 4.

• All greases tested showed evidence of physical change after elevated temperature tests (see
pictures of before and after).  EP1, SRI, and M28 changed color.  Because new Moly 101 is
nearly black in color, physical changes indicated by color were harder to detect.  Color change in
this lubricant was not detectable.  N-5000 separated into silver-colored and clear components.
All of the lubricants thickened during elevated temperature testing.

• Consistency among test strokes was highly dependent upon the lubricant and stem-stem nut
combination.  This is readily demonstrated by the data contained in Table 4.  For example,
consistent stroke-to-stroke coefficient of friction values were obtained when testing Exxon
Nebula EP1 with Stem 2 at elevated temperatures; however, when SWEPCO Moly 101 was
tested on this same stem, wide variations were observed in the stroke-to-stroke coefficient of
friction values.

• Except for the case of Exxon Nebula EP1, increases in the coefficient of friction were observed at
elevated temperatures for all lubricants tested.  No significant differences in the coefficient of
friction were observed between the cold tests and the elevated temperature tests for Exxon Nebula
EP1.  However, increases ranging from 13% (Moly 101 on Stem 3) to 40% (Loctite N-5000 on
Stem 3) were observed for the other lubricant and stem-stem nut configurations.

• The test results to date indicate that ESFB is linked to the particular lubricant being tested.
ESFB decreased at elevated temperatures for Exxon Nebula EP1 and Chevron SRI; however, no
apparent changes were observed for Mobil Mobilgrease 28.  In contrast, gradual increases in
ESFB were observed with the Moly 101 lubricant; whereas, wide variations in ESFB values
between strokes were observed when testing Loctite N-5000 Anti-Seize at elevated temperatures.
Additional data are needed to expand that already collected so that the influence of thread
configurations on friction behavior of valve stem lubricants at elevated temperatures can be better
understood.   
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Table 4.  Summary of temperature test results.

Observation Topic Exxon Nebula EP1 Chevron SRI
Mobil
Mobilgrease 28

SWEPCO
Moly 101

Loctite N-5000 Anti
Seize

Physical observations
Stem 2 Color darkened (from

tan to brown).
Grease thickened
during hot tests.

Color darkened (from
green to brown).
Grease thickened
during hot tests.

Color darkened (from
red to nearly black).
Grease thickened
during hot tests.
Possible loss of some
base oil.

Could not detect
color change due to
nearly black normal
color.
Grease thickened
during hot tests.

Grease separated into
silver-colored and
clear components.
Grease ran down
valve stem during
elevated temperature
tests.

Stem 3 Color darkened (from
tan to brown).
Grease thickened
during hot tests.

Color darkened (from
green to brown).
Grease thickened
during hot tests.

Color darkened (from
red to nearly black).
Grease thickened
during hot tests.
Possible loss of some
base oil.

Could not detect
color change due to
nearly black normal
color.
Grease thickened
during hot tests.

Grease separated into
silver-colored and
clear components.
Grease ran down
valve stem during
elevated temperature
tests.

Consistency among test
strokes

Stem 2 Lower friction on
first cold stroke.
Consistent friction on
hot strokes.
Increased scatter at
higher temperature.

Good repeatability on
cold stokes.
Increasing friction
variability on hot
strokes.

Wide spread between
results at all
temperature levels.

Wide variation
among strokes at
elevated temperatures
(coefficient of
friction values as
high as 0.20).

Unpredictable first
stroke coefficient
friction values.
Wide spread between
results at all
temperature levels.

Stem 3 Lower friction on
first cold stroke.
Consistent friction on
hot strokes.
No scatter at higher
temperature.

Improved
repeatability on cold
stokes.
Less friction
variability on hot
strokes than Stem 2.

Less variability
between strokes than
seen on Stem 2 - all
temperature levels.
First stroke had lower
friction than
subsequent strokes on
hot tests.

Almost no variation
between strokes for
all temperatures.

Unpredictable first
stroke coefficient
friction values.
Consistent results at
elevated
temperatures.
Coefficient of friction
did not return to cold
baseline values after
hot tests.
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Observation Topic Exxon Nebula EP1 Chevron SRI
Mobil
Mobilgrease 28

SWEPCO
Moly 101

Loctite N-5000 Anti
Seize

Changes with
temperature

Stem 2 No significant change
in friction coefficient.

