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PIPING VIBRATIONS MEASURED DURING FFTF STARTUP 

M. J. Anderson 

Plant Analysis, FFTF Project 
Westinghouse Hanford Company 

Richland, Washington 

ABSTRACT 

An extensive vibration survey was conducted on the Fast Flux Test Facility 
piping during the plant acceptance test program. The purpose was to verify that 
both mechanical and flow induced vibration amplitudes were of sufficiently low 
level so that pipe and pipe support integrity would not be compromised over the 
plant design lifetime. Excitation sources included main heat transport sodium 
pumps, reciprocating auxiliary system pumps, EM pumps, and flow oscillations. 
Pipe sizes varied from one-inch to twenty-eight-inches in diameter. This paper 
describes the test plan; the instrumentation and procedures utilized; and the 
test results. 

INTRODUCTION 

The Fast Flux Test Facility (FFTF) Main Heat Transport Pipe Systems are 
designed to meet the Class 1 requirements of the 1971 ASME Boiler and Pressure 
Vessel Code. One of the requirements of this Code is that the designer shall be 
responsible, by design and by observation, under startup or initial operating 
conditions, for ensuring that vibration of piping systems is within acceptable 
limits. 

This paper describes the procedures that were incorporated into the FFTF 
acceptance test program to determine pipe system vibration amplitudes. Test 
results are presented which demonstrate that pipe vibration levels are within 
acceptable limits. 

VIBRATION SOURCES 

Mechanical Induced Vibration 

Rotating or reciprocating machinery integral with piping systems are poten
tial driving sources for pipe vibration. Such sources on the FFTF include the 
main sodium pumps which are attached directly to 406 mm (16 inch) and 711 mm 
(28 inch) piping in both the primary and secondary cooling loops. Figures 1 and 2. 
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The frequency of excitation is usually one cycle per shaft revolution. This 
corresponds to a frequency range of 9-18.3 Hz for the FFTF pump operating speed 
range of 550 to 1100 rpm. Several pipe natural frequencies lie within this band. 

The specified maximum allowable vibration amplitude at the pump no2zles is 
0.125 mm (5 mils) peak-to-peak. Extensive analyses were conducted during the 
pipe design phase to determine the effect of this vibration input on the attached 
piping. These analyses were detailed in the paper by Huang [1] and demonstrated 
that the predicted pipe response would not cause significant fatigue damage. 
Hating also derived maximirai vibration amplitude limits for each vibration mode of 
the pipes attached to the pumps. 

Electro-Magnetic (E-M) pumps were also considered as a possible vibration 
source. These pumps are used on small bore auxiliary liquid metal system piping. 
However, the frequency of excitation is relatively high (30-60 Hz) with respect 
to the pipe fundamental frequencies and the input energy quite low. Ko signifi
cant response was expected from the attached small bore pipe. 

Flow Induced Vibration 

Vibration induced by fluid flow was the second potential excitation force 
identified for FFTF pipe. Standard engineering practice was followed in the 
design of the FFTF piping systems to minimize the possibility of inducing flow 
vibrations. 

The most common cause of this type of vibration is that which occurs when 
Von-Karmen vortices act on devices which project into the flow stream. The ther-
mowells, which are used to measure fluid temperatures, are the only such devices 
used on FFTF piping. Extensive analyses and prototype flow tests were conducted 
to ensure that no excessive vibration was induced by this source. Results were 
reported by Bartholf [2], 

Vibration may also be caused by flow instabilities occurring near reducers 
or mixing tees. These instabilities result in forces of a random nature and 
response is found at predominately low pipe natural frequencies. The occurrance 
of such instabilities is not always predictable by analysis and is best deter
mined by measurement under actual flow conditions. 

SEISMIC SNTJBBER CONSIDERATIONS 

Extensive use is made of mechanical snubbers on FFTF pipe. These snubbers 
are intended to provide additional pipe restraint during a seismic event. The 
snubbers are designed to activate under certain dynamic load conditions but 
should not inhibit free thermal motion of the pipe. 

