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ABSTRACT

Degradation and failure of swing check valves and resulting damage to plant
equipment has led to a need to develop a method to predict performance and degradation
of these valves in nuclear power plant systems. This Phase I investigation developed
methods which can be used to predict the stability of the check valve disk when piping
disturbances such as elbows, reducers, and generalized turbulence sources are present
upstream of the valve within 10 pipe diameters. Major findings include the flow
velocity required to achieve a full open, stable disk position, the magnitude of disk
motion developed with these upstream disturbances with flow velocities below full open
conditions, as well as disk natural frequency data which can be used to predict wear
and fetigue damage. Reducers were found to cause little or no performance
degradation. Elbow effects must be considered when located within 5 diameters of the
check valve, while severe turbulence sources have significant effect at distances to 10
diameters.

Clearway swing check designs were found to be particularly sensitive to
manufacturing tolerances and installation variables making them likely candidates
for premature failure. Reducing the disk full opening angle on these clearway
designs results in significant performance improvement.
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INTRODUCTION

Accelerated degradation of check valve internals can lead to their failure to perform,
leading to serious safety consequences or causing extensive damage to other plant
components and systems. The primary cause of premature degradation is continuous
fluctuation of the disk when it is not firmly held against the backstop by the fluid forces
pushing on it. The severity of the degradation depends upon the type and severity of
disturbances in the fluid system that are present upstream of the valve which disturb the
uniform flow and create velocity skew or fluctuations.

Disk fluctuation can be eliminated by ensuring that the valve is sized to create
sufficient flow velocity through it to fully open the disk against its backstop. However,
many valve manufacturers lack accurate data to make minimum velocity (Viin)
recommendations concerning their valves. A generalized Vimin formula has recently
been developed (References 5, 23) for swing check valves which has been shown to
correlate well with experimental results covering a wide range of sizes and pressure
ratings. It should be pointed out, however, that this formula is applicable only to

installations in which fully developed pipe flow, unaffected by upstream disturbance,
is entering the valve.

In order to predict the performance of check valves in practical installations at nuclear
power plants, additional data are needed to properly account for the effect of flow
disturbances that are commonly present in close nroximity (less than 10 pipe
diameters) upstream of the check valve. The minimum velocity, Vmin, for an ideal
pipe flow may not be sufficient to hold the disk fully open under such conditions. One of
the objectives of this research is to develop techniques which can be used to predict
whether disk stability can be achieved in the presence of such upstream disturbances by
increasing the velocity above Viin and to develop the velocity margins necessary to
suppress disk fluctuations.

Another important objective of this effort is to develop techniques to quantify the
magnitude and severity of disk fluctuations under various flow conditions in the
presence of these upstream disturbances when the velocity through the valve is
insufficient to hold it fully open. These techniques will aid in predicting (1) whether a
swing check valve installed with a known upstream disturbance at a defined
proximity will suffer from accelerated degradation, and (2) the severity of disk motion
which causes that degradation of the internals. Eventually, the results from the
successful completion of the research effort envisioned under Phase | and 11 should be
useful in predicting suitable maintenance intervals during which the degradation is
within acceptable limits. Within these limits the check valve should continue to
perform without compromising the safety or reliability of its operation,

This report summarizes the results of the Phase 1 effort in which the performance of
swing check valves with certain selected upstream flow disturbances was
systematically evaluated. In a broad sense the types of flow disturbances that can be
found upstream of the check valves fall into two distinct categories:

1. Piping elements such as elbows, reducers, and tees which are quite specific in
their geometry,

2. Turbulence sources which includes a large variety of devices capable of
creating velocity fluctuations in the flow stream. This includes control valves



of various types - e.g., single ported globe valve, double ported globe valve,
multiple hole cage guided trim valves, butterfly valves - pumps, and orifices,
ete.

From the first category of flow disturbances, elbows and reducers were selected for
Phase I testing since these are the most commonly used piping elements upstream of
check valves. Phase | testing also included the investigation of an upstream
turbulence source. In order to generically characterize the effect of the various types of
turbulence sources described above, orifice plates with multiple holes were used. By
varying the size and number of holes, the two important characteristics of turbulence,
e.g., eddy size (or scale of turbulence) and the intensity of turbulence could be
controlled indepandently. Multiple-hole orifice plates have the additional advantage
of creating uniform turbulence across the pipe cross-section, which provides data of
more general utility than some specific throttling devices, e.g., butterfly valves that
have been used in the past (References 5, 24), which introduce a velocity skew along
with turbulence. Extensive testing was done using several perforated plates to develop
upper bounds of disk fluctuation under the most severe turbulent conditions. These
bounding disk fluctuation results can be used 10 make conservative predictions about
check valve degradation. Additionally, some nteresting trends were found which
show how the size of holes in the orifice plates affe~'s the severity of disk fluctuations.

