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POST TEST EVALUATION OF NATURAL CIRCULATION IN FFTF SECONDARY LOOPS 

T. E. Beaver, D. M. Turner & S. L. Additon 
Hanford Engineering Development Laboratory 
Richland, Washington, USA 

ABSTRACT 

Two transient tests in one of the FFTF secondary heat transport loops 
were performed (March-May 1979) in order to verify that the transition to 
natural convective flow could be effected from near isothermal refueling 
conditions without excessive cooling at the air dump heat exchangers. Fol
lowing the tests, the best estimate computer model was calibrated against the 
data, yielding in the process insights about the loop parameters and the 
probable suitability of the model structure. Key empirical parameters of 
pressure drop and heat loss were found to be at 62^ and Ql% of the pretest 
safety evaluation model parameter values, respectively. Pretest piping thermal 
transport and flow calculational jnodels required no further revision to produce 
good agreement with the test data. Additional detail in the air dump heat 
exchanger heat loss model, accounting for long structural thermal time con
stants, was found to be necessary to obtain model agreement with transient out
let temperature data. The pretest model had conservatively employed steady 
state heat losses for transient calculations. 

1. TEST RESULTS 

The demonstration of the capability of sodium in the secondary loops of the 
Fast Flux Test Facility (FFTF) to undergo a transition to a natural circulation 
condition from a shutdown (near isothermal) operating condition following a 
loss of electrical power to the plant is one objective of the Plant Acceptance 
Test Program. This transition to natural circulation must be accomplished 
without freezing the sodium in the Heat Transport System (HTS) so that the 
Dump Heat Exchanger (DHX) modules will provide an ultimate heat sinl̂  for the 
reactor decay heat. 

The original plans for the secondary loop testing are described in Ref. 1. 
The first test performed was a transient initiated at a loop temperatiire of 
approximately 370°C (700°F). The high initial loop temperature afforded a 
large margin to sodium freezing and to abort limits established to limit loop 
hot-cold leg temperature differences it also allowed substantial margin beyond 
nominal test predictions, thus assuring that the test could be run to 
completion. 



Upon the successful completion of the initial elevated temperature test, 
a test initiated at prototypic refueling conditions ('̂' 250°C (i4.00°F) hot leg 
temperature) was designed and performed. The minimum loop temperature obtained 
during this experiment was approximately 5̂ °C (l30°F) above the sodium freezing 
temperature, proving the ability of the secondary loops to undergo transition 
to natural circulation and provide heat sinks for reactor decay heat even from 
the lowest inital loop temperatures (refueling conditions) permitted during 
plant operation. 

The secondary loop Heat Transport System consists of a series of pipes 
interconnecting the various components (pumps, mixing tees, IHX, DHX), as 
shown on Fig. 1. During the tests, temperatures of the sodium in the hot and 
cold legs were measured with resistance temperature detectors (RTD's). Thermo
couples were used to measure module tube bundle outlet temperatures. Magnetic 
flowmeters provided data for determination of the loop and three of the four 
individual module flowrates. An on-line computer system, data logger and strip 
charts were used to collect the data. 

Figs. 2 and 3 present the DHX outlet temperatures following the pxmip trip 
for the 370''C and 205°C tests respectively. The delay in temperatxire response 
for three of the four modules diiring the 205°C test was a result of a period 
of reverse flow through the three modules caused by DHX preheater operation 
prior to the start of the transient. Three of the module preheaters were 
initially adding heat to the system in excess of the module heat losses, 
leading to a thermal head reversal. However, as the modules cooled the flow 
became positive again and the colder sodium from the modules finally reached 
the downstream thermocouples, resulting in the sharp temperature drops shown 
in Fig. 3. Comparison with the computer simulation shown on the figures is 
described below. 

2. APPROACH TO DATA EVALUATION 

A thermal/hydraulic computer simulation of an FFTF secondary Heat Transport 
System (HTS) loop was generated as part of the overall program to demonstrate 
that natural circulation is both a satisfactory and sufficient means of 
removing decay heat from the FFTF core following a complete loss of electrical 
power. The initial "safety" version of the code was used for design analysis 
and acceptance test predictions (Ref. l) 

In the post test data evaluation oxir objective was to search for evidence 
which possibly indicates that this safety evaluation includes non-conservative 
features. Our initial post-test data evaluation focused on defining those 
revisions necessary to bring the safety model in conformance with the measured 
test results. 

Employing all available test data, best estimates of the test plant con
ditions and of the model parameters were generated and potential model struc
tural defects were investigated until the best estimate model results were 
consistent with all test data within the measurement uncertainty bounds. This 
process alone does not constitute validation of the best estimate model. Test 
data will always suffice to prove that models which predict outside the mea
surement uncertainty bands are invalid, but it is not necessarily true that a 
model which is consistent with the data has been uniquely determined. Thus 
the process of generating a feasible best estimate model is a necessary but 
insufficient condition for validity. Validation requires further investigation 
to determine the degree to which the test design and instrumentation may have 
been sufficient to uniquely determine all relevant model parameters and 
struct'jre. The evaluation of the data collected in the FFTF secondary loop 



indicates that the only significant model structural defect was in the DHX 
thermal model, where the simplified heat loss representation was unduly 
conservative. The remainder of the paper discusses the evaluation process 
which led us to this conclusion. 