Large increase in
friction (25%) with
increased
temperature.

28% increase in
friction coefficient.

37% increase in
friction coefficient.

29% increase in
friction coefficient.

Stem 3 No significant change
in friction coefficient.

Large increase in
friction (20%) with
increased
temperature.

18% increase in
friction coefficient.
Later tests showed no
sensitivity to
increasing
temperature.

13% increase in
friction coefficient.

Large variations.
40% increase in
friction coefficient
for first strokes.

Change in ESFB
Stem 2 High ESFB on cold

strokes (28%
change).
Decreased ESFB on
hot strokes (13%
change).

17% ESFB value on
cold strokes.
10% ESFB on hot
strokes.

No apparent change
in ESFB with
increasing
temperature.

Moderate ESFB
during cold tests.
Gradual increase in
ESFB value with
temperature during
hot tests.
Little variability
during hot tests.

Wide variations in
ESFB between
strokes for each
temperature step.
Usually, large ESFB
value on first stroke.

Stem 3 Higher ESFB on cold
strokes than Stem 2
(40% change).
Decreased ESFB on
hot strokes.

20% ESFB value on
cold strokes.
10% ESFB on hot
strokes.

No apparent change
in ESFB with
increasing
temperature.

Moderate ESFB
during cold tests.
Gradual increase in
ESFB value with
temperature during
hot tests.
Little variability
during hot tests.

Wide variations in
ESFB between
strokes for each
temperature step.
Usually, large ESFB
value on first stroke.
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6. RECOMMENDATIONS FOR FURTHER RESEARCH

The results of the testing completed to date indicate several areas of continuing research activities.
The following bullets briefly describe these research topics.  Note that the research topics listed below are
not listed in any particular order of priority.

• Complete accelerated aging tests.  Our research and literature searches indicate that testing of
aged lubricants at elevated temperatures to simulate design conditions conditions has not been
performed.  Such research has been proposed as a continuing activity in the test plan governing
the current work2.

• Perform elevated temperature tests using oven aged lubricant samples.  Our literature
searches indicate that tests have been completed using lubricant samples that have been oven
aged.  However, the actual testing using these lubricant samples was performed at room
temperature.  Testing at design conditions condition temperatures would provide data allowing a
comparison to test results where the lubricants were aged in place on the stem/stem nut assembly.
These tests will determine whether different aging methods/techniques result in a significant
difference in lubricant performance during testing of lubricants subjected to accelerated thermal
aging.  Such research has been proposed as a continuing activity in the test plan governing the
current work2.

• Test additional stem/stem nut combinations.  Present research results indicate that friction
coefficients vary with temperature and are also influenced by the stem s thread configuration.
Testing of additional stem/stem nut sizes and thread configurations will provide possible insights
on the general applicability of the test results to combinations of lubricants and stem/stem nut
configurations.  This information might then demonstrate the applicability of the results to
broader groups of stem sizes versus the necessity to perform individual tests for each specific
combination of lubricant and stem/stem nut to determine acceptable values of the coefficient of
friction.

• Conduct further research to characterize lubricant aging mechanisms.  Limited discussions
have been held to date with the manufactures regarding the performance of their products as a
valve stem lubricant.  The lubricant manufacturers generally orient their test programs to assess
performance in bearings or other applications where the lubricant will be worked  or mixed
during service.  No information seemed to be readily available regarding aging mechanisms
applicable to nuclear plant conditions where the lubricant may sit idle on a valve stem for
extended periods between strokes.  Additional discussions with the manufacturers may provide
additional information.  Chemical analysis of new grease compared to aged grease to characterize
aging mechanisms and processes affecting changes in grease properties would be another
valuable approach to obtaining this information.

• Conduct additional tests using different stem pressures.  The testing accomplished to date has
been conducted with the MOVLS configured to provide thread pressure of approximately 10,000
psi during the stroke.  Additional testing performed using different thread pressures would
provide insights about the sensitivity of the lubricants to this variable when tested at elevated
temperatures.

