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ABSTRACT

The dynamic void behavior during transient undercooling in an electrically heated, 
out-of-pile sodium loop was investigated. The loop contained three heaters (two 
operational and a third which failed prior to the undercooling transient) surrounded by 
an insulated fluted liner. Data on coolant flow, pressure, temperature, and acoustic signals 
were obtained. Voiding of limited magnitude was detected during the relatively short 
(~ 1 sec) period of heater operation following the initial void formation. Low amplitude 
pressure pulses « 20 psig), sometimes accompanied by acoustic emissions, were detected 
during the transient. This evidence suggests vapor-bubble collapse as a probable 
void-limiting mechanism.

1. SUMMARY AND CONCLUSIONS

SUMMARY

An out-of-pile simulation of a loss-of-flow accident in a Liquid Metal Fast Breeder Reactor (LMFBR) was 
performed in the Mockup 1 test facility. The fuel rods were simulated by high-heat-flux electrical heaters located within 
a thermally insulated liner.

A rapid reduction in flow was initiated; flow, pressure, temperature and acoustic signals were monitored during 
both the flow reduction and the period of reduced flow prior to boiling. Following the initial boiling event, the 
behavior of the voids was monitored.

Full power fuel simulator operation was continued throughout the test. The planned method for terminating the 
test was heater destruction resulting from overheating caused by vapor blanketing. The heater failures occurred by local 
melting of the resistance element, as expected, and resulted in no damage to the loop hardware. This mode of heater 
failure has been observed in other boron-nitride-insulated resistance heaters of similar design.1

CONCLUSIONS

Interpretation and analysis of this out-of-pile transient undercooling test support but do not firmly establish the 
following conclusions:

• Sodium voiding in rod bundles similar to those planned for the LMFBR is strongly influenced by condensation.

• Sodium voiding in wire-wrapped rod bundles, under low superheat conditions, is apparently initiated with the 
formation of relatively small amounts of vapor rather than with the flashing of a significant amount of sodium into 
vapor and the sudden voiding of an active channel.

• Post-test calculations indicate that under these loss-of-flow conditions in a wire-wrapped rod bundle (with unknown 
entrained gas content), the local superheat required to initiate boiling is extremely low.

• Vapor-bubble collapse is associated with relatively low-amplitude, short-duration spikes of pressure and acoustic 
"noise."

• Boiling noise, as observed in this test, is related to the natural frequencies of the loop hardware and is not, within 
the frequency response of the accelerometers, unique to the boiling process.

• The premature failure of one fuel simulator introduced substantial uncertainty in the extrapolation of these results 
to an LMFBR.

• Additional out-of-pile loop tests to investigate coolant dynamics are desirable.

• The flowmeter, the pressure transducer, and the accelerometers all delivered signals from which void formation can 
be deduced. Flow oscillation appears somewhat more reliable than the others.

1-1/1-2
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2. INTRODUCTION

The voiding behavior in the rod-bundle geometry typical of an LMFBR2'3 is of vital interest to the safety of this 

reactor concept. The timing of reactivity feedbacks resulting from such voiding conditions is of particular importance. 
Fuel rod failure predictions are also strongly dependent upon the cladding-temperature history as determined by the 
boiling pattern. Finally, the early detection of boiling or voiding can provide the signal for initiation of a mechanism for 
preventing propagation of a local perturbation to more widespread core damage.

This report covers the results of a loss-of-flow experiment in the Mockup 1 facility.4 The Mockup 1A experiment 
was performed out-of-pile in a concentric loop with resistance heaters to simulate fuel rods cooled in flowing sodium. 
While the heaters were at full power during the experiment, the coolant pump was cut off to produce a loss-of-flow 
condition. The dynamic behavior of the coolant during this transient undercooling condition was monitored with 
thermocouples, a flowmeter, a pressure transducer, and accelerometers.

2.1 TEST PURPOSE

The purpose of this test sequence was originally to investigate voiding behavior as it would occur in the forced 
convection capsule (FCC). It was planned to relate this voiding to fuel rod failure and post-failure events to be observed 
in in-pile tests in the FCC. A redirection of the LMFBR safety test program has resulted in the elimination of the FCC 
from near-term, loss-of-flow testing. However, the test results obtained from the Mockup 1A experiment are of general 
interest and provide a means of relating analytical model results to actual situations.

2-1/2-2
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3. EXPERIMENTAL FACILITY AND TEST DESCRIPTION

3.1 LOOP DESCRIPTION

The Mockup 1A test was performed in a concentric loop shown schematically in Figure 3-1. This facility is an 
out-of-pile, flowing-sodium loop, with a helical induction pump capable of prividing coolant velocities >up to 20 ft/sec 
through a test section containing three electric heaters with 24-inch heated lengths. These fuel simulators are positioned 
by wire-wrap spacers and are contained in an insulated fluted liner which both limits the amount of sodium flowing 
past the fuel simulators and reduces radial conduction of heat away from the sodium within the test section. The fluted 
liner, which is designed to provide a reasonable simulation of coolant flow and temperature distribution in an LMFBR, 
is made from relatively thin-walled (0.016-inch) tubing to minimize the thermal response time of this boundary during 
transient heating.

The coolant flows upward past the fuel simulators and, after leaving the test section, passes through 
approximately 58 inches of non-insulated "chimney" and the passive region of the electro-magnetic pump before 
reaching the upper turnaround region. This region is located approximately three inches from, and communicates 
directly with the cover-gas plenum. The plenum contains approximately 150 in.3 of gas which will permit large 

fluctuations in the sodium level, as would be expected during voiding in the test section, without a noticeable increase 
in the cover-gas pressure. A flow deflector is provided in this turnaround region to limit surface turbulence and reduce 
the possibility of entraining gas during steady-state flow conditions. The sodium, now directed in the downward 
direction, passes through the pumping section of the helical induction pump.

The coolant continues downward through an annular flow path surrounding the "chimney" and test section, and 
enters the lower turnaround region or inlet plenum. Here the flow again reverses direction and enters the test section. A 
detailed drawing of the Mockup 1A loop is shown in Figure 3-2.

The sodium containment is separated from the cooling water by an annulus containing a binary gas which 
provides control over the heat rejection rate and therefore permits adjustment of the average sodium temperature 
within the loop. The gas flowing through this annulus is composed of helium, argon, or a combination of the two. 
Because of the difference in thermal conductivities of the two gases, the average temperature of the sodium loop can be 
adjusted over a range of 700°F. The individual gas flow rates are adjustable and monitored by rotometers. The 

composition of the gas in the binary gas annulus is of interest when relating calculated temperature profiles to the test 
data; however, during the test the gas composition was varied until the desired inlet sodium temperature was obtained, 
and no attempt was made to pre-calculate the exact composition required for a given inlet temperature. To maintain 
control over the sodium temperature, the gas flow was continued throughout operation of the experiment. The cooling 
water jacket provided continuous once-through flow for cooling the loop, with the outlet water discharged to a drain.

Surrounding the cooling water annulus was a large insulated heater jacket. This auxiliary heater jacket, in 
conjunction with another auxiliary low-heat-flux heater located within the upper portion of the chimney, provided the 
heat necessary to maintain the sodium in the molten state prior to operation of the fuel simulators. The auxiliary 
heaters were not operated during the loss-of-flow portion of the test. The entire loop was supported in a test stand 
(Figure 3-3) which permitted access to the pump and instrument leads during checkout. A shelter was provided over the 
upper section of this test stand to protect against the weather.