It should be pointed out that until recently there had been no reported results of research
directed at systematic evaluation of upstream disturbances on check velve
performance, even though some unique configurations have been investigated
(References 13, 24, 25). Reference 5 reports the results of the first such effort towards the
systematic evaluation of upstream diswurbances completed by the investigators in the
present research. That work included investigation of elbows and a throttled butterfly
valve as a turbulence source. However, the velocity increments used in those tests were
relatively coarse and they did not permit an accurate determination of the velocity at
which the disk begins to impact the backstop and when it finally reaches its fully open
position. Secondly, the butterfly valve introduces a velocity skew along with intended
turbulence which prevented any useful velocity margin data over Vpin to be extracted
from these tests. The Phase | tests were designed to specifically overcome these
limitations and to develop more general, upper bound data for turbulence as well as
reducers,

The tests were performed on two different sizes of swing check valves (3- and 6-inch)
with an adjustable stop to simulate the disk angle variations found in valves made by
different manufacturers. An important consideration in this Phase I effort was to use
methods which can allow the results to be scaled and applied to other sizes. All together,
over 2,000 tests explored the effects of elbows, reducers, and turbulence sources
upstream of the check valve.

Phase | effort also included a thorough review of the current state of the art in
fluid/structure interaction techniques, and their capabilities and limitation to predict
disk response to upstream turbulence if the turbulence characteristics are known,

This report summarizes the results of the experimental and theoretical investigation
completed under Phase 1.



OBJECTIVES

The objective of the Phase I effort was to determine the feasibility of a technical
approach in predicting and quantifying the stability or instability of the swing check

valve disks in practical piping systems which have a significant flow disturbance
within 10 pipe diameters upstream of the valve,

More specifically, the objectives were to

1. Develop a general approach which can be used to modify the Vpin formula to
account for the orientation and proximity of an upstream elbow;

2. Develop a general approach to account for the effect of an upstream reducer on
the Viin formula;

3. Develcp techniques for predicting the amplitude and frequency of check valve
disk motion in the presence of an upstream turbulence source. These results

can be used in a Phase II program to develop quantitative wear and fatigue
prediction techniques;

4. Establish velocity margins above Vpin necessary to fully open the disk and
suppress disk oscillations due to 1, 2, and 3 above.

A test program was devised to meet these objectives. The tests were performed on 3-inch
and 6-inch swing check valves supplied by MCC Pacific Valve Company. The valves
are similar to that shown in Figure 1. The tests were performed at Kalsi Engineering,
Inc.'s flow test facility in Sugar Land, Texas (Figures 2 and 3). Water at outdoor
ambient temperature was used as the flow media at velocities between 1.5 and 25 feet per
second. All together, over 2,000 tests explored the effects of elbows, reducers, and
turbulence upstream of the check valve.
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SCALING CONSIDERATIONS

One of the important considerations in Phase ! work was to properly take the pertinent
nondimensional scaling parameters into account. Two sizes of valve, 3-inch and 6-
inch, were tested so that data can be used to check the validity of how the results scale up
between the two sizes using the nondimensional parameters chosen.

The following table lists the dimensional and nondimensional parameters that were
used in the tests:

D = Nominal size of the valve, diameter of the upstream pipe
L = Distance between the valve end and upstream disturbance

L/D = Nondimensiona! distance between the valve end and upstream
disturbance; also referred to as proximity of the disturbance

A8 = Disk fluctuation angle

8 = Total fluid impingement angle against the disk (see Figure 1)
= [90° - (the angle swept by disk from fully closed to fully open position))

V = Flow velocity through the valve, based on valve inlet area
V' = Velocity required to fully open the valve with an upstream disturbance

Vmin = Minimum flow velocity required to fully open the disk against the
backstop without any upstream disturbance

V/Nmin = Nondimensional velocity ratio used to express velocity margins

needed over Vpin to stabilize the disk in the presence of an upstream
disturbance

Cyp = (Same definition as ratio V/Vyin) A nondimensional velocity
margin factor to account for upstream disturbances

Standard short-radius 90-degree elbow~ and concentric reducers manufactured by
Victaulic Company were used in these tests They were dimensionally inspected to
determine what, if any, deviations exist in the geometrical scaling between the 3- and
6-inch sizes. It was found that the ratio of mean elbow radius and the inside diameter
of the elbow varied by approximately = 10 percent around the mean value of 1.075. The
angle of the concentric reducers was alsc “und to be consistent: between 14 and 15
degrees for both reducers, which equates to a wotal included angle of about 30 degrees.

