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ABSTRACT 

The Fast Flux Test Facility completed four years 
of pre-operational testing in April 1982. This paper 
describes thermal-hydraulic testing results from this 
period which impact piping and vessel component design 
in LMFBRs. Data discussed are piping flow oscilla
tions, piping thermal stratification and vessel upper 
plenum stratification. Results from testing verified 
that plant design limits were met. 

INTRODUCTION 

The Fast Flux Test Facility (FFTF), located on the 
Hanford site in South Central Washington, is a fast 
flux reactor being used to provide experimental data 
for the U.S. Fast Breeder Reactor Program. In April 
1982, Cycle 1 full power operation commenced after 4 
years of pre-operational testing. This paper describes 

thermal hydraulic data taken during this testing 
period which impact pressure vessel and piping design. 
Phenomena discussed are piping flow oscillations, 
piping stratification and vessel upper plenum strati
fication. 

PIPING FLOW OSCILLATIONS 

The design of the 400 Mw facility consists of the 
reactor, three primary loops and three secondary loops 
as shown in Figure 1. The coolant is liquid sodium 
with dry argon cover gas to blanket the sodium in the 
reactor vessel and all free surfaces throughout the 
Heat Transport System (HTS). Intermediate Heat Ex
changers (IHX) are used to transfer the reactor heat 
from the primary to the secondary loops. The heat 
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FIGURE 1 Schematic of Heat Transport System 



in each secondary loop is dissipated to the atmoshpere 
through four forced air-cooled Dump Heat Exchangers 
(DHX). FROM IHX 

During initial flow tests of the three secondary 
loops, unexpected static pressure increases of about 
48 kPa (7 psi) occurred at the pump discharge of Loop 
3. These oscillating pressure increases lasted from 
2 to 13 seconds, and resulted in loop flow reductions 
of up to 7% as shown in Figure 2. A concerted effort 
was undertaken to determine the cause and location of 
the anomaly, and to determine its impact on the test 
program and subsequent plant operation. 
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FIGURE 3 DHX Inlet Manifold Arrangement 

FIGURE 2 Typical Flow Oscillation Effect 

Diagnostic Tests 

The diagnostic testing began with characterization 
of the anomaly. Data affecting the dynamic behavior of 
the secondary loops were recorded and studied. Audio 
observations of "clanking" noises and "whooshing" 
sounds near the Isolation valves and DHX area were 
investigated with acoustic and x-ray monitors. No 
foreign objects were detectable in the vicinity of the 
noises. The clanking sounds were eliminated by back-
seating of the DHX isolation valves. The whooshing 
sounds correlated well with the flow oscillation ob
served near the DHX area. 

Next, a dilatometer and acoustic sensor were in
stalled on the piping tees and transducers connecting 
the secondary 406 mm (16") pipe to four 203 mm (8") 
pipes leading to the four DHXs, designated as Modules 
E-12 through E-15, respectively (Figure 3). The 
dilatometer was capable of measuring small changes 
('vlO" mm) in pipe diameter caused by pressure changes 
occurring during flow oscillations. Excellent corre
lation was obtained between the flow anomalies and the 
dilatometer installed on DHX Module E-15 as shown in 
Figure 4. Localization of the oscillation mechanism 
within the DHX inlet tee region was consistent with the 
data and matched a theory of vortex formation and am
plification within the tees. 

Vortex Theory 

^^ EVENT 1 / \ EVENT 2 I 

EVENT 1 - FLOW DIP REFLECTED IN LOOP AND IN MODULES E-14, 

E-13, AND E-15. DILATOMETER RESPONSE CORRELATES 

WITH E-15, 

EVENT 2 - FLOW DIP IN LOOP FROM DECREASE IN £"13 AND E-12> 

FLOW INCREASE OCCURS IN E-14; NO EFFECT OCCURS IN 

E-15. DILATOMETER AGAIN CORRELATES WITH E-15. 

The unusual f ea tu re of the flow anomaly was tha t 
the pressure drop v a r i a t i o n was an order of magnitude 
g r e a t e r than the flow dynamic head. A known mechanism 
which can cause such pressure drop in a confined area 
i s the Vortex Chamber Flow. The p r i n c i p l e of a Vortex 
Chamber i s to convert the pressure head of the main 

FIGURE 4 Corre la t ion Between Flow Dip and Dilatometer 
Response a t DHX Module E-15 



flow to vortex motion by introducing a tangential com
ponent at a distance from the center drain. As the 
flow approaches the center drain, the tangential veloc
ity is amplified in order to maintain the conservation 
of angular momentum. The amplification of vortex 
motion in turn results in large pressure drop. The 
discharge flow contains a swirl motion which dissipates 
in the downstream pipe of the discharge. The pressure 
loss due to the swirl flow in the downstream pipe is 
far greater than the ordinary pipe flow. The buildup 
and breakdown of a highly intense vortex in the mixing 
tee produces the audible whooshing sounds and the ob
served flow oscillations as shown in Figure 5. This 
intense vortex formation was verified in a 1/4 scale 
water test through visual observations and pressure 
data. Observed loop pressure fluctuations in the 
model occurred during periods of vortex intensification, 
lasted about 1 to 2 seconds and had a magnitude 1 to 3 
times the dynamic head. 