3.2 FUEL SIMULATOR DESCRIPTION

The fuel simulators used in the Mockup 1A test are high-heat-flux heaters designed and fabricated for this test. 
Because no data were available on the performance of heaters under the severe conditions anticipated for this test, the 
heater assembly was designed to permit replacement should premature failure occur.

Each fuel simulator consisted of an inconel ribbon wrapped uniformly on an alumina core and insulated from the 
outer cladding by a thin layer of boron nitride. The outer cladding was stainless steel swaged to an o.d. of 0.250 inch. 
The fuel-simulator heated length was 24 inches, and the overall length within the loop was 36 inches (Figure 3-4).

Three of these fuel simulators were provided in a bundle with a pitch-to-diameter ratio of 1.27. Spacing was 
maintained by 0.50-inch o.d. wires wrapped at a pitch of 12 inches along each heater. The heaters were brazed into an 
adapter and the entire assembly inserted into the bottom of the loop (Figure 3-2).

3-1
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Figure 3-1. Mockup 1A Loop Schematic
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Figure 3-2. Detailed Drawing of Mockup 1A Loop
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Figure 3-3. Mockup 1A Loop in Test Stand
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Figure 3-4. Schematic Drawing of Fuel Simulator
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Power to the fuel simulators was provided through three (277 volt, 90 amp) variable auto-transformers. Ganged 
operation of the auto-transformers permitted incremental adjustments to all of the fuel simulators at one time during 
the approach to operating power of 12 kW/ft. The loop and circuitry were protected by 100 amp quick-acting fuses, 
and both voltage and current were constantly monitored (Section 3.3, Figure 3-5).

3.3 INSTRUMENTATION DESCRIPTION

Instrumentation provided on the Mockup 1A test was selected to provide data on the temperature, flow, pressure, 
and acoustic response of the system to sodium boiling or voiding initiated by a loss-of-flow. Each of these transducers 
was selected to provide the rapid response information expected from this type of experiment. The output from the 
temperature, flow, and pressure sensors was recorded on a high-speed, light-beam oscillograph while the acoustic signals 
were recorded on a magnetic tape system.

Thermocouples

Thermocouples were located in redundant pairs in the inlet plenum, on the test section liner near the upper end 
of the heated section, and at the exit of the test section. The thermocouples monitoring the test section liner 
temperature were bare wire thermocouples and were, therefore, located out of the sodium on the back, or insulated, 
side of the fluted liner. The thermocouples located at the inlet and exit of the test section were grounded junction 
thermocouples exposed directly to the flowing sodium. In addition to these thermocouples, which monitored the 
steady-state and transient portion of the test, other thermocouples were located throughout the loop (as indicated in 
Figure 3-2) to monitor steady-state operation only. All of the thermocouples were 1/8-inch o.d., chromel alumel.

Flowmeter

A flowmeter, located approximately 18 inches above the exit of the test section, continuously monitored the 
flow through the test section. This permanent magnet-type flowmeter was selected for its rapid-response capabilities. 
Several flowmeters of this same general configuration have been designed and fabricated by General Electric5'6 and are 
considered to be highly reliable. The flowmeter contains a 1000-gauss, permanent magnet which provides a signal of 0.4 
mV/gpm at a temperature of 800°F. The linear velocity at the test section was 2 ft/min per gpm.

Pressure Transducer

The pressure transducer used to monitor the inlet-plenum pressure was a Kaman Nuclear Model K-1730 with a 
pressure range of from 0 to 200 psi. The frequency response of this transducer is greater than 3 kHz with a diaphragm 
resonance of above 6 kHz. It was felt that this response would be adequate to follow any significant pressure signal7 
generated during the test.

Oscillograph

The light beam oscillograph used to record the temperature, flow, and pressure was a CEC Type 5-124A. This 
system has 18 active channels with an optical system capable of a writing speed of 50,000 inches/sec. Recording paper 
speeds of up to 100 inches/sec are available although a speed of 32 inches/sec was used during the Mockup 1A test.

The details of this portion of the instrumentation system are shown in Figure 3-5.

Accelerometers

In addition to the temperature, flow, and pressure instrumentation already discussed, the Mockup 1A loop 
instrumentation included six piezoelectric accelerometers. Because of their operating temperature limitations, these 
sensors were mounted on the external surface of the loop to obtain data on acoustic signals generated by, and 
characteristic of, sodium boiling and voiding following the loss-of-flow transient. Their locations were selected to utilize 
two different acoustic transmission paths from the boiling-noise source at the upper end of the fuel simulator to the 
outside of the loop. The location of these transducers is indicated in both Figure 3-2 and Figure 3-6.

The choice of sensor location was guided by its desire to maximize the probability of recording sodium voiding 
signals by utilizing the most efficient acoustic transmission paths. One of these paths is radially outward to the external 
surface of the water jacket. Acoustic waves travelling in this direction must traverse nine material-interfaces to reach the
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outer tube. At each interface there is some attentuation in amplitude of the transmitted wave, with the greatest loss 
occurring in the high frequency range. Because of this, the acoustic signal may be severely attenuated before it reaches 
the transducer via this path. A second path is along the axis of the loop in which the loop containment and sodium act 
as a wave guide for transmitting acoustic signals in the longitudinal direction.

Accelerometers were positioned to provide coverage of both transmission paths. One accelerometer was mounted 
on the top flange of the loop but, because of the large cover-gas volume separating it from the sodium, it was expected 
to be relatively insensitive. Two accelerometers located on the sodium containment tube, just below the pump, were 
most closely coupled to the sodium coolant and were therefore expected to provide a relatively good indication of the 
boiling or voiding noise. These were mounted with their respective axes normal and parallel to the tube axis to detect 
both longitudinal and transverse acoustic signals. Two more sensors were located at the elevation of the top of the fuel 
simulators but were separated from the sodium coolant by the binary gas and cooling water annulus. One of these was 
selected for its high frequency-response capability. The final accelerometer was located on the bottom flange of the 
loop and was subjected to the longitudinal waves transmitted through the sodium and steel end-closure. This location 
offered a relatively efficient acoustic path, but the input signal was expected to be low because of the relatively massive 
end-closure.

The accelerometers used in this application were ENDEVCO Model 2236 with a single Model 2220C used to 
provide the higher frequency response capabilities. These sensors were mounted in accordance with ENDEVCO 
mounting specifications which included the use of electrically insulated mounting studs.

The output from these accelerometers was recorded on a CEL Model VR-3300 tape recorder with 14 tracks and a 
voice-log edge track. The accelerometer instrumentation details are presented in Figure 3-5. The recorder utilized 
plug-in amplifier cards for recording and reproducing in direct and FM modes on any channel. This tape recording 
system is shown in Figure 3-7.

3.4 TEST PREPARATION AND OPERATION

Following completion of the loop fabrication and installation of the fuel simulator bundle, the Mockup 1A 
facility was attached to the PA-10 (Task B) sodium cleanup and fill system in preparation for sodium filling. This 
cleanup and fill system provides flowing sodium through the Mockup 1A loop and from there through a cold trap. A 
plugging meter measured the sodium purity as the cleanup operation progressed. Sodium was circulated through the 
loop at 800 to 900°F for approximately 16 hours. During the majority of this time, the plugging meter indicated a 
plugging temperature of less than 250°F. During the final plugging run, the sodium temperature had to be reduced to 

the freezing point before an indication of plugging was obtained. Following this, the required sodium level was 
established and the loop sealed. These cleanup procedures were followed to prevent possible oxide precipitation at the 
colder extremities of the loop (e.g., at the pressure transducer) and to minimize any effects sodium impurities might 
have on the superheat required for boiling initiation. After sealing, the loop was maintained at 800 to 900°F for a 
period of 48 hours.