Geometrical similarity was also maintained in the design of various multiple-hole
orifice plates used in tests on the 3-inch and 6-inch valves. The size and number of
holes used in these plates is shown in Table 3. The hole size governs the size of eddies
emitted by an orifice plate. The ratio between the eddy size and physical dimensions of
the check valve disk is an important nondimensional scaling parameter for
fluid/structurc .teraction caused by turbulence.
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Table 1A
VALVE DATA FOR 3. INCH VALVE

Valve Type 3", 300# Swing Disk Check
Manufacturer MCC Pacific Valve Company
Weight and Dimensional Data
Disk Weight (incl. nut) 1.94 lbs.
Hinge Arm Weight 0.72 lbs.
Hinge Pin Diameter 0.375"
Disk O.D. 3.90° }
Seat Bore Diameter 3.0" |
Seat Tilt From Vertical K
Full Open Angle 73
Table 1B
VALVE DATA FOR 6-INCH VALVE

Valve Type 6", 300# Swing Disk Check

Manufacturer MCC Pacific Valve Company

Weight and Dimensional Data

Disk Weight (incl. nut) 8.94 lbs.

Hinge Arm Weight 3.38 lbs.

Hinge Pin Diameter 0.500" ‘
Disk O.D. 6.90"

Seat Bore Diameter 6.0"

Sea* Tilt From Vertical K

Full Open Angle 0r
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INSTRUMENTATION

Design Features

The load cell apparatus incorporates a spring to preload the stop rod against the load
cell, thus taking up any clearance that might exist. This feature prevents unwanted
load amplification that can be caused by impact of the stop rod against the load cell if
any clearance is present between them A static seal was used to isolate the load cell
from the valve interior. This results in a fictitious disk-to-stop load in response to
valve internal pressure. To minimize this load, the pressure effective area was made
as small as practical resulting in a pressure inluced load of 2 pounds at 75 psig.

Disk motion measurement was accomplished by attaching the LVDT core directly to
the hinge arm with a stiff plastic tube capable of transmitting push/pull motion while
retaining the ability to flex slightly to accommodate kinematic restraints of the
arrangement, This connecting link transformed the rotary motion of the hinge arm
into linear displacement of the LVDT core Calibration of the apparatus against disk
angle proved the mechanism to be nearly linear with a worst case error of £05
degrees. Under certain flow conditions turbulence in the valve can buffet the
connecting ink causing displacement of the LVDT core not associated with dick
motion. This phenomenon was eliminated by placing a protective aluminum tube over
the connecting link to shield it from the turbulence.

Flow rates were calculated by measuring the pressure drop across an orifice plate The
entire ori‘ice meter run is constructed i1 accoraance with the requirements of
ANSI/AP] 2530. Three different orifice sizes were used to provide flow accuracy of
+ 0.5 perzent over a range of 1.3 to 27 feet per second (water), This flow range exceeds
that reguired for the present test program,

The following pavameters were measured and recorded during each of the tests
performed: disk motion, backstop load, flow orifice AP (for flow velocity). and pressure
upstream of the check valve. In addition, during the turbulence tests, a second pressure
measurement was added to monitor pressure drop across the perforated plate Each of
the analog signals was acquired through a 12-bit analog-to-digital converter then
stored on disk. A test log was also printed out documenting important test parame s«
and summary test data.
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TURBULENCE TESTS

Test results reported in Reference 5 concluded that using a partially closed butterfly
valve as a throttling device generated high levels of turbulence. However, flow over the
canted disk of the butterfly valve resulted in a highly skewed velocity profile entering
the check valve. The superposition of velocity skew and turbulence masked the
individual effects of the two independent phenomena, making it impossible to
determine the velocity margin over Vmin due to turbulence effects alone, To provide
controllable levels of turbulence without velocity skew for this series of tests, a special

set of perforated plates were constructed which could be placed at a variety of upstream
locations.

When considering turbulence sources which might affect check valve performance,
the search quickly becomes overwhelming. Many piping system elements are sources
of turbulence. Control valves of all types, pumps, pipe fittings such as tees and elbows,
all contribute to turbulence which will affect check valve performance. Characterizing
the effects of many different variations of control valves, pumps, or other throttling
devices on an individual basis would be an impossibly large task. Instead, we took the
approach of using a relatively simple but generic source of turbulence which could be
easily modified or scaled.