FIGURE 5 Vortex Formation Pattern from 1/4 Scale 
Model Test 

Elimination of Flow Oscillation 

If the proposed theory were valid, it followed 
that interruption of the vortex intensification would 
eliminate the oscillating flow pattern. To test this 
premise, a 152 mm long, 25 mm x 9.5 mm (6 in x 1 in x 
3/8 in) plate was attached to the back wall of the 
secondary tee model directly opposite to the inlet 
flow. The 1/4 scale model was then tested extensively 
under a variety of conditions. No oscillations of any 
size occurred. Subsequently, a series of nine 6.4 mm 
(1/4 in) balance holes were added to the vortex 
breaker to relieve any bending forces bearing upon it. 
Again, tests under varied conditions produced no 
anomalies. Interruption of the vortex intensification 
had successfully eliminated the flow oscillations. 

Impact of T̂ 'low Oscillations 

The impact of the flow oscillatici.s on plant com
ponents and operation was investigated, since elimi
nating the anomaly was expected to be very expensive. 
The effect of temperature oscillations on the HTS 
piping was investigated. A finite difference model of 
the piping system predicted maximum variations of 5°C 
in the secondary hot leg and 3°C in the primary cold 
leg. For piping below 427°C (800°F), a temperature 

swing of 9°C over 10 cycles was shown to have a neg
ligible effect on component life. Therefore, no impact 
on fatigue stress was seen from the flow oscillations. 

The flow oscillations at the DHX were sufficient 
to cause a large amplitude, low frequency vibration in 
the secondary system. Amplitudes were observed in the 
range from 1.78 to 8.89 mm (0.07 to 0.35 in) peak-to-
peak at a frequency of 2 Hz. The very flexible sec
ondary piping was predicted to withstand these large 
vibrations without fatigue damage. After seismic 
snubbers were installed, amplitudes were reduced to 
0.127 mm (0.005 in) at normal operating temperatures. 
However, below 316°C (600°F), the amplitude exceeded 
the 0.25 mm (0.01 in) vibration acceptance limit for 
the snubbers. Since these snubbers are all in acces
sible regions of the plant, they are Inspected at 
regular, short intervals to ensure snubber integrity. 

It was also determined that cyclic torsional 
stress was imposed on the pump shaft as a result of 
the 7% flow oscillations. Stress at the minimum shear 
area was calculated to be 187 kPa (27.2 psi) compared 
to 17076 kPa (2477 psi) peak transient stress which 
occurs during startup and shutdown. This meets design 
limits since these stresses can be tolerated for an 
infinite number of cycles. 

Effects of the flow oscillations on plant opera
tion were also calculated. No change was required for 
the flux control system. For the flow control system, 
a reduction in rheostat gain on the secondary pumps 
provided acceptable operation. A simple time averaging 
of the temperatures provided sufficient accuracy for 
the thermal power calculation. It was therefore 
concluded that since loop components met design limits, 
that plant operation could be undertaken without 
secondary loop modifications to dampen the flow oscil
lations. 

VESSEL OUTLET PLENUM STRATIFICATION 

The knowledge of vessel outlet plenum thermal 
behavior is important for LMFBR component design, for 
it provides boundary and initial conditions for com
ponent thermal stress and thermal cyclic fatigue 
analysis. Up to the present time, predictions of 
plenum mixing and thermal transients have relied mainly 
on partial scale model testing and computer analysis 
[1-4]. However, temperature data obtained from FFTF 
pre-operational tests revealed the complex thermal 
transient patterns one can expect to see in a large 
scale, loop-type LMFBR reactor. 

Test Data 

Two types of pre-operational tests were used to 
observe mixing patterns in the outlet plenum during 
plant transients. Loss-of-flow, natural circulation 
transient results were obtained from tests perfomned 
in March 1981. For these tests, reactor scram was 
initiated from 100% power and flow, and system flow 
allowed to coastdown to natural convection flow 
(-̂3% of full flow). 

Transient data was also taken from reactor scram 
tests performed in December 1980 and November 1981. 
These tests were initiated from 75% and 100% power 
with flow coastdown to pony motor flow ('̂'8% of full 
flow). 