After the 48-hour period, the Mockup 1A loop was moved to its test stand (Figure 3-3) where the loop was 
maintained at 400 to 500°F by operation of the auxiliary integral heaters provided for this purpose. Flow was also 

established and maintained for a period of approximately 170 hours, during which time instrumentation, cooling water, 
and binary gas systems were hooked up and checked out.

After assuring that all systems were operational, the test sequence was initiated. The test sequence included a 
period of steady-state and transient operation, at zero and low-fuel-simulator power levels, to evaluate instrumentation 
response and identify any signals which migTit be unique to the Mockup 1A loop. The gas pressure in the plenum was 
adjusted to be a few psig before each test. The details of this period of operation are given in the test plan (Appendix 
A).

Following a brief period of fuel-simulator operation at low power (approximately 7.5 kW/ft each), the power was 
increased in stages (see Appendix A) to approximately 9.5 kW/ft each. At this point, one of the three fuel simulators 
failed and resulted in an open circuit (see Section 4.3). This failure did not affect the remaining two heaters, and, since
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replacement of only a single fuel simulator was impossible, the test sequence was continued. The remaining two fuel 
simulators were brought to 12 kW/ft each, and the flow and binary gas composition adjusted to provide test section 
inlet and exit temperatures of 600°F and 740°F, respectively. This is lower than the 700°F inlet, 900°F exit conditions 
initially planned, but represented the maximum which could be obtained through operation of only two fuel 
simulators.

Loss-of-flow was initiated by interrupting power to the pump and allowing the flow rate to decay accordingly. 
Calculations predicted that the flow would drop very rapidly to a low level consistent with the natural convection 
characteristics of the loop. The calculated (on the basis of three operating fuel simulators) and actual flow decay curves 
are shown in Figure 3-8. Power to the fuel simulators was maintained at 12 kW/ft during the flow decay and into the 
subsequent boiling events. No attempt was made to interrupt the fuel simulator power until after all the heaters had 
failed in order to obtain the maximum operating time after the initial voiding. The loop was protected by quick acting 
fuses which were designed to open on a 10% overcurrent condition. Just prior to "scramming" the pump, the 
oscillograph and tape recording systems were actuated. The oscillograph paper speed was set at 32 inches/sec, and the 
tape speed selected was 60 inches/sec.

3-11



R
EL

A
TI

VE
 FL

O
W

GEAP-13851

CALCULATED

MEASUR!

TIME (sac)

Figure 3-8. Calculated and Measured Flow Coastdown in the Mockup 1A Loop

3-12



GEAP-13851

4. EXPERIMENTAL AND CALCULATIONAL RESULTS

4.1 CALCULATIONAL MODEL

A calculational model of the loop was set up using the computer code Transient Heat Transfer version D(THTD)8 
to evaluate the design variables and operational options under both steady-state and transient conditions. The "loop 
model" incorporated the complete loop geometry for establishing the bulk-sodium-temperature distribution throughout 
the loop. The nodal model used for the scoping calculations on the loop is shown in Figure 4-1. For these calculations 
the three fuel simulators were lumped together and an "equivalent" heat source was used. The results of scoping 
calculations investigating the effect of thermal-conductivity change for a range of binary-gas compositions on the 
bulk-sodium temperature around the loop are shown in Figure 4-2. Later a more refined model, which included heat 
input from the pump and finer nodal structure, was developed to improve the simulation under transient heating 
conditions. Figure 4-3 shows the results of a calculation compared to actual steady-state conditions. It should be noted 
in this latter calculation that the thermocouple readings in the outer, or down-flow, annulus agree quite well with the 
bulk-coolant temperatures calculated on the basis of an equivalent heat source for two operating heaters. Some 
deviation was noted in the test section region, but this is attributed to poor simulation of the asymmetric heating 
(resulting from the premature fuel simulator failure). Averaging the output from the redundant pairs of thermocouples 
in the test section region resulted in reasonable agreement with the calculated bulk-sodium temperatures. The 
calculated temperature profile along the test section at inception of sodium boiling (following the loss-of-flow) is shown 
in Figure 4-4.

To obtain a better understanding of the local temperature distribution within the test section, an alternate model 
was established which treated only the radial temperature distribution around the fuel simulators. The second model, 
also using THTD, detailed the test section radial geometry and utilized the axial temperature gradients, calculated for 
the transient from the loop model, as input for calculating radial sodium temperatures. To reduce the size of the model, 
a Lagrangian approach was utilized, where a slug of sodium was followed through the test section as the temperature 
patterns developed. Input from the loop model was used to establish axial average temperature gradients, and an 
iterative process between the loop and Lagrangian model was used to refine this input. The resulting bulk mean-coolant 
and average heater-surface temperatures from the Lagrangian model were then compared to the results obtained from 
the THTD loop model.

The above analysis was applied to the Mockup 1A situation with one inoperative heater, and the temperature 
distribution at the time of voiding was calculated. The results are presented in Figure 4-5. The effect of the 
wire-wrapped spacer could not be adequately modeled, but the results do provide reasonable agreement with the 
observed temperatures as recorded on thermocouples 8 and 9 (Figure 3-2). The value of this calculation is to establish 
the existence of very severe radial temperature gradients caused by the inoperative heater.

4.2 TRANSIENT TEST DATA

As discussed earlier, transient data were obtained for flow, pressure, temperature, and acoustic response during 
this simulated loss-of-flow accident. These data were recorded on an oscillograph and a visicorder. In Figure 4-6, 
response of the flow, pressure, and temperature sensors are presented. Figure 4-7 shows the corresponding output from 
the accelerometers. This figure indicates the general system behavior during the flow coastdown, the heating under 
extremely low flow conditions, and the voiding and re-entry process. The oscillograph records of flow and pressure are 
reproduced at full size in Appendix D.

The light-beam, oscillograph traces of the detailed flow and pressure response during the loss-of-flow transient are 
presented in Appendix D (Figures D-1, D-2, and D-3). The initiation of the transient shown in Figure D-1 covers the 
first second of flow coastdown. The flow decay progressed down to about 0.35 gpm with no significant perturbations 
until ~ 2.7 seconds into the transient. The first indication of voiding is shown in Figure D-2 where a flow oscillation is 
detected after ~ 2.7 seconds. Subsequent voiding and re-entry cycles are shown in Figures D-2 and D-3. Following the 
heater failure at 3.65 seconds, the amplitude of the flow and the pressure pulses diminished while the period increased. 
Two groups of significant pressure pulses, ~ 16 and 20 psi respectively, occurred immediately after the final heater 
failure (Figure D-3). These pulses were associated with gross re-entry of coolant and indicated perhaps the only 
complete void-collapse events. All of the flow perturbations were small (less than 10% of the initial flow rate) in
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amplitude. The pressure and flow data are reproduced on a magnified amplitude scale and a shortened time scale in 
Figure 4-8 to show the correlation between the large pressure pulses and voiding as indicated by flow oscillations during 
the latter part of the transient. It should be noted that the replot of Figures D-2, and D-3 into Figure 4-8 is made with 
substantial uncertainty because the line widths in Figures D-2 and D-3 are an important fraction of the signal 
amplitude.