Multi-Hole Orifice Plate as a Turbulence Sourve

The device settled upon for generating turbulence is a plate of stainless steel with a
pattern of drilled holes captured in a holding fixture fitted with pipe stubs. This
allowed for easy axial positioning of the turbulence source with respect to the check
valve as well as interchangeability of the perforated plates. Figure 15 shows the plate
holder and an assortment of plates used for the 3- and 6-inch valve tests, respectively.
Data regarding perforated plate geometry are presented in Table 3.

Table 3
PERFORATED PLATE DATA
Py 3-Inch Valve 6-Inch Valve
No. of Holes x No. of Holes x
Hole Diameter  Area Ratio®, Hole Diameter Area Ratio®,
(inches) a (inches) a
¥ x 316 13 ¥ x 38 13
6 x 316 23 67 x 3/8 .26
3 x 78 .24 3x 134 24
4 x 7/8 .33 4 x 134 33

* Area Ratio = Total Area of HolesPipe Flow Area

One important characteristic of turbulence which we wanted to simulate is the size of
the turbulent eddies developed by different devices. Caged control valves can have
numerous smail holes through which the flow will pass. The smaller (3/16 inch and
3/8 inch) holes were chosen as representative of that class of device and most likely the
smallest eddies to be encountered. At the other end of the spectrum, we chose the largest
hole size for a three-hole orifice geometry. Three seemed to be the least which could be

14
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Disk Fluctuation Data, 3-inch Valve
Figure 16 shows the disk fluctuation data for the 3-inch valve with the stop angle at the
73-degree clearway position and turbulence source at 1.5d. The overall plot represents

dnta from all four of the perforated plates used in the test program. Some important
trends should be noted:

1. Peak disk fluctuations are considerably higher than for any of the elbow tests,
reaching levels of over 15 degrees (peak to peak, 30).

2. The highest levels occur in the 4 to 6 fps range with the 36-hole plate. As shown

in Table 3 data for various orifice plates, this plate has the smaller (3/16")
diameter holes,

3. The velocity required to fully open the disk is in the 17 to 18 fps range based upon

disk fluctuation levels dropping to ur.der 1 degree. This agrees closely with the
baseline data.

4. The darkened symbols represent those tests where tapping of the disk against
the stop begins as flow velocity 1s increased. Compared to the elbow tests, the
velocity zone over which tapping occurs is wider. This is the zone ov-~ which
accelerated fatigue and impact wear occurs.

Figures 17, 18, and 19 show the fluctuation data for the remaining proximities of 2.5,
4.5, and 10.5d at the 73-degree stop angle. On each plot an upper bound curve has been
drawn for disk fluctuations at each proximity.

The upper bound data for the most severe disk fluctuations as a function of both flow
velocity and proximity of the turbulence source shown in previous figures are presented
in a more comprehensive manner in Figure 20. As one would expect, at any given
velocity, maximum fluctuations decrease as the turbulence source is moved away from
the valve. Alsc, at all proximities the maximum fluctuations occur at around 6 fps.

To complete a set of turbulence data at all stop angles, the 53-degree and 63-degree
fluctuation data at 2.5d is shown in Figures 21 and 22 respectively. We see that peak
fluctuations are lower than at the 73-degree stop angle, and the velocity range over
w* ‘ch disk motion occurs gets progressively narrower as the stop angle is decreased.
Addiiionally, the velocity range between onset of tapping (darkened symbols) and disk
seating (fluctuations less than 1 degree) is much narrower as well. These trends were
also present in the elbow data. Even though disk fluctuations are much higher than
were seen for the elbow tests, the velocity margin required over baseline to firmly seat

the disk is very similar, approximately 30 percent at 63 degrees and 15 percent at 53
degrees.

Disk Fluctuation Data, 6-inch Valve

Figures 23 through 29 represent the disk fluctuation results for the 6-inch valve with
various orifices and their proximities. All the trends noted for the 3-inch valve data
still apply to the 6-inch valve with the exception that at 2.5d the peak fluctuations are
slightly higher at velocities above 6 fps than at 1.5d. This can be seen in Figure 27
where the data are summarized. A comparison between Figure 27 and Figure 20 shows
that the overall magnitudes of the disk fluctuations are approximately the same for both
the 3-inch and the 6-inch valves, confirming the validity of scaling up of the results in
these tests.