As described in two papers [3][4], the FFTF snubbers have been qualification 
tested to demonstrate their ability to withstand low level vibration, 0.25 mm 
(10 rails) peak-to-peak, without degradation. Extended vibration in excess of 
this limit may cause increased drag force or even lockup of the snubber. 

The design of seismic snubbers allows a certain amount of free travel before 
the dynamic load restraint engages. For those snubbers used on FFTF, this free-
travel typically exceeded 0.25 mm. The analyses reported by Huang [1] indicated 
that the predicted response of FFTF piping to the known vibration sources was 
less than the snubber freeplay. Therefore, the snubbers were not considered as 
active pipe restraints in establishing pipe response and allowable pipe vibration 
limits. 

Numbers in brackets refer to references at the end of the paper. 



TEST PLANNING 

The FFTF pipe vibration test plan was then developed with four major 
objectives in mind: 

1. To verify that pipe vibration displacement stress limits were not 
exceeded. 

2. To verify the correctness of the assimiptions on which the pipe dis
placement limits were based; i.e., inactive snubbers. 

3. To verify that snubber displacement qualification limits were not 
exceeded. 

4. To provide baseline measurements for future comparison during the FFTF 
Surveillance and In-Service Inspection Program (SISI). 

Test Instrumentation 

A very large number of ASME, Class 1 pipelines exist in FFTF. Vibration 
amplitudes were determined with the use of accelerometers, dial gages, and by 
visual observation. 

The pipelines selected for accelerometer instrumentation were those attached 
to the large sodium pumps which were a known vibration source. The dynamic anal
ysis for these pipelines were reviewed to select locations where significant 
response could be expected for those natural frequencies which were within the 
pump operating frequency range. 

Accelerometers were then mounted to pipe support clamps at these selected 
locations. These pipe clamps are spring preloaded and were expected to follow 
the motions of the pipe, without distortion, for the small motions expected [5]. 
The clamp design is insulated such that the outer band operates at a temperature 
of less than 149°C (300''F) when pipe temperature is at 566°C (1050°F) . This 
feature allowed the accelerometers to operate at a low temperature which should 
provide a long life expectancy. 

The accelerometer locations selected for the primary hotleg (PHL) and pri
mary crossover (PXO) pipes are shown in Figures 3 and 4. Instrumentation was 
applied on all three loops since differences between pumps and as-built pipe 
configurations could cause different response. 

Although the primary cold leg (PCL) pipe is not attached to the pump, it was 
also instrumented. This was done to verify that structural or fluid borne vibra
tion from the pump did not excite the PCL. 

Instrumentation was also applied to the three secondary loop pipe systems 
at similar locations. A total of eight accelerometers at three clamp locations 
was found sufficient for each of the primary loops. Five accelerometers at four 
locations were used on each secondary loop. 

For vibration monitoring of smaller pipe and as a backup to the accelero
meter data, trained engineering observers monitored pipe vibration both visually 
and manually throughout the test program. It was found that these observers 
could "feel" vibrations less than 0.13 mm (5 mils) peak-to-peak. 

The observers were also equipped with portable dial gages which could give 
a good amplitude approximation wherever significant vibration was found. Ampli
tudes obtained with dial gages also agreed well with amplitudes obtained through 
Power Spectral Density (PSD) analysis of accelerometer data. This feature was 
found to be very useful in fine tuning pump speeds to "peak" vibration amplitudes 
at resonant conditions. 
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Speed Considerations 

Many pipe natural frequencies lie within the primary and secondary pump 
forcing frequency speed range of 9 to 18.3 Hz. Additionally, any potential flow 
induced vibration might be flow rate sensitive. For these reasons, it was 
decided to conduct vibration testing in 50 rpm (0.83 Hz) increments over the 
entire pump speed range for both primary and secondary pumps in all three loops. 

During testing, both dial gage and accelerometer instrumentation were moni
tored during speed ramps. At those frequencies where vibration amplitude buildup 
occurred, a search was conducted using 10 rpm (0.17 Hz) speed increments to maxi
mize pipe response. Smaller pipe attached to both the pumps and to the larger 
piping were also monitored during these speed excursions. 