The response of the accelerometers was analyzed to determine the frequency content of the various acoustic 
signals (Real Time Spectral Analysis). Figures 4-9 through 4-12 display the results of the real time spectral analysis of 
channels 2 through 5 (see Figure 3-6 for locations). In these figures, the horizontal axis is proportional to elapsed time 
and the vertical axis to frequency. The intensity of the resulting trace is proportional to the wave amplitude, thereby 
providing a three-dimensional display of frequency and amplitude versus time. The interpretation of these data is 
presented in Section 5.3, Acoustic Signal Interpretation.

4.3 POST-TRANSIENT EXAMINATION

Following the test, the fuel simulator bundle was removed from the Mockup 1A loop and the condition of the 
heaters and the loop test section was studied. It was found that the fuel simulator bundle had bowed somewhat, 
apparently from the asymmetric heating caused by the failed heater, but that no other external changes had occurred 
(Figure 4-13). Radiographs of the fuel simulators revealed that the interior heating elements had failed by local melting 
(Figure 4-14); this failure interrupted the circuit much like a fuse, and prevented further damage propagation. The 
inside of the test section was visually examined with a "horoscope" and revealed no noticeable deformation of the 
fluted liner resulting from voiding or re-entry during this loss-of-flow incident.
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5. DISCUSSION OF RESULTS

5.1 CORRELATION OF MEASURED AND CALCULATED TEMPERATURES

To confirm the operating conditions of the Mockup 1A loss-of-flow tests, the predicted temperatures were 
compared to those measured during the test. The degree of correlation is indicated in Figure 5-1 in which the calculated 
bulk-coolant temperatures are compared with the measured temperatures at the inlet, exit, and top of the heated 
region. The measured values in this latter region (thermocouples 8 and 9) lag somewhat the predicted bulk-coolant 
temperature. The magnitude of this temperature variation is much greater than can be accounted for by the location of 
the thermocouples. (These thermocouples are located on the outside of the fluted test section liner.) However, it should 
be pointed out that thermocouples 8 and 9 exhibited an unexplained perturbation between 1.5 and 4.2 seconds, and 
interpolation between the measured temperatures at 1.5 and 4.2 seconds produces much better agreement with 
predicted temperatures. No explanation for this behavior is offered; however, the location of these thermocouples 
could make them very sensitive to stray currents resulting from fuel simulator operation.

In addition to the calculations indicated above, the axial and radial temperature profiles at boiling have been 
generated and are shown in Figures 4-4 and 4-5. As can be seen from Figure 4-5, the radial temperature skewing caused 
by the premature loss of one of the fuel simulators is quite severe. This radial temperature profile was calculated 
without considering the temperature skewing caused by cross-flow induced by the wire-wrapped spacer. A separate 
calculation of the temperature peaking under the spacer wire indicates that it would be less than 50°F. Because the 
exact location of this spacer wire relative to the point of bubble nucleation cannot be determined, it is difficult to 
establish the exact amount of wall superheat at boiling inception. Estimates suggest that this superheat was less than 
25°F. This information on the test section temperature distribution was applied to an investigation of the observed 
bubble growth and collapse behavior reported in Section 5.2.

5.2 CORRELATION OF BUBBLE/VOIDUM PREDICTIONS AND MOCKUP 1A TEST RESULTS

One of the objectives of the Mockup 1A experiment was to provide test results to evaluate analytical models. In 
this regard the dynamic behavior of void formation in the Mockup 1A loop was studied by using a modified 
BUBBLE/VOIDUM9'10 model.

VOIDUM9 can simulate the evolution of the coolant pressures, velocities and momentum in the reactor core, 
IHX's, and pumps during transient-undercooling accidents in an LMFBR system. In the application of this calculational 
model to the Mockup 1A test, the physical system of the Mockup 1A loop was modeled analogously to the primary 
system of an LMFBR as shown in Appendix B.

The voiding calculations, which are performed in the subroutine BUBBLE10, are based on the assumption that 
the fuel rods in an assembly can be adequately modeled by one representative rod and an associated annular coolant 
channel. In the Mockup 1A experiment one heater was inoperative during the transient portion of the test. The 
resulting skewed radial temperature distribution compromises the simulation capability of the test heat source in the 
BUBBLE calculation and could possibly limit the correlation obtained between BUBBLE/VOIDUM predictions and test 
results.

In its modified form, BUBBLE/VOIDUM predicted the void formation and collapse phenomena observed in the 
Mockup 1A test are shown in Figure 5-2. The calculational results indicated a shorter period (~ 0.015 sec) of void 
formation and collapse than is inferred from the initial oscillations in the coolant flow (~ 0.080 sec) observed in the 
Mockup 1A experiment. Some of this discrepancy may be the result of the calculated vapor temperature in the void 
which appears too low when compared with the local coolant temperature indicating that additional program 
modification may be required.

A correction in the void vapor temperature would increase the void pressure and size therefore, the duration of 
the formation and collapse period. This is in the proper direction for better agreement with experimental data. 
Additional input options, such as the value for the superheat factor and initial film thickness, can also be adjusted to 
get better agreement as noted in Appendix B.
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In its present form, the BUBBLE/VOIDUM code will account for the axial but not the radial condensation 
potential in a system. The possibility exists for significant radial condensation in the Mockup 1A test due to the 
inoperative heater. Because of this limitation in the code, no close agreement can be expected between the predicted 
and the experimental void behavior. The effort to correlate the code prediction with experimental results was 
intentionally limited for this test. The general agreement between the predicted and experimental voiding phenomena is 
encouraging and would be expected to improve when used to calculate voiding under more uniform radial temperature 
gradients.

5.3 ACOUSTIC SIGNAL INTERPRETATION

Because of the unique equipment required for the analysis of the accelerometer output, the Signature Analysis 
Unit at the General Electric R&D Center was requested to provide both wave form plots and real time spectral analysis 
of the data (see Figures 4-7 and 4-9 through 4-12).

The following general observations were made from the preliminary analysis of the data:

1. Prior to EM pump cut-off, there is a continuous background noise characteristic of metallic pipes vibrating 
against each other.

2. At cut-off, this background noise drops to a small fraction of its original level.

3. The first transient event is recorded by the accelerometers at 2.6 seconds after pump cut-off. The last event 
recorded occurs at 5.27 seconds.

4. During the 2.67-second interval in which transients were recorded, there are several amplitude peaks which 
correspond to pressure pulse peaks recorded with the pressure transducer. The correlation is indicated in 
Figure 5-3.

5. Accelerometers 4 and 5 seem to have saturated during the transient events while accelerometers 2 and 3 
were located far enough away to record the event without saturation.

In these responses, it becomes apparent that the transient signal is shaped by the geometry at the test apparatus. 
Before the transient, the background noise shows several bands of resonance (see Figures 4-9 through 4-12). There is a 
resonance at 800 Hz and another broader band around 6000 Hz. As might be expected, it is these bands which show 
the greatest response to the transients.

Further details are given in the following sections.

5.4 WAVEFORM ANALYSIS

Figure 4-7 shows traces of the accelerometer output. {Jecause the gains used in reproducing these signals differ 
from channel to channel, it is not possible to make a direct comparison of the noise level at the various locations on the 
basis of these recordings. However, it is possible to observe the timing of the noise bursts. The major pulses are 
indicated in Figure 5-3 where they are superimposed on plots of the flowmeter and pressure transducer data. It should 
be noted that bursts of noise appear on accelerometer 2 at precisely the same time that the sharpest pressure peaks were 
observed. From these traces, there appears to be no other direct correlation of the timing between accelerometer noise 
bursts and pressure spikes observed on the pressure transducer. It is possible that the accelerometers sensed some higher 
frequency pulses which were not sensed by the pressure transducer.