16



Summary of Maximum Disk Fluctuations for

Elbows, Reducers, and Turbulence Sources

Figure 30 is an overall summary and comparison of maximum disk fluctuation data
for all of the upstream disturbances tested for both valves at each proximity. Clearly,
the turbulence source has the most severe effect on disk stability, with fluctuation
magnitudes reaching as high as 16 degrees at the closest proximity. As expected, the
disk fluctuations created by the turbulence source continue to decrease as the proximity
from the check valve is increased, but even at 10.5d the magnitude is as high as with
elbows at 5d. One can also see that both the 3-inch and the 6-inch valves show
overlapping data which provides some confirmation of the fact that disk motion
expressed in nondimensional terms of fluctuating angle A8 is a valid scaling
approach., Comparisons made against published data by others show that our results
bound the reported magnitudes of disk fluctuations with other turbulence sources which
include control valves, throttled butterfly valves, and pumps as well as the effect of
larger check valves (References 5, 10, 13, 24, 25). Therefore, the upper bound data
developed from Phase I experiments could be used in predicting maximum wear or
fatigue that can be caused by disk motion.

The elbow data for both valves shows that the overall disk motion is considerably less
than with a turbulence source and is typically in the range of 3 to 5 degrees. The
maximum fluctuations at the closest proximity of 0d are between 6 and 9 degrees range
for the elbow up condition, which is the most severe elbow orientation. As reported in
previous elbow results (Reference 5), the disk fluctuations become negligible beyond
5d.

One of the most interesting results was the performance of the check valve with
reducers as an upstream disturbance. As shown in this figure, the disk fluctuations
with the reducers even at the closest proximity to the valve are within the baseline
fluctuations that were measured with 20d length of upstream st. i_ht pipe which
included a flow straightening section. The results show that the reaucer employed to
install a smaller size check valve in a larger diameter upstream pipe is not a
detrimental disturbance in such ~onfiguration. One should be cautioned, however, that
the reverse situation where a rc:. .r is being used to install a larger size check valve
in a smaller size upstream pipe (which in fact makes the reducer function as a flow
expander) is known to be a definite source of turbulence. Fortunately, for swing check
valves such installations are rare in typical power plant systems.

DISK NATURAL FREQUENCY AND DAMPING TESTS

By combining data for amplitude of disk motion with disk natural frequency data,
estimates for hinge pin wear and disk stud impact wear and fatigue can be made. To
measure the disk natural frequency under flowing conditions, a simple test was run
on each valve where steady state flow conditions were established with no upstream
disturbance. A pushrod was introduced through the bonnet and used to quickly disturb
the disk from its equilibrium position. A strip chart recording was made of the
resulting response to the disturbance. Figure 31 shows a section of a typical recording.
As is evident from this recording, the disk response is relatively highly damped. By
measuring successive peaks from a number of tests, the damping ratio is calculated as
0.5+ 0.1 for the 6-inch valve and 0.3 # 0.1 for the 3-inch. The natural frequency tests
were performed at a number of flow velocities which correspond to different
equilibrium positions of the disk. The results are presented in Figure 32.
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An analytical formulation for to predict natural frequency was also developed by
considering the disk as a single degree of freedom spring-mass system. This is
presented in Appendix A and the results from it for the 3-inch and the 6-inch valves are
plotted in Figure 32 for comparison. Another comparison was made against work by
Sununu (Reference 10) which suggests that the disk natural frequency is proportional

to the eddy frequency generated in normal turbulent pipe flow This frequency can be
calculated as follows:

0.04 V..

eddy = Rpipe

Test data published in Reference 10 for 2-inch and 4-inch valves is also plotted in
Figure 32 for comparison. Two trends are apparent. First is a trend of increasing disk
natural frequency with decreasing valve size. Second is an increasing natural
frequency with increasing velocity. Unfortunately, not enough data are available to
draw firm conclusions about the trends. Other factors such as effective disk weight
and valve internal geometry may have some effect on the natural frequency. In fact
there does not appear to be a linear relationship between natural frequency and velocity
for majority of the data as the previous formula suggests. Nonetheless, these
measurements give a reasonable quantification of disk natural frequency and form a
basis for performing wear and fatigue estimates.