Other small pipe attached to E-M pvmips and reciprocating compressors were 
monitored over the entire operating range of these machines. 

Temperature Considerations 

The natural frequency of a piping system is a function of the material 
modulus of elasticity and an inverse function of the pipe system weight. Both 
the material modulus and the density of sodium decrease with increasing tempera
ture over the FFTF operating range of 204''C (400''F) to 566°C (1050°F) . These 
effects then tend to counteract each other. 

For larger size pipe, where sodivmi is a substantial part of system weight, 
the elevated temperature natural frequencies will be reduced about 4X. For small 
pipe, the reduction is about 8%. It would then be expected that pipe resonance 
amplitude buildup would occur at slightly lower speeds with increasing temperature. 

The majority of pipe vibration testing on FFTF was conducted at the 204''C 
(400°F) refuelling temperature. Care was exercised, however to ensure that 
higher mode natural frequencies would not drop into the operating range at 
elevated temperatures. 

TEST SEQUENCE 

The pipe vibration survey was conducted during the Maximum Isothermal Sys
tem Test (MIST) acceptance program performed on the FFTF plant. This test pro
gram utilized trace heaters and sodium pump thermal energy to vary system 
temperatures. Maximum temperatures achieved were approximately 427°C (800°F). 

Three test series were conducted. The MIST I test was performed on the 
fully operational piping systems with the exception that seismic snubbers were 
not installed. MIST II was conducted after seismic snubber installation with 
the purpose of determining the effect of snubbers on pipe vibration response. 

During MIST II it was determined that the vibration characteristics of the 
Loop 1 primary pump (PI) had deteriorated beyond the allowable vibration limits. 
An intensive investigation revealed the cause of this problem and preventative 
measures were taken to prevent a reoccurrance. Nevertheless, it was necessary 
to replace the damaged pump. MIST III was then conducted to verify that the 
replacement pump vibration characteristics were acceptable. 

The test sequence is detailed in Figure 5. Both accelerometer and dial 
gage data were obtained throughout the test series. 

PUMP INDUCED VIBRATION 

Pump Vibration Input 

The pump vibration input to the piping is sinusoidal at a frequency of 1 
cycle per revolution. The displacement at the pump nozzles can be obtained 
directly from the accelerometer PSD plots using the following equation: 



RMS Displacement , A ( inches) = v/(PSD Value) (Band Width) 

where: 

PSD Value = IN /Hz 

Band Width = Frequency Resolution, Hz 

and: Apeak = 1.414 Arms 

Apeak-to-peak = 2 (peak) = 2.828 Arms 
1000 mils = 1 inch 

therefore: 

Displacement (peak - to -peak , mi l s ) = 2828 >/(PSD Value) (Band Width) 
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Figure 5 MIST Testing Summary, Piping Vibration (Accelerometer Data) 

Using the above equation, the following maximum vibration levels were obtained 
at the primary pump nozzles during the final MIST III test: 

DIRECTION 

Radia l 
Tangen t i a l 
V e r t i c a l 

Vector Sum 

Peak- to-Peak Displacement , Mils* 

PI 

.35 

.08 

.01 

.36 

P2 

1.10 
.63 
.13 

1.27 

P3 

1.41 
.18 

1.26 

1.9 
*1 mil = 0.001 inch = 0.254 mm 



As shown, the vibration input from the primary pumps is well within the 
0.125 mm (5 mil) peak-to-peak limit. Similar data indicated even lower vibra
tion input from the secondary pumps. 

During the MIST II test phase, vibration input from the damaged PI pump 
exceeded 0.254 mm (10 mils) peak-to-peak. 