5.5 FREQUENCY ANALYSIS

The results of the real time spectral analysis presented in Figures 4-9 through 4-12 are consistent with the 
observations made of the audible sounds on the tapes (i.e., that the strongest signals both before and during the 
transient sound like the vibration of metallic tubes). The natural vibration frequencies of those loop components which 
seemed most likely to produce "metallic rattling" sounds were estimated. None of the frequencies calculated 
correspond with those noted above. However, when various modes of vibration (i.e., beam bending, ring extension, ring
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bending) and types of support (i.e., "fixed-fixed," "fixed-free") are considered, the range of natural frequencies is very 
great. The lowest natural frequencies (~ 3 Hz to 13 Hz for the first harmonic) are those for bending of members 
supported at one end. The fuel rod simulators, and some loop tubes which are welded at only one end, fall in this 
category. Bending frequencies estimated for two "fixed-fixed" tubes were 121 Hz and 1230 Hz. Ring extension and 
ring bending frequencies for these tubes are very high (e.g., 41 kHz for ring extension, 4100 kHz for ring bending). 
While this simple analysis did not correlate with the measured resonance frequencies to specific loop components, it 
does indicate that resonances may exist over the entire range of measured frequencies.

The two most significant observations regarding accelerometers 4 and 5 which are displayed in Figures 4-11 and 
4-12 respectively are:

1. In both cases the electronics seem to have saturated during the transient. This conclusion is based on the 
fact that nearly all frequencies seem to be present over the entire range to 20 kHz. This effect is observed 
when saturation causes clipping of the waves. The resulting square wave includes all frequencies.

2. There seem to be many harmonics of 120 cycles appearing throughout the pre-coastdown and transient 
periods. These are the parallel horizontal lines which are more easily observable in the 0 to 2 kHz range, but 
do appear noticeably up to about 7 kHz on the original outputs. This signal seems to be independent of the 
electric heater (fuel rod simulator) operation, and has not been explained.
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APPENDIX A 
MOCKUP1A TEST PLAN

1. After filling Mockup 1A, the external and internal heaters are to be operated to maintain the sodium in the 
molten state. (Caution: Because of temperature limits imposed by the accelerometers, the outer containment of 
the loop is to be maintained at less than 350°F at all times.) A nitrogen purge in the binary gas is to be 
established as soon as possible and maintained as long as the loop is at temperature or until helium flow is 
initiated.

2. When the loop has been installed in the test stand, the instrumentation is to be connected as follows:

T.C. 2 (inner annulus), 4, 5, 6, 7, 8,9, 12, and 13 (Ref. Dwg. No. 197R465 and 277E478), the pressure 
transducer, flowmeter, one phase of the pump voltage, and all three fuel simulator current signals are to be 
connected to the high speed oscillograph. The T.C. and flowmeter are also to be connected through a 
selector switch to the multi-point recorder and the flowmeter through a selector switch to a flow recorder.
All of the remaining signals are to be monitored by the multi-point recorder only.

The output from the six accelerometers as well as parallel signals from T.C. No. 6 or 7, the pump voltage, 
flowmeter, and pressure transducer will be recorded on tape. (The tape recorder and an oscillograph will be 

provided by BRD and installed with the help of an IPO technician.) This is the desired mode of operation; 
however, if it is determined that the signal to the high speed oscillograph is perturbed in some way by the 
presence of the tape equipment in the same circuit, the flowmeter and pressure transducer signals are to be 
recorded only on the oscillograph.

3. Check out and calibrate the instrumentation.

4. After the instrumentation has been calibrated, make a short run with the oscillograph and tape recorder with only 
the external heaters operating (no cooling water flow).

5. Start pump blower and pump, shut down internal heater while tape recorder is operating and operate at 25, 50,
75 and 100% of rated flow.* Record output on both the oscillograph and tape recorder for short periods of 
steady-state operation at each of the flow levels.

•Rated flow is to be defined by BRD during initial operation.

6. With both the oscillograph and tape unit in operation, scram the pump from full rated flow.

7. Restart pump and operate at rated flow. (To restart the pump, the auto-transformers should be driven to the
minimum position before putting power back on the pump.)

8. Start up single internal heater (not fuel simulators) and phase out external heaters.

9. With only the internal heater supplying heat, operate the pump at 25, 50, 75, and 100% of rated flow. Record 
output on both the oscillograph and tape recorder for short periods of steady-state operation at each of the flow 
levels.

10. With both the oscillograph and tape unit in operation, scram the pump from rated flow.

11. Restart pump and operate at rated flow. (To restart the pump, the auto-transformers should be driven to the
minimum position before putting power on the pump.)

12. Establish a flow of nitrogen through the cooling water annulus to cool loop surface to < 200°F as indicated on 
T.C. No. 14, or until minimum sodium temperature approaches 250°F.

13. Establish cooling water flow. (This operation must be done carefully to avoid freezing the sodium.)
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14. With the internal heater supplying heat and the cooling water flowing at a rate equal to that anticipated during 
actual operation, operate E.M. pump at 25, 50, 75, and 100% of rated flow. Record output on both the 
oscillograph and tape recorder for short periods of steady-state operation at each of the flow levels. (Flow rate 
~ 20 gpm.)

15. Start up fuel simulator current recorder. Start heater, terminal blower, and fuel simulators while tape recorder is 
operating and slowly increase power to 14 kW each. This power increase will require approximately three (3) 
hours and shall be done in accordance with Table 1 A. During this time the E.M. pump power shall be adjusted to 
provide maximum rated flow. The nitrogen in the binary gas annulus shall be replaced, as soon as practical, with 
pure helium. (Temperatures are to be maintained as low as possible without freezing the sodium.) When the fuel 
simulators are providing enough heat to keep the sodium molten, the internal heater is to be shut down.

16. With the fuel simulators operating at 19 kW each, allow all parameters to reach equilibrium and record output for 
a short period of time on both the oscillograph and tape recorder.

17. Slowly adjust binary gas mixture to provide a bulk-exit-sodium temperature of 750°F (at no time shall this 
temperature be permitted to exceed 800°F). Record N2 and He gas flows as well as all loop temperatures and 
flow rate. With the test section exit-bulk-sodium temperature at 750°F and the E.M. pump operating at rated 
power, carefully vent the loop to ensure that the sodium cover-gas pressure does not exceed one atmosphere. 
After venting, secure the valve for the remainder of the test.

18. Slowly reduce Na flow while maintaining a constant bulk-exit temperature of 750°F by adjusting the binary gas 

mixture. Record and plot four or five points for a "1/flow vs AT" plot. (Calibrate flow meter.)

19. Slowly increase E.M. pump power to provide rated flow and slowly return the binary gas mixture to full helium. 
(Change paper in oscillograph to provide maximum recording time after "scram".)

20. Increase fuel simulator power to 28 kW each (again in accordance with Table 1). The sodium flow rate shall be 
maintained at the maximum possible with the pump operating at rated power and the binary gas adjusted to full 
helium. Switch fuel simulator signal from Brush Recorder to Oscillograph.