• Conduct further testing and evaluation regarding data scatter.  Certain lubricants tested
exhibited wide scatter in the friction coefficient results.  Additional tests with these lubricants
applied to the same stems would provide additional data that would indicate the consistency of
this phenomenon.
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• Conduct additional research into shelf life  storage issues.   The object of this research
activity would be to obtain additional data regarding lubricant sensitivity to degradation while in
storage.  As mentioned earlier in this report, Exxon EP1 has a manufacturer s recommended
storage life of two years.  Other lubricant manufacturers did not provide storage life
recommendations.  As noted previously in this report, performance differences were observed
when using a supply of old  (aged approximately 10 years at room temperature) EP1 versus the
results obtained using newly obtained EP1.  It is not know where in the aging process that the
lubrication properties start to break down.  Testing would be performed to assess when friction
properties start to degrade and whether all the other greases included in these tests are affected by
shelf life storage degradation.  This testing would provide insight to the possible importance of
shelf life concerns and /or use in applications such as valve stems where significant time periods
separate mixing or working  of the lubricant.

• Address issues identified in industry discussions and review of test results.  As the results of
this research are presented to the nuclear industry through reports and technical presentations,
questions and comments will inevitably arise.  Any such issues should be pursued because the
broader understanding achieved will benefit both the NRC and the nuclear industry as a whole.  It
is suggested that this report should also be made available for review by the lubricant
manufacturers to solicit their insights and comments.  Utilizing the expertise of the lubricant
manufacturers in cooperative research programs would be another method of addressing some of
the issues presented above.
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8. FIGURES

The figures referenced in the preceding pages follow in sequential order.



26

Figure 1.  Actuator Gearbox Diagram

Sleeve bearings Stem nut

Sleeve

Belleville spring pack

ACTUATOR OUTPUT TORQUE

STEM THRUST

STEM TORQUE

SPRING COMPRESSION

MOTOR
TORQUE

Torque switch

Worm

Valve
stem

Worm gear

Spline
Helical
gear set



27

Figure 2.  In actual MOV testing, rate-of-loading changes with stem load.
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Figure 3.  INEEL MOV Load Simulator (MOVLS)
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Figure 4.  Actuators were heated to design basis temperatures.
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Figure 5.  The five cold loaded tests show no variation in stem thrust between strokes.
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Figure 6.  The five cold loaded tests show little variation in stem coefficient of friction.
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Figure 7.  The five hot loaded tests required changes to MOVLS setting to produce full closure.
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Figure 8.  The five hot loaded tests show significant variation in stem coefficient of friction.
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Figure 9.  After testing, EP1 changed from tan to brown and hardened.
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Figure 10.  After testing, EP1 changed from tan to brown and hardened.
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Figure 11.  The EP1 inside the sealed gearbox did not change significantly.
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Figure 12.  The five cold baseline tests show no variation in stem thrust between strokes.
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Figure 13.  The five cold baseline tests show no variation in stem torque between strokes.
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Figure 14.  The five cold baseline tests show no variation in stem coefficient of friction.
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Figure 15.  The five hot baseline tests show no variation in stem thrust between strokes.
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Figure 16.  The five hot baseline tests show an increase in stem torque with each stroke.
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Figure 17.  The five hot baseline tests show significant increase in stem friction.
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Figure 18.  The five final cold tests show little variation in stem thrust between strokes.
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Figure 19.  The five final cold tests show a small variation in stem torque between strokes.
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Figure 20.  The five final cold tests show a significant variation in stem friction after the first stroke.
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Figure 21.  New Exxon Nebula EP1 was used.
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Figure 22.  After testing, EP1 changed from tan to brown and hardened.
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Figure 23.  After testing, EP1 hardened inside the stem nut.
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Figure 24.  Nebula EP1 smear comparison.
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Figure 25.  In initial cold tests, first stroke was 6% lower than subsequent strokes.
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Figure 26.  All five 130¡F strokes were consistent for Stem 2 with EP1.
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Figure 27.  Stem friction increased with each stroke at 250¡F.
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Figure 28.  The stem friction decreases with each stroke in the final cold tests.
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Figure 29.  Stem 3 also shows a lower first stroke in the cold baseline tests.
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Figure 30.  Stem 2, EP1 shows little temp. effect.
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Figure 31.  Stem 2, EP1 shows little temp. effect.
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Figure 32.  New Chevron SRI grease was used.
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Figure 33.  A thin coat of SRI was applied to Stem 2
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Figure 34.  After testing, SRI had changed to dark brown and hardened.
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Figure 35.  Smear comparison of Chevron SRI.
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Figure 36.  After several days, oil absorption into the paper indicates similar oil content.