DISK-TO-STOP IMPACT LOAD TESTS

To calculate impact fatigue life of the disk stud/nut assembly when the disk is tapping
against the stop, estimates of the impact force can be made based upon the transfer of
kinetic energy of the moving disk and hinge arm assembly into strain energy
absorbed by the contacting elements. With the load cell apparatus incorporated in the
stop mechanism, actnal load measurements were made for the 3-inch valve to
characterize the load signature when tapping. It was found that the data acquisition
rate had to be increased considerably - from 40 hz (which is sufficient for the
measurement of displacement and pressures) to 4 khz - to properly capture the
load/time history,

Figure 33 shows the results of one such measurement 1aade on the 3-inch valve under
the following conditions: flow velocity of 17.5 fps, an upstream elbow oriented up at a
proximity of 1d, the valve stop angle set at 73 degrees. A number of such measurements
were made under the same flowing conditions, with the highest recorded loads being 35
pounds. These measurements are, of course, with the clear plastic bonnet and the
adjustable stop mechanism which was being used in the test instead of the actual steel
bonnet with integral stop. In all cases, the contact duration was between 0.003 to 0.0035
seconds. To use this load data, it is necessary to account for the relative stiffnesses of
the test valve bonnet/stop assembly and the actual valve. These stiffnesses can be
determined by testing or analysis. One method would be to apply known loads to each
assembly and measure the displacements. Appendix B documents an analysis method
and a calculation in which the relative stiffnesses are estimated. Based on the 35-
pound load measured and this analysis approach, it is estimated that the actual impact
load with steel bonnet having integral stop arrangement will be approximately 270
pounds for the 3-inch valve. The impact force results thus obiained can be used in
predicting impact wear between the disk/stud nut and the stop as well as fatigue life of
this assembly.




DISCUSSION

CLEARWAY SWING CHECK PERFORMANCE PROBLEMS

A very important result of the elbow tests conducted in this project is the apparent
discrepancy between these tests and those reported in Reference 5 for the minimum
velocity requirements for the 3-inch valve with stop angle at the 73-degree clearway
position and elbows at 0d. The s - ier tests reported values of 17 fps for elbow down and
18 fps for elbow up. The current icot program = élly seat the disk at velocities as
high as 25 fps. Possible reasons for that differenc. . .. be categorized as follows:

1. Differences in flow velocities/conditions;
2. Variations in inlet piping setup;
3. Minor differences in physical location of stop position(s).

The first item is unlikely because no evidence of velocity based errors shows up in
other tests. All equipment was calibrated and, in fact, was the same in both tests.

The second item could conceivably contribute if, for example, the elbow was tilted
slightly as it was bolted to the valve. This would cause the flow to enter the valve at a
different angle relative to the nominal flow axis, in effect changing the full open angle
of the valve. This possibility exists because of the flexibility of the elbow/valve
connection and the difficulty in establishing the elbow orientation (using a bu5ble
level) at this 0d proximity. Finally, physical changes made to the valve between test
programs could have affected the absolute position of the adjustable stop. Since
different assemblies were used for the adjustable stop devices, there could have been
some offset introduced at each stop position. Although great care was taken to prevent
this, a difference between assemblies of 1 degree is a possibility.

The second or third items could create enough of a difference in this valve to account
for the observed phenomenon. The large 73-degree opening angle of this valve,
combined with the clearway design in which the disk is completely shie'ded from
direct flow impingement, makes it very susceptible to these physical changes. It is
important to realize that there are real-world analogies to both of these test related
items. First, a real piping installation will be as likely to have small angular
alignment variations between valve and pipe as the test setup, if not more so. A pipe
could very easily be welded to a valve or flange in such a way as to introduce a couple of
degrees of misalignment between the pipe and valve centerlines. Second, valve
manufacturing tolerances are such that the full open angle of the disk van vary by as
much as 5 degrees, which has been observed to be a typical variation in product lines
made by most manufacturers. This is considerably more than the variation between
test setups. Even a coinparison between the 3-inch and the 6-inch valve (both products of
MCC Pacific Valve Company) in the full open clearway position for the valves used in
our tests shows a significant difference in the velocity required to fully open the disk.

For these reasons, sufficient velocity margins should be used for clearway designs. To
avoid possible problems, it is best to lengthen the backstop to ensure the disk protrusion
into the flow stream by at least 10 degrees, which has been found to provide much better
disk stability under various flow conditions and upstream disturbance .
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VELOCITY MARGIN REQUIRED FOR ELBOWS AND REDUCERS

One of the project objectives was to develop appropriate modifications to the minimum
velocity formula to account for upstream elbow and reducer effects and develop the
velocity margins necessary to fully open the disk under these conditions. The data
presented in Figures 12 and 13 form the basis for these modifications. The appropnate

margins for upstream disturbances are most conveniently expressed as a multiplying
factor:

Vimin = Cup Vmin

where Vimin = minimum velocity required to fully open the disk with an
upstream disturbance

Vmin = Minimum velocity required to fully open the disk with no
upstream disturbance

Cup = The velocity margin factor accounting for an arbitrary
upstream disturbance,

Table 3 presents values for the factor Cyp for the different upstream disturbances.
Keeping in mind some of the test variables, we have chosen to use factors we feel
represent the worst case conditions. Although this may result in somewhat higher

velocities being required in certain instances, the error must be conser ative to ensure
safe performance.