21. When full power has been achieved and all oscillations have damped out, start oscillograph and operate at low 
speed (0.5 in./sec) and adjust the sodium flow rate to provide a 200°F axial AT. If after this has been 
accomplished, and the bulk-exit-sodium temperature is less than 900°F, adjust the binary gas to provide this 
temperature. (These adjustments should be made within a 30-minute period to avoid using excessive amounts of 
recorder paper.)

22. As soon as flow and temperature perturbations have damped out, start tape recorder and increase oscillograph 
chart speed to 32 in./sec. Assure that all necessary information is being recorded (see Step 2).

23. Scram the pump. (Pump should be "scrammed" within ~ 5 seconds of switching oscillograph to high speed to 
provide a maximum of recording time after flow reduction.)

24. Continue to record instrumentation output on both the oscillograph and tape recorder for approximately 30 
seconds (longer, if paper and/or tape is available) after scramming the pump.
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Table 1A
POWER SEQUENCE SCHEDULE FOR MOCKUP 1A TEST

Step

1
2
3
4
5
6
7
8 
9

10
11
12
13
14
15
16
17
18
19
20 
21 
22
23
24
25

Nominal Heater
Heater Current Power, kW Each

Amperes Heater — Assuming Time Interval
Each Heater

20
30
35
40
45
50
54
57
60
62.5 
65
67.5 
70
72.5 
75
77.5 
80
82.5 
85 
87 
89 
91 
93 
95

3-Ohms Resistance

1.2 \
2.7 \

3.7 |
4.8 j
6.1 I
7.5 I
8.8 I
9.8 [
10.8 I
11.7 \
12.7 /

13.7 [
14.7 1
15.8 I
16.9 1
18.0 I
19.2 I 
20.4 I

21.7
22.7 I

23.8 )
24.8 l
25.9 (

27.1 )

Continue to increase 
power if heater 
anomaly occurs 
in this region

Run test as soon as 
heater anomaly occurs 
in this region

Between Power Adjustments

5 Min.
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APPENDIX B

MOCKUP 1A ANALYSIS USING BUBBLE/VOIDUM

Section B-1 Introduction

The dynamic behavior of void formation in Mockup 1A has been studied using the computer program 
BUBBLE/VOIDIUM. The primary objective of the study was to investigate the capability of the computer program to 
simulate Mockup 1A and related physical systems. By comparing the computed results with the experimental data, it 
would be possible to:

• better understand the physical phenomena occurring in Mockup 1 A,
• identify the limitations of the program, and
• determine the modifications necessary to improve the program for application to subsequent experiments 

and to transient undercooling analysis in general.

Section B-2 BUBBLE/VOIDIUM Analysis of Mockup 1A

The physical system of Mockup 1A, an out-of-pile, transient, undercooling experimental loop, was modeled 
analogously to the primary coolant circuit of a tank-type reactor. This approach was taken because the 
BUBBLE/VOIDUM code was written for reactor systems analysis.

A schematic diagram of Mockup 1A, including all of the major sections, is shown in Figure B-1. The primary 
coolant circuit of a tank-type reactor is presented as a schematic diagram in Figure B-2. This is the hydrodynamic 
system modeled in the VOIDUM code. The following analog was used to study Mockup 1A with the VOIDUM routine:

Primary Coolant Circuit

Lower reactor pot 
Fuel bundle 
Upper reactor pot 
Reactor cover gas 
IHX inlet piping 
IHX sodium pot 
IHX cover gas 
IHX piping**
Primary tank 
Primary tank cover gas 
Pump piping

Mockup 1A

Bottom pot 
Fuel simulator 
Hollow tube section 
None
Flowmeter 
Transition section 
None
Upflowing Annulus* 
Sodium reservoir 
Reservoir cover gas 
Outer annulus

The transient computations of thermal-hydraulic and void dynamic events were started at 2.7 seconds after pump 
scram. This choice avoids the requirement of simulating the change of flow rate with time. The seemingly constant 
coolant flow rate of 0.35 gallons per minute, as measured by the Mockup 1A flowmeter, was input at the start of the 
calculation.

The height of the annulus has been entered as a negative quantity to account for potential opposing to motion. 
A term used here to denote the heat transfer section of the shell side of the IHX.
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3.90 i.d.
1.938 o.d.

0.6251.810 i.d.

TRANSITION
SECTION

COVER GAS

FLOW METER
SODIUM
LEVEL

SODIUM
RESERVOIR
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TUBE

INSULATION GAS

FUEL
SIMULATOR HEATER
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BOTTOM POT MATCH
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1.450

Figure B-1. Mock-Up 1A Schematic Diagram
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PRIMARY TANK COVER GAS

REACTOR COVER GAST~
SODIUM
LEVEL

IHX COVER GAS 
’ T~ ZHX1IZGPS2J

IHX INLET PIPING
UPPER REACTOR POT

ZHX2N
IHX

SODIUM
POT

XRCTOP TOP AXIAL BLANKET

XSHXI

IHX
PIPING

XHXOTCORE

ZPXOTAC(N)

BOTTOM
AXIAL BLANKET

IHX
OUTLET

XBLBDT

PUMP
INLETLOWER REACTOR POT

PUMP PIPING

Figure B-2. Schematic Diagram of Primary Coolant System Simulated by VOIDUM Code
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The coolant temperature profile of the system at this time, based on previously performed THTD calculations 
(see Figure 12), was input. Other initial nodal temperatures were determined from this temperature profile using 
one-dimensional heat transfer calculations. The entire temperature lattice is presented in the following table:

Table B-1
INITIAL NODAL INPUT TEMPERATURES

Axial Node*
Coolant

Temp (°F)
Clad

Temp (°F)
Fuel Node 1
Temp (°F)

Fuel Node 2 
Temp (°F)

1 600 709 1412 1654
2 710 819 1522 1764
3 950 1059 1762 2004
4 1230 1339 2042 2284
5 1280 1389 2092 2334
6 1330 1439 2142 2384
7 1190 1299 2002 2244
8 1030 1139 1842 2084

*See Figure 5-2 for axial node position.

In the original code, there was no coolant re-entry after the slugs had been ejected and the channel voided. 
Modifications have been incorporated into the computer program to facilitate prediction of the transient thermal 
hydraulic behavior detected in the Mockup 1A test. The modified program now accounts for the re-entry of the top 
coolant slug after it has been expelled. Some additional work is required to check out re-entry of the bottom slug.

Rectification of the pressure fluctuations at the onset of voiding in the BUBBLE subroutine was also attempted 
but was not completed. However, such fluctuations last only a few time-steps and may not be too significant. The 
calculated void vapor temperature after the initial time-step is lower than the local coolant temperature, also indicating 
that additional program rectification is required.

The computed results at this stage of the BUBBLE/VOIDUM code predict the time of voiding inception to be in 
good agreement with the measured data. The fact that the predicted value differs by ~ 0.1 second is a consequence of 
the input temperature. The void collapses shortly (~ 0.015 second) after its formation but almost immediately 
(~ 0.005 second) later a new void begins to form. This behavior of void growth and collapse is the principal cause of 
fluctuation in the Mockup 1A flowmeter measurement. Although the calculated frequency of void growth and the 
measured flow fluctuations do not coincide, the general agreement indicated is encouraging.

Section B-3: Discussion of Results

This study was not intended to obtain extensive results for the Mockup 1A because the heater failure introduced 
a radial temperature gradient of unknown magnitude and location. The existence of this temperature difference may 
cause the void to condense radially rather than move in the axial direction. The fact that BUBBLE/VOIDUM has no 
provision for radial condensation precludes iterative approximations. The uncertainties associated with the heater 
failure in Mockup 1A limit the interpretation of the computed results. Therefore, the effort to correlate them with 
experimental data was limited intentionally. This analytical study was intended as a forerunner to subsequent 
experiments with more prototypic heat sources.