The tempera,tures in the outlet plenum were mea
sured with 10 second response thermocouples at the top 
of the plenum, bottom of the plenum and at six eleva
tions along the side wall of the plenum, see Figure 6. 
The elevation of the top thermocouple is 5.56 m (18'3") 
below the reactor floor level and 228 mm (9 in) below 
the sodium free surface, the bottom thermocouples are 
at elevation 10.26 m (33'8") just above the top of the 
core, and the side thermocouples are 76 mm (3") in from 
the side of the reactor inner walls at various eleva
tions. 
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FIGURE 6 FFTF Uppper Plenum Temperature Instrumentation 

In Figure 7 are shown the outlet plenum tempera
tures at various levels following a reactor scram to 
natural circulation flow at T = 5 minutes. From a 
relatively homogenous plenum temperature of 510°C 
(950°F), the plenum immediately develops stratified 
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FIGURE 7 Outlet Plenum Temperatures Following Scram 
to Natural Circulation Flow 

layers of different temperature. The temperatures 
increase continuously with elevation with no sharp 
gradients evident except for the side thermocouple at 
9.19 m (30'2") elevation. This thermocouple is just 
above the outlet nozzle and measures the colder sodium 
exiting from the core to the outlet nozzle. There was 
a complete absence of turbulent mixing in the outlet 
plenum; cooling took place by thermal diffusion and 
conduction and stratification from top to bottom of 
56''C (lOOT) still persisted 30 hours after scram. 

Plenum thermal hydraulic behavior following a 
scram to pony motor flow is somewhat different from the 
scram to natural circulation. As shown in Figure 8, 
the sodium temperatures at the plenum bottom from ele
vation 8.00 m (26'3") to elevation 9.19 m (30'2") 
merged to one value after several hours. This shows 
that a turbulent mixing zone was slowly established by 
the pony motor flow in the lower section of the plenum. 
This cooler sodium zone propagated slowly upwards with 
time by thermal diffusion. After 450 minutes, the 
temperature difference between the upper plenum and the 
lower cold zone still exceeded 83»C (ISO'F). Rate of 
rise of the temperature interface showed good agreement 
with a previously reported empirical correlation re
lating rise rate to modified Froude Number [5]. 
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FIGURE 8 Outlet Plenum Temperatures Following Scram 
to Pony Motor Flow 

Impact on Stress Analysis 

The impact of outlet plenum thermal stratification 
on thermal transients experienced by outlet plenum 
components is quite significant. During rapid down-
transients in the reactor following scram, there will 
be very mild transients at the plenum top due to in
ability of the cold sodium exiting the core to pene
trate the hot zone. However, the plenum bottom and 
outlet nozzle experience more severe tranisents due to 
minimal mixing of the cold sodium with the rest of the 
plenum volume. During both natural circulation and 
pony motor flow the cold sodium from the core bypasses 
the outlet plenum and exits to the outlet nozzle with 
very little mixing. 



Evaluation of the outlet plenum transient data for 
impact on component stress analysis consisted of com
paring the test data to the component design thermal 
transients. The FFTF design thermal transients were 
calculated using an empirical computer model based 
upon water tests in a 0.268 scale model of the FFTF 
upper plenum. The water test did not model the strat
ification and the phenomena was not evaluated at that 
time. A comparison of 100% scram data to the "non-
stratified" design thermal transient at the highest 
plenum location is much more conservative than the 
actual test data following the scram. 

However, at the bottom of the plenum at the out
let nozzle, the actual scram data is more severe than 
the non-stratified thermal transient (Figure 9). But 
a stratified scram transient computed more recently 
with the two-dimensional computer code VARR-II agrees 
quite well with the data. The thermal transient actu
ally used for the FFTF outlet nozzle design is the 
lower curve in Figure 9 which, as seen, is much more 
conservative than the data in the other predictions. 
This design thermal transient represents a control rod 
drop without reactor scram and was conservatively 
chosen by the stress analyst during the original design 
effort. 
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Thermal striping due to "sloshing" at the thermal 
stratification interfaces may also be a design concern 
in the outlet plenum. Design parameters typically used 
for onset of thermal striping fatigue damage to stain
less steel are fluid temperature differences of 56''C 
(100°F) at a frequency of 1 Hz. The FFTF outlet ple
num thermocouples were not designed to measure temper
ature fluctuations as high as 1 Hz. But the small 
temperature gradients observed in the transient test, 
41°C per m (23''F per ft), preclude any thermal striping 
concerns due to this mechanism in the FFTF outlet 
plenum. 

Thus, in spite of the significant thermal strat
ification observed during pre-operational tests, the 

outlet plenum component stress analyses were still 
valid as implied by verification of the design thermal 
transients. However future LMFBR designs should ac
count for thermal stratification effects since omission 
of this phenomena may lead to non-conservative results. 
Simple computer programs such as PLENUM-2A [4] can serve 
as a valuable guide for outlet plenum design. 