Table 3
VELOCITY MARGIN FACTORS FOR
UPSTREAM DISTURBANCES, Cyp

Elbows Reducers
o | N . ) AR 1 1 2 4 S, § i 0
Otold 12 14 1.8 1.06 105 1.05
1to3d 1.2 12 14 1056 105 1.05
3to5d 352 1.1 1.1 105 105 1.05
Beyond5d 10 10 1.0 1.0 1.0 1.0

THEORETICAL PREDICTION OF

TURBULENCE INDUCED DISK MOTION

Discussion of the turbulence test results always involves the issue of relating
laboratory results to the many different real-world situations which exist. One
approach, of course, would be ‘o test all the different types of turbulence producing
devices individuslly for their effect on check val e performance. An effort this
extensive would involve many man-years of test and analysis time and would
invariably remain incomplete as new devices arrive on the scene. An alternate
method would be to use turbulence characteristics of the flow to predict check valve disk



response. Research in the area of fluid-structure interaction has resulted in a general
formulation of the type given below which can be used to predict disk response to a
turbulent flow stream (References 11,12, and 14 through 22).

S¢(f)

K2

p G %x

17
xf.K QxJz(f)]

where Xpms = Root mean square displacement response, inch

Sp(f = Power spectral density of the fluctuating forces over the

disk area, 1b2hz. This can be obtained by multiplying
the power spectral density of pressure field, expressed
in psiZ/hz, by the disk area, in?

K= Slope of the fluid dynamic force on the disk vs. linear
displacement, lo/in (see Appendix B)

fn = Natural frequency of the disk/arm assembly dangling
in the flow stream

Q = Transmissibility at resonance = 1/2 C¢
Ce= Critical damping ratio

J(f) = Joint acceptance for the generalized force power spectra
at frequency, f

The disk natural frequency and damping were measured, the results of which are
discussed in this report. An alternate analysis method to calculate the natural
frequency of the disk is shown in Appendix A, which also includes a method to
determine effective stiffness, K, for the disk fluid dynamic force vs. position curve.
Thus, analytical methods have been developed which can provide a reliable
quantification for calculating fy, K, as well as Q; and the remaining variables are Sp
and J(f). These pertain to the turbulence power spectral density and how the pressure
fluctuations in the turbulent flow stream are time correlated across the disk area. Joint
acceptance factor, J(f), can have a possible maximum value of 1 for perfect span-wise
correlation of pressure fluctuations and a minimum value of zero for random
fluctuations having no phase correlation whatsoever.

Preliminary analysis of pressure transducer data to determine the turbulence power
spectral density has been performed, and a general trend of higher disk motion with
increasing power spectral density of the pressure field in the turbulent flow has been
found to exist. However, considerably more effort is needed in this area to better
correlate disk motion to turbulence phenomena by using this power spectral density
approach.

A thorough review of literature in the area of fluid structure interaction revealed that,
even though the theoretical formulations based on power spectral measurements for
predicting mechanical resporse of an elastic system due to turbulent flow have been
generally well established, considerable work is still under way to develop reliable



correlation between theoretical predictions and actual tests (References 11,12 and 14
through 22). State of the art in this very active area of research stil] relies heavily upon
sound experimental measurements which then form the basis to refine the theoretical
models that predict structural response. Vibration response of cylindrical tubes
subjected to cross flow and axial flow is one subject that has been studied extensively by
many different researchers because of its obvious importance to the nuclear power
reactors, heat exchangers, and condensers. This has resulted in significant
advancements in the development of analytical models, but they are limited to the
cylindrical tube structures. Even for this well-studied structure, not much data

regarding power spectral density of the pressure field are available in the open
literature.

Therefore, recognizing the limitations of the current state of the art in this field and the
long-term research effort needed to develop reliable analytical methods to predict disk
motions, the effort under Phase I put more focus on developing the needed information
by systematic experimentation using a turbulence source of generic nature. In order to

ensure that the results have general applicability, suitable nondimensional scaling
factors were used in our test program,

As presented in detail in the previous sections, many tests were conducted with multi-
hole orifice plates in which different sizes and number of holes were used to control the
two important characteristics of turbulence: eddy size and turbulence intensity.
Proximity of the turbulence source was varied up to 10.5d from the valve. Extensive
data were generated for both 3-inch and 6-inch valves which are presented in Figures
16 through 26, 28, and 29. The most important results from these turbulence tests,
however, are presented in the family of bounding curves which relate the maximum
disk fluctuation experienced as a function of flow velocity and proximity of the
turbulence source and are shown in Figures 20, 27, and 30. Any data available from
published sources quantifying the disk response due to various turbulence sources
(References 5, 10, 13, 24, 25) were reviewed and compared against these bounding
curves. It was found that in no case did the maximum disk fluctuation exceed the
values plotted in this family of bounding curves.