62

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0 5 10 15 20

Time (s)

F
ric

tio
n

Stroke 1
Stroke 2
Stroke 3
Stroke 4
Stroke 5

Figure 37.  Cold baseline tests shows good repeatability between strokes.
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Figure 38.  At high temp. we see more variability and an increase with each stroke.
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Figure 39.  Stem 3 with SRI shows good repeatability even at hot temps.
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Figure 40.  In the final cold tests, the first stroke was 5% higher than subsequent.
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Figure 41.  Stem 2 with SRI shows a 25% increase.
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Figure 42.  Stem 3 with SRI shows a 20% increase.
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Figure 43.  New Mobil MobilGrease 28 was used.
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Figure 44.  A thin coat of M28 was applied to the threads.
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Figure 45.  After testing the M28 had change to almost black and hardened.
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Figure 46.  Smear comparison of M28.
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Figure 47.  After one day, the radius of absorption is half the new sample.
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Figure 48.  M28 exhibited a wider spread between tests and increased with each stroke.
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Figure 49.  At 250¡F, the first stroke was 10% lower than the following strokes.
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Figure 50.  After cooldown, stem friction has returned to earlier cold values.
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Figure 51.  Stem 3 had better agreement between strokes - first test was high.

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0 5 10 15 20

Time (s)

F
ric

tio
n

Stroke 1
Stroke 2
Stroke 3
Stroke 4
Stroke 5

ET S3 M28 070_1



77

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0 5 10 15 20

Time (s)

F
ric

tio
n

Stroke 1
Stroke 2
Stroke 3
Stroke 4
Stroke 5

Figure 52.  In some tests, the friction was much lower in the first stroke.
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Figure 53.  In all high temp. tests for Stem 3 and M28, the first stroke was higher.
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Figure 54.  Stem 2 with M28 showed a 28% increase.
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Figure 55.  Stem 3-M28 showed a 18% increase in one stroke.

Stem 3 Mobil 28

0.09

0.1

0.11

0.12

0.13

0.14

0 100 200 300

Temperature

C
o

ef
. 

o
f 

F
ri

ct
io

n

11/29/99 Temp. Effects
06/15/00 Step Test
06/20/00 Temp. Effects
06/22/00 Step Test - 2



81

Figure 56.  New SWEPCO Moly 101 grease was used.
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Figure 57.  A thin coat of M101 was applied to the stem threads.
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Figure 58.  After testing the M101 grease had thickened.
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Figure 59.  After testing the M101 grease had thickened.
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Figure 60.  Smear comparison for Moly 101 grease.
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Figure 61.  Stem 2 - M101 saw significant variation between strokes.
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Figure 62.  Stem 2 - M101 shows large increase with temperature and repeated strokes.
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Figure 63.  At final cooldown, first stroke begins at hot values but drops to cold values.
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Figure 64.  Stem 3 - M101 shows excellent repeatability between strokes.
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Figure 65.  Good repeatability is maintained at hot temperatures.
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Figure 66.  In the single step friction increased 21% - multiple steps reached 37%.
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Figure 67.  Stem 3 - Moly 101 increased by 14%.
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Figure 68.  New Loctite N-5000 Anti-Seize  was used.
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Figure 69.  After testing, the lubricant had separated and moved down the stem.
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Figure 70.  After testing, the lubricant had separated and dripped from the stem nut.
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Figure 71.  The lubricant above stem nut travel appeared unchanged.
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Figure 72.  Several drips of clear and silver-colored lubricant have landed on the stem spacer.
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Figure 73.  Smear comparison of N5000 anti-seize.  Note separation.
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Figure 74.  Stem 2 - N5000 had large variations between strokes.  First test was unique.
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Figure 75.  Stem 2 - N5000 had large variations between strokes.  First test was unique.
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Figure 76.  Large variations between strokes went away but ranged from 0.16 and 0.19.
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Figure 77.  In final cold tests, first stroke was high but returned to lower values.
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Figure 78.  Stem 3 - N5000 had smaller variations between strokes.  First test was unique.
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Figure 79.  Sometimes, the first stroke was significantly lower.
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Figure 80.  Average values increased 29% at hot temps.
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Figure 81.  Ignoring the first stroke, Stem 2 saw no increase.
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