PIPING STRATIFICATION 

Thermal hydraulic response of the FFTF to a reac
tor scram has been the subject of extensive analyses 
using computer design codes which have treated thermal 
transport in the heat transport piping as one-dimen
sional uniform flow [6, 7]. The deviation of actual 
pipe flows from uniform to stratified flows has been 
of concern because it implies non-uniform piping ther
mal stresses and because it affects thermal head devel
opment in low flow transients. 

During the pre-operational testing described above, 
transient data for reactor scram to pony motor flow and 
natural circulation flow were carefully reviewed for 
evidence of piping thermal stratification. Following 
a scram, the highest potential for thermal stratifi
cation occurs in the 711 mm (28 in) diameter, horizontal 
piping at the outlet of the reactor vessel. Figure 10. 
This occurs because plenum stratification following 
scram causes cold sodium from the core to flow directly 
into the hot leg outlet piping producing a rapid ther
mal downramp. 
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REACTOR VESSEL AND LOCATED NEAR THE 
TOP OF THE PIPE 

TRACE HEAT THERMOCOUPLE IS LOCATED 
NEAR THE BOTTOM OF THE PIPE 

FIGURE 10 Primary Loop 28" Hot Leg Piping 

Following scram to pony motor flow, flow in the 
outlet piping is fast enough that stratification does 
not occur. This can be seen in Figure 11 which shows 
that after scram, the temperature at the outlet piping 
RTD lags the outlet plenum temperature by approx-
mately 2 minutes. This is the predicted thermal 
transport time at 8% flow for the RTD located 20.4 m 
(67 ft) from the reactor vessel. 
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FIGURE 11 Primary Hot Leg Piping Temperatures -
Scram to Pony Motor Flow 

Figure 12 presents similar data for the scram to 
natural circulation flow ('\'3%) from 100 percent power. 
At this flow, the predicted transport time is 5 minutes, 
but the indicated time lag between the outlet piping 
RTD and the outlet plenum temperature is much greater 
and lacks the inlet transient characteristics. This 
indicates thermal stratification in the pipe. 

1 u 

where g = gravitational acceleration 
B = coefficient of volumetric thermal expansion 
L = reference length for thermal transient 

AT = temperature difference across reference 
length 

u = pipe mean flow velocity 

Calculation of the Richardson Number for the 16 
inch piping in the primary cold leg results in Ri = 2. 
The corresponding temperature lag at the cold leg RTD 
was within the prediction uncertainty, indicating 
little or no stratification at this Richardson Number. 
No piping stratification was evident in the secondary 
heat transport loops which consist of 8 and 16 inch 
piping. The temperature data in the primary piping 
suggest that maximum top-to-bottom thermal stratifi
cation will result at high Richardson Number ('̂'67) 
whereas the threshold for thermal stratification occurs 
at very low Richardson Number ('̂ '2). 

The 28''C (50°F) thermal gradient across the 711 mm 
(28 inch) outlet piping was compared to the stress 
design limit of 56°C (lOOT) and therefore judged to be 
acceptable. The above results indicate that Richardson 
Number correlations can be a valid means of assessing 
impact of piping stratification on future plant design. 

CONCLUSIONS 
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FIGURE 12 Primary Hot Leg Piping Temperatures -
Scram to Natural Circulation Flow 

Additional evidence of piping thermal stratifi
cation is also shown in Figure 12 by comparing readings 
of the RTD sensor located in the upper quadrant of the 
pipe to the trace heat thermocouple located near the 
bottom of the pipe. Immediately after scram, temper
ature at the bottom of the pipe is 28°C (50°F) colder 
than at the top. The thermal gradient across the pipe 
is 11°C (20°F) after one hour and finally disappears 
within two hours. The deviation between the trace 
heat thermocouple and plenum outlet sensor after 
approximately 20 minutes results from complete strat
ification in the outlet plenum. This allows colder 
sodium than indicated to enter the hot leg piping. 

The Richardson Number, which is the ratio of the 
buoyancy to inertial forces, can be used to indicate 
the extent of thermal stratification [8]. For the 
scram to natural circulation, the Richardson Number in 
the 711 mm (28 in) pipe is calculated to be: 

Data from pre-operational testing of FFTF revealed 
three thermal-hydraulic phenomena. Analysis of piping 
flow oscillations indicated the cause to be vortex 
amplification at the DHX inlet tees. There was minimal 
impact on continued plant operation. 

The second phenomenon, outlet plenum thermal 
stratification, was investigated for impact on com
ponent thermal stresses. All measured thermal tran
sients were found to meet the design thermal transient 
limits. Further LMFBR design should account for 
stratification in developing design thermal transients. 

And finally,thermal stratification in the primary 
hot leg piping was observed after loss-of-flow tran
sients. The resulting temperature gradient, however, 
was sufficiently small so that thermal stress limits 
in the piping were not exceeded. Use of the Richardson 
Number may provide estimates of extent of piping strat
ification in future plants. 
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