Thus, these bounding curves, which were produced from our Phase I effort, can be used
to predict maximum swing check valve disk response with a severe turbulence source
present at a defined proximity upstream of the valve.



R SULTS AND CONCLUSIONS




RECOMMENDATIONS

To achieve the eventual goal of quantifying degradation trends when swing check
valves are used in less than fully open conditions, which is the case with many valves
in nuclear power plants, further research is neceisary. Phase | has resulted in
providing definite information regarding flow conditions and the upstream
disturbances which can :ause accelerated wear. It has also produced data regarding
maximum disk fluctuation, disk tapping zone, and free-swinging zone, which provide
the basis for developing quantitative predictions of degradation.

Research should be continued to use the disk stability information from Phase | to
develop quantitative fatigue and wear life predictions. This can serve as a basis to
make objective decisions regarding suitable maintenance intervals over which check
valve degradation is within acceptable safe limits and which will not jeopardize its
operation. Phase Il research, aimed at developing such predictive techniques,
verifying them in controlled laboratory conditions, and correlating them with actual
plant data should be conducted. The eventual goal of this research effort is to improve
the safety and reliability of check valves in nuclear power plant service properly
accounting for the expected degradation trends.
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DISK RESPONSE TO DISTURBANCE, 6" VALVE
NATURAL FREQUENCY TESTS
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APPENDIX A
FORMULATION OF SWING DISC CHECK VALVE
DISC NATURAL FREQUENCY




APPENDIX A
FORMULATION OF SWING DISC CHECK VALVE
DISC NATURAL FREQUENCY




From the results of bascline tests reported earl °r in this document, the relationship
between velocity and 6 can be measured. These values are tabulated below for both
valves, along with the resulting natural frequencies. Pertinent valve data are:

3 6"
A (ft2) 0.067 0.26
p (Ivft3) 62.4 624  (water, 70°F)
R (ft) 0.23 0.42
M (lbs) 2.3 9.5  (1/2Mhinge arm + Maise)
k 2.0 2.0
3" VALVE
Velocity 6 Z fn
fps deg hertz
48 0.61 1.98
0 0.47 2.60
20 0.40 3.20
10 = 0.36 3.80
12 2 0.33 4.36
6' VALVE
Velocity & zZ | fn
fps deg hertz
53 0.63 144
K7 0.51 1.94
27 0.43 2.38
10 24 0.39 283
12 = 0.36 3.27




APPENDIX B
METHOD FOR ESTIMATING IMPACT FORCE
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let KE = Kinetic energy before impact
Ka = Combined stiffness for actual valve assembly

Kr = Combined stiffness for test assembly

1

1
K. 'K,

At peak of impact force, the KE is completely converted to the potential energy, PE,
(assuming no permanent deformation as:

1 1P 1 PP
PE= KE= 3 K- 3K( %) <3

where P = Peak force
K = Combined stiffness

If P, is the actua! impact force and Pr is test measured peak force, then we have

P 2
1P, 1Py
PE=KE= -5 ——~
. -2K4-2K7
Ky
t Pa=nP
a=Pra [ w2



Bonnet Stifness Calculations

3" Test Valve Assembly

200,000 Ib/in «

= 8 N
30x10" x




~-W ‘2

K Central Load Assumed Yooax = STk a = radians
m W =\000 L B L t3
Z F___ 28 12(1 -9
A7 v 1
/%‘_ 7.25.‘_4 _l(m(7.25 )2
2
Cast Acrylic, E= 0.4 x 108 psi . e
i 30x10°%1.25°
16n 3
121 -0.39
= 0.00004872 in

K, = 20,524,968 lbvin

3 Madtec o s w
——4--.-,—-+‘ +  —
K, K,

107 (2.1126 + 0.036 + 5 + 0.014 + 0.252 + 0.0145 + 0.049)

= 10°6x8.0457

Ky = 1242901bin  «

% (0.6875)% x 30 x 10°
Kpiee = T~ = V. = 7,424,467 b/in

If KDisc is close to the actual total stiffness of the disc and bonnet assembly (i.e.

KBonnot >> KDisc)| then
/ Kp;
FAc\ual - FMeuured{ —RT;_E ]

7,424,467

-5 124,290

=270
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