There are a number of quantities whose input values have a direct bearing on the computed result. These 
quantities can be adjusted to achieve better agreement should the experimental conditions warrant it. They are 
discussed in the following paragraphs.

a. Temperature Profile

If a temperature profile is specified for a particular instant in the transient, the subsequent time and 
location of incipient boiling are affected. In the present case, the temperature profile at 2.7 seconds after 
pump scram was input. The profile was determined from previously calculated coolant temperatures using
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THTD. The temperature of fuel and clad nodes were deduced from one-dimensional considerations. The 
profile was refined by observing the temperature changes of non-coolant nodes with time. If the 
temperatures of the interior nodes do not decrease with increasing time, the input temperature is not 
erroneously large and the time of boiling inception can only be delayed.

b. Superheat Factor

This factor determines the amount of superheat, i.e., the margin above the saturation temperature before 
boiling inception is assumed. A value of 0.2 was assumed resulting in a superheat of ~30°F This value is 
not known a priori and several valves will be used.

The magnitude of superheat influences not only the occurrence of boiling but also the subsequent behavior 
of the void. If a larger value is assumed, boiling inception occurs later. The vapor pressure inside the void is 
larger and a longer time is required before the void collapses (if at all).

Results so far indicate that the time of boiling inception is not too sensitive to the superheat factor. It has 
been found that using a value of 1.0 instead of 0.2 increases the superheat to ~ 150°F and the time of 
boiling inception by 20%. The effect on void behavior, however, has not been determined.

c. Initial Film Thickness at Void

A range of 0.001 to 0.010 inch was suggested in the formulation of BUBBLE subroutine. The input value 
for the present case was assumed 0.010 inch, based on the rationale that the boundary layer of a slowly 
moving fluid will be relatively thick.

The effects of choosing a thicker film are that the time for film dryout will be longer and that a larger 
temperature difference will exist between the cladding surface and the inside of the void. No film dryout 
was indicated in the experiment. The effect on temperature difference has not yet been checked. It may be 
necessary to iterate to get the best approximate value.

d. Initial Time Step

The VOIDUM routine is programmed to change the size of the time step according to an input criterion. If 
the velocity change between two successive time steps is smaller than the input allowable value, the size of 
the next time step is increased by half the current value. Because of the way the model was set up, the 
initial few steps increase their size in a geometric progression. The time of boiling inception is nearly always 
overshot. A number of iterations are necessary to reduce the margin of overprediction.

The calculated time of boiling inception, 2.814 seconds after pump scram, is later than the experimental 
value of 2.7 seconds. The longer time predicted can be attributed to the input values just discussed.

The period of void growth and collapse has been calculated to be 0.015 second. By comparison, the flowmeter 
measurement indicates a value of about 0.08 second. Although no direct correspondence can be related between 
flowmeter output and bubble formation, the flow fluctuation is believed to be the consequence of the growth 
and collapse of the bubble. The magnitude of flow is governed by the temperature difference (and hence density 
difference). The sudden increase and decrease of flow can be caused only by a pressure force.

The discrepancy between the predicted and observed frequency of void formation may be caused partly by a too 
small superheat factor. It is more likely to be a minor flaw in the BUBBLE subroutine, however. In its current 
form the calculated vapor temperature in the void is lower than the local coolant temperature; this results in a 
void-vapor pressure that is too low. Correcting the vapor-temperature calculation increases the void-vapor 
pressure, size, and the time required for void growth and collapse. This rectification of the BUBBLE subroutine 
would result in better correlation with experimental measurements.

B-5/B-6
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APPENDIX C

MOCKUP 1A INSTRUMENTATION SPECIFICATIONS

Instrumentation

Instrumentation of the capsule for the recording of sodium-voiding, acoustic signals consisted of the following:

Six piezoelectric accelerometers.
Charge amplifiers.
Adjustable electronic filters, and 
A 14-track magnetic tape recorder.

A photograph of the tape recorder and instrumentation is found in Figure 3-7. An instrumentation diagram is 
found in Figure 3-5, and details of the instrumentation are found in the following sections.

Accelerometers

The accelerometers used were ENDEVCO, Models 2236 and 2220C. These are shown in Figure 3-6. The Model 
2236 is a very high sensitivity general purpose accelerometer with the following characteristics:

ENDEVCO, Model 2236 Accelerometer

Sensitivity.
Resonant Frequency: 
Weight:
Temperature Range: 
Maximum Vibration: 
Maximum Shock:

60 pC/g 
29 kHz
1.0 oz, max 
-65°F to 500°F
1000 g (peak), sinusoidal
10.000 g

The Model 2236 accelerometer was used in five of the six sensor locations.

The sixth accelerometer was selected for its high frequency response, in order to detect acoustic signals which 
might appear in the 50 kHz to 100 kHz range. The Model 2220C used for this purpose has the following characteristics:

ENDEVCO, Model 2220C Accelerometer

Sensitivity:
Resonant frequency: 
Weight:
Temperature Range: 
Maximum Vibration: 
Maximum Shock:

2.6 pC/g
50 kHz
0.08 oz, max
-65° F to 350° F
1000 g, (peak) sinusoidal
5000 g

Charge Amplifiers

The accelerometers were connected through ~60 ft of low-noise coaxial cable to charge sensitive amplifiers. 
Unholtz-Dickie Model 8PMCV amplifiers were used with accelerometers 1 through 4 (see Figure 3-1), and ENDEVCO, 
Model 2710 amplifiers were used with accelerometers 5 and 6. Brief specifications of these amplifiers are found below:

Unholtz-Dickie, Model 8PMCV Amplifier

Operation: Voltage amplification or charge amplification mode selectable by rear panel mounted
toggle switch.

Frequency Response: ± 3%, ~ 5 Hz to 10 kHz

C-1
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Maximum Output: 
Adjustments:

T ransducer Sensitivity: 
Full Scale g Level: 
Tape Gain:

5V, peak-to-peak

Continuous adjustments from 1.0 pC/g to 100.0 pC/g 
Adjustable in steps from 1 g to 1000 g
Ten-turn potentiometer provides continuous adjustment of full scale output, from 0.5 V 
peak-to-peak to 5.0 V peak-to-peak

ENDEVCO, Model 2710 Charge Amplifier

Operation:
Frequency Response: 
Maximum Output: 
Adjustments:

Transducer Sensitivity: 
Full Scale g Level:

Charge amplifier only 
± 5%, 2 Hz to 20 kHz 
10 V, peak-to-peak

Continuous adjustment, 1.0 pC/g to 100.0 pC/g 
Stepwise adjustment, 1 g to 3000 g

Charge amplifiers are designed especially for use with piezoelectric transducers and are much more convenient in 
this application than conventional voltage amplifiers. Their primary advantage is the fact that the gain adjustment is 
independent of cable capacitance. Gain adjustment is accomplished simply by dialing in directly the accelerometer 
sensitivity (in pC/g), and setting the maximum g level to the anticipated value.

Both types of amplifiers used appeared to perform satisfactorily during the pre test checkout and calibration 
procedures, but the high frequency response of the ENDEVCO amplifier was substantially better than that of the 
Unholtz-Dickie amplifiers. It was possible to pass up to 100 kHz through the ENDEVCO amplifiers with very little loss 
of signal. The response of the Unholtz-Dickie amplifiers began to drop very sharply at ~ 20 kHz, and the gain was 
essentially zero at ~ 50 kHz.