Primary Hot Leg Response 

Figure 6 is a typical power spectral density (PSD plot obtained from an 
axial H-12 accelerometer on the PHL pipe. Also indicated are the calculated 
pipe natural frequencies. As shown, the response of the pipe to the 1/rev 
excitation is very small. 
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Figure 6 Loop 1 Primary Hot Leg Pipe H-12 Axial Accelerometer Power 
Spectral Density, 400°F 

Results obtained from accelerometer data for all three loops are shown in 
Figure 7 for the entire operating speed range. Maximum axial displacement was 
0.064 mm (2.5 mils) which is well within the acceptance limits. No significant 
resonant displacement buildups occurred even with substantial dwell times. Dial 
gage readings also confirmed the amplitudes obtained with the accelerometers. 
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Figure 7 H-12 Axial Accelerometer Primary Hot Leg Vibration Response vs Pump 
Speed 



Displacement data from both MIST I and MIST III testing was very similar. 
This confirmed that the seismic snubbers have little effect on the pipe vibration 
response since they remain inoperative under the small displacements. Amplitudes 
observed during the MIST II test were nearly identical even with the higher 
vibration input from the damaged PI pump. 

With inoperative snubbers, the fundamental pipe natural frequency is very 
low. Only the much higher modes lie within the pump forcing frequency range. 
It is apparent that the forcing function from the pumps does not have sufficient 
energy to drive these higher modes to any significant amplitudes. This appears 
to be so even though system damping is very low under these small displacements. 

Primary Crossover Response 

The primary crossovers are relatively short lengths of 406 ram (16 inch) pipe 
connecting the primary pumps to the intermediate heat exchangers as shown in 
Figure 4. They are supported with a single constant support hanger. No seismic 
snubbers are used on these pipes. 

A typical PSD plot is shown for these pipes in Figure 8. Note that the 
fundamental frequency for these stiffer pipes is much higher than that for the 
PHL. Two of the first five modes lie within the pump operating frequency band. 
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Figure 8 Primary Crossover Pipe H-3 Lateral Accelerometer Power Spectral 
Density, 400°F 

MIST I test data indicated that a significant sharply tuned resonant build
up was occurring in the lateral accelerometer amplitudes at approximately 930 rpm. 
This corresponds to the 4th mode which was predicted to have mostly lateral mo
tion at the accelerometer location. A 10 rpm increment resonant search was con
ducted at 204°C (400°F) to maximize this response. Results for Loop 2 are 
plotted in Figure 9. Additional tests were conducted at 316°C (600°F) and 427°C 
(800°F) to determine the effects of temperature. As shown, the resonance occurs 
at slightly lower speeds confirming the effects of temperature on the pipe 
natural frequency. 
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Figure 9 Loop 2 Primary Crossover Pipe H-3 Lateral Vibration vs Pump Speed 

The 204°C (400°F) data at 930 rpm was filtered and played back on an oscil
loscope as shown in Figure 10. The steady state amplitudes were 0.203 - 0.254 mm 
(8 - 10 mils) peak-to-peak with occasional bursts to 0.457 mm (18 mils). Since 
these bursts do not occur at higher or lower speeds, they were concluded not to 
be flow induced vibrations. The bursts appear to be true resonant peaks which 
are not sustained because of pump motor speed drift. 
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Figure 10 Filtered Accelerometer Data Lateral Direction on Loop 2 Primary 
Crossover Pipe, 400°F 



Extensive 10 rpm increment resonant searches were conducted on the PXO 
pipes in all three loops during MIST III. An envelope of all test data obtained 
is shown in Figure 11. A maximum response of 0.854 mm (34 mils) peak-to-peak 
was obtained on Loop 3. All vibration amplitudes were well below the acceptable 
limits. 
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Figure 11 Primary Crossover Pipe, Vibration Level vs Pump Speed 

A considerable increase occurred in the Loop 1 PXO vibration amplitudes 
during the MIST II testing with the damaged PI pump. The amplitudes returned 
to lower levels when the pump was replaced. At no time did amplitudes exceed 
the acceptance limits. 

Other Pipe Response 

Test data indicated that some one per revolution pump vibration is trans
mitted thru the intermediate heat exchanger to the primary cold leg piping. 
However, maximum measured response was less than 0.056 mm (2.2 rails) and is 
well within acceptance limits. 

All secondary loop large piping responded to pump vibration in a manner 
similar to the primary hot leg. Maximum response was 0.036 mm (1.4 mills) peak-
to-peak which was also well within acceptance limits. 

A total of 51 small diameter drain lines, cover gas lines and recirculation 
lines are attached to the large diameter main heat transport pipes. These pipes 
were also checked for vibration induced by the pumps. With the exception of one 
pipe, vibration amplitudes were less than 0.051 mm (2 mils). The recirculation 
line on the Loop 1 primary pump recorded a maximum amplitude of 0.178 mm (7 mils) 
peak-to-peak. 



Twelve additional pipelines are attached to E-M pumps in secondary sodium 
systems and nine more are attached to reciprocating compressors in radioactive 
gas processing systems. Maximum vibration amplitudes on these pipes were also 
less than 0.051 mm (2 mils) peak-to-peak. 

All small pipe mechanical induced vibration has been demonstrated to be 
well within acceptance limits. 

FLOW INDUCED VIBRATION 

No flow induced vibration was observed on either large or small primary 
loop piping. Such was not the case with the secondary loop piping. 

During initial testing on the FFTF, it was found that a low frequency flow 
oscillation was occurring in the secondary loops. This oscillation originated 
in the region where return flow from the four dimip heat exchanger modules is 
recombined in each loop. 

Although the alternating forces generated by this flow oscillation are not 
large, they are sufficient to cause a large amplitude low frequency vibration 
in the secondary pipe system. During the MIST I test, flow induced vibrations 
were observed on all secondary 203 mm (8-inch) and larger pipe. Amplitudes 
ranged from 1.78 to 8.89 mm (70 to 350 mils) peak-to-peak at a frequency of 
approximately 2 Hz. Maximum amplitudes occurred in the secondary crossover 
pipe (SXO) running from the DHX's to the secondary sodium pumps. Figure 12. 
Although the very flexible secondary piping could withstand these large excur
sions without fatigue damage, the amplitudes exceeded those allowable for 
seismic snubbers. 
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Figure 12 Loop 1 Secondary Crossover Pipe 

Subsequent testing after snubbers were installed, MIST II, revealed that 
the snubbers substantially attenuated the flow induced vibration amplitudes. 
Maximum amplitudes recorded in the 203 mm (8-inch) pipe were 0.102 mm (4 mils). 

The 407 mm (16-inch) SXO pipes showed amplitudes of approximately 1.02 mm 
(40 mils) at two locations. These were H-3 and H-4 in Figure 12. These ampli
tudes were obseirved only at temperatures below SIS'C (600°F). At higher tem
peratures, thermal expansion causes a seismic stop at the flow strainer (H-16 in 
Figure 12) to engage. This reduces vibration amplitudes to less than 0.127 mm 
(5 mils) throughout the SXO at normal operating temperatures. 



Including the six snubbers on the SXO, a total of 14 snubbers at eleven 
support locations have been identified in the three secondary loops which exceed 
the snubber 25 mm (10 mil) vibration acceptance limit. These snubbers are all 
in accessible regions of the plant. They will be inspected at regular, short 
intervals to ensure that any deteriorated snubber are identified and replaced 
before pipe damage can occur [3] and [4]. 

CONCLUSIONS 

Based on the results of the vibration survey conducted on the FFTF ASME 
Class 1 piping systems, the following conclusions may be drawn regarding mechani
cal induced vibration: 

1. Maximum vibration response occurred on the PXO pipes. These pipes do 
not utilize seismic snubbers in their support systems. Amplitudes are 
well within pipe acceptance limits. 

2. Mechanical induced vibration response of all other pipe is very small. 
Amplitudes are well within both pipe and snubber acceptance limits. 

3. The small amplitude vibration response verified that seismic snubbers 
will be inactive during normal plant operation and confirmed assump
tions used to establish pipe vibration acceptance limits. 

4. Baseline pipe vibration data has been obtained for comparison during 
future plant in-service inspections. 

In addition to the above, the test program also identified that a low 
frequency flow induced vibration exists in the secondary heat transport piping. 
Although this vibration does not cause pipe fatigue damage, it does cause exces
sive amplitudes at fourteen snubber locations. An inspection program has been 
instituted to ensure that fatigue damaged snubbers are identified and replaced 
in a timely manner. 
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