The maximum amplifier output was limited by the tape recorder, which would accept only 4 V peak-to-peak. The 
amplifiers were operated at reduced gain to provide this level at the tape recorder. The 'Tape Gain" adjustment on the 
Unholtz-Dickie amplifiers proved to be convenient because it allowed attenuation of the output without readjustment 
of sensitivity and maximum g settings. On the ENDEVCO amplifiers, reduced output was obtained by scaling the 
transducer sensitivity adjustments; thus it was no longer possible to read directly from the dial. A more satisfactory 
method would have been to place attenuators after the amplifier outputs.

Electronic Filters

The requirements for filtering accelerometer output signals before recording them were not known prior to the 
test. In general, it is preferable to record the entire signal and filter out background noise during data analysis. However, 
it was considered necessary to provide filtering capability on all six channels in case particularly strong background 
noise appeared. A six-channel, active filtering instrument, designed and built by Western Microwave Corporation was 
used for this purpose. This is a solid-state device, utilizing the Western Microwave WM3 filter microcircuit. Basic 
specifications follow:

Western Microwave Six-Channel Filter

Modes (selectable on individual channels by Function Selector Switch):

Band Pass (BP)
Band Reject (BR)
High Pass (HP)
Low Pass (LP)
No Filtering (IN)
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Frequency Response: DC to 100 kHz (maximum of ~ 2 V peak-to-peak® 100 kHz)
Center Frequency (Adjustable
on Individual Channels): Continuous adjustment from 3 Hz to 20 kHz
Rolloff Slope (Adjustable on

Individual Channels): "Q" adjustable in steps from 0.707 to 100, corresponding to rolloff range of 12 dB/octave
to 40 dB/octave

During the flow coastdown test, signals from accelerometers 1, 2, 3, and 6 were recorded without filtering (i.e., 
filter was operated in "IN" mode on these channels). As the fuel rod simulator heaters were brought up in power, 
strong 60 Hz signals appeared in accelerometers 4 and 5 outputs. Filtering was used in the BR mode on these channels, 
with a Q setting of 1.0.

Tape Recorder

The tape recorder was a CEC, Model VR-3300, with 14 tracks and a voice log edge track. The recorder utilizes 
plug-in amplifier cards for recording and reproducing in direct or FM modes on any channel.

Utilization of the channels in the Mockup 1A test is shown in Table 1 below:

Table 1
UTILIZATION OF TAPE RECORDER CHANNELS

Channel
Number Signal Mode

1 to 6 Accelerometers 1 -*■ 6 Direct
7 to 9 Accelerometers 1,4, 6 FM

10 EM Pump Voltage FM

In the test plan, channels 11 through 14 were allocated for recording outputs of the EM flowmeter, pressure 
transducer, and one thermocouple. However, there appeared to be some "cross talk" between the two instrument 
systems (i.e., tape recorder and oscillograph systems), so these signals were recorded only on the oscillograph. The EM 
pump voltage signal was recorded on both systems to provide a common time reference.

All direct record channels, were calibrated for a nominal recording level of 1.0 V, rms and FM channels were 
adjusted to 1.4 V, peak (equivalent to 1.0 V, rms.) With this calibration, an input signal of 4 V, peak-to-peak could be 
recorded and reproduced on direct channels with no significant loss.

The tape recorder has six standard speeds in three pairs. Pairs are selected by means of a belt change and a 
HIGH-LOW switch on the front panel selects the speed of the pair.

Frequency response characteristics as a function of tape speed are given below in Table 2.

Table 2
FREQUENCY RESPONSE OF CEC VR-3300

Speed

Direct
Frequency Response 

at ± 3db Points 
Referred to 1.0

FM Record 
Frequency Response

(in ./sec) kHz as 0 db (kHz)

60 100 Hz to 300 kHz 0-20 ±0.5 dB
30 100 Hz to 150 kHz 0-10 ±0.5 dB
15 100 Hz to 75 kHz 0-5 ±0.5 dB

7-1/2 100 Hz to 37.5 kHz 0-2.5 ±0.5 dB
3-3/4 100 Hz to 18.7 kHz 0-1.25 ±0.5 dB
1-7/8 100 Hz to 9.4 kHz 0 - 0.625 ±0.5 dB

In the Mockup 1A test, data were recorded at 60 ips and 30 ips.
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Miscellaneous Equipment

A signal generator and series capacitor were used to simulate piezoelectric accelerometer outputs for the purpose 
of instrument checkout and calibration. The capacitor used was an ENDEVCO Model 2947A 1000 pF ± 1% shielded 
capacitor.

Input signals to the tape recorder were monitored with an oscilloscope.

Results

Accelerometer signals were recorded on five reels of magnetic tape. Three types of data were taken: background 
noise data, flow coastdown data and calibration data. Some general remarks regarding the data made during the test are 
recorded below.

Background Data

Prior to the actual flow coastdown, nearly three reels (3600 ft/reel) of background data were recorded. These 
data include accelerometer outputs during low-power, steady-state operation of the capsule and transient signals during 
power changes and pump scrams.

The EM pump and blower motor produced noise signals on all six accelerometer channels. These signals appeared 
to be from 1 g to 3 g in magnitude over a wide frequency range. Attempts to identify specific frequency components 
by means of narrow band filtering were unsuccessful. Tests in which the pump and blower were turned off separately 
led to the conclusion that the pump itself was the strongest noise source.

As the electric fuel rod simulators were brought up to power, accelerometers 4 and 5, which were located near 
the heated test section, began to pick up strong 60 Hz signals. These were never found on the other sensors, and were 
taken out during the flow coastdown by filtering in the band-reject mode.

KAMAN NUCLEAR

HIGH FREQUENCY RESPONSE VARIABLE 
IMPEDANCE PRESSURE TRANSDUCER 

MODEL K-1730

SPECIFICATIONS

Pressure Media:
Water, liquid sodium or NaK alloys and many other corrosive media 

Pressure Range:
0-200 psig, other ranges up to 10,000 psig 

Operating Temperature Range:
-450°F to 1000° F 

Calibrated Temperature Range:
Ambient to 1000°F (standard)

Output Signal:
Approximately 0 to 1000 mV dc, depending on interconnecting cable length and Kaman oscillator-demodulator 
model

Frequency Responses:
Greater than 3 kHz; diaphragm resonance greater than 6 kHz, depending on pressure range 

Non-Linearity:
Less than ± 1% of full range output 

Zero-Shift:
Less than 0.02%/° F 

Sensitivity Shift:
Less than 0.02%/° F 

Minimum Burst Pressure:
300% of pressure range 

Electrical Connections:
10 to 20 ft magnesium oxide stainless steel sheath pigtail with BNC connectors on free ends
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APPENDIX D

Oscillograms of pressure and flow for the time intervals of interest are reproduced as Figures D-1, D-2, and D-3.
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0.25
SECONDS

SECONDS

Figure D-1. Flow and Pressure Response During Initial 
Second of Loss of Flow Transient
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SECONDS

Figure D-2. Flow and Pressure Response During Initial Voiding 
Under Low Flow Conditions
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75 -

COLLAPSE OF VOID PULSES

25 -

3.90
SECONDS

COLLAPSE OF VOID PULSES50 -
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4.40
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Figure D-3. Flow and Pressure Response During the Formation 
and Complete Collapse of Voids