3. MODEL CALIBRATION 

All major components of fixe secondary loop (including the pump with 
stopped rotor) have been represented in the secondary loop code by a single 
circuit of equivalent piping which is divided into a series of short segments 
(nodes) across which the governing flow equations (momentum balance) are inte
grated to provide loop flow as a function of time. Empirical data on component 
flow resistance in the high turbulent region near design operating conditions 
has been used in representations for the DHX and pump locked rotor pressure 
drop. For the laminar and transitional flow regions all component flow resis
tances rely on calculation and extrapolation. Thermodynamically, the model 
makes use of the same series of axial (piping) nodes plus a series of radial 
nodes placed along the piping across which heat transfer to ambient takes 
place. The nxnnber and arrangement of these radial nodes depends upon the 
particular component being modeled (piping heat loss, IHX, DHX, etc.) and the 
detail to which it is defined. Temperature variation along the axial nodes is 
governed by the one-dimensional (slug flow) energy equation utilizing a "mixed" 
differencing scheme (Refs. 2 and 3) to approximate the axial temperature 
gradient. Axial conduction and viscous heating are assumed to have negligible 
effect and are ignored. Heat loss from process sodium in the DHX to ambient is 
assumed quasi-steady and is based on empirical data for the "average" module. 
Only one of the four parallel circuits for the DHX modules has been simulated 
in detail. The other circuits, when "on-line", are assumed identical. 

Comparison of the safety code predictions with measured results from the 
steady state portion of these tests showed good agreement with two exceptions: 
the actual DHX heat loss was only 8l percent of the value estimated from 
earlier tests at the Liquid Metal Engineering Center (Ref. k) and total system 
pressure drop was overpredicted by 38 percent. Comparison of the code with 
secondary loop transient results showed good agreement with the code hydrualic 
and component thermal models with the exception of the DHX thermal model. 

3.1 Pressure Loss 

Pressure loss calculation requirements for the nominal "best estimate" 
version of the code were that it match the total system resistance within the 
accuracy of the measurements and that it correctly apportion this pressure 
drop between the main loop and the parallel flow paths connecting the DHX's. 
As can be seen from Fig. h both the Westinghouse Proprietary lANUS model (Ref. 
5) and the initial version of the secondary loop code conservatively over-
predict the system resistance by approximately 22 to 25 percent*. Overall 
accuracy of the system resistance data shown on Fig. h ranges from 6 percent 
at pony motor flow to an average of 10 percent at higher flow. System 
resistance for flow rates less than pony motor (approximately 90 liters/sec 
(li+30 gpm)) were derived by calculating the loop thermal head from steady 
state temperature measurements obtained during natural circulation operation. 
These calculations are estimated to be accurate within approximately 10 per
cent . 

* The break in the system resistance curves at approximately 1000 gpm results 
from the addition of the pump stopped rotor pressure drop to the rest of the 
system resistance for loop flows less than 1000 gpm. 



The major source of the pressure loss conservatism noted in the figure was 
attributed to the piping and DHX pressure loss expressions. Minor modifications 
vere also made to loss expressions for the other components. Values for the 
"equivalent length" of various pipe fittings, taken from Crane (Ref. 6), were 
considered to be too conservative and were revised downward by approximately 
a factor of 2. The present values more nearly correspond to the recommended 
elbow losses of Piggott (Ref. 7). 

As previously pointed out, Fig. k indicates good agreement between the 
total loop presstire drop predicted by the revised code and the measured data. 
To evaluate how well the modified code apportions this pressure drop between 
the main loop and the parallel flow paths connecting the DHX's, the calculated 
main loop pressure loss was subtracted from the measured total pressure loss 
and the results plotted vs. the per module flow. Fig. 5 presents the results 
of this calculation as well as the code prediction for the per module pressure 
drop. As can be seen, all data points fall nearly on a straight line coin
cident with the code predictions. 

3.2 Sub-Model Verification 

Accuracy of the individual code sub-models, during transient conditions, 
was determined by decoupling the models and using actual test data as the in
put forcing function for different model segments. The model output was then 
compared with measured test results. The combined pump and piping thermal 
models were first checked by decoupling the code hydrualic and DHX thermal 
model and forcing flow and DHX outlet temperature histories. Predicted 
temperatures at the location of the cold leg RTD (approximately 20M(67 ft) 
downstream of the pump and 95 M (310 ft) downstream of the DHX) is compared 
with the measured value on Fig. 6. These predictions agree very well with 
the measured results. 

A similar test of the code for the transition to natural circulation from 
205°C (U00°F) was not made because of the initially inverted loop temperatures 
and resulting reverse flow. However, a test of the loop thermal transport 
was made for one module operation following startup of its preheater. This 
event results in an initial cooldown caused by startup of the preheater fan 
followed by a gradual temperature rise as the preheater adds heat to the sodium. 
Again the code was uncoupled at the DHX outlet by overriding the predicted 
temperature with the measured value. Flow for the thermal portion of the code 
was also forced with the measured value. Temperatures at the cold leg RTD ̂ -̂ s 
compared with the measured value on Fig. 7. Thermal transport and initial 
temperature response appear to agree very well with the measured data, however, 
after approximately 3000 seconds the prediction possibly deviates from the data. 
Potential causes have been postulated for this effect. Variation in heat 
transfer between the flowing sodium and the surrounding pump tank or by 
transient-induced natural convection between pump and surge tank causing 
mixing with colder sodium from the surge tank are two promising candidates. 
Further investigation will be required to formulate a recommendation, however, 
the results do not appear to have any significant programmatic consequences 
since the 5°C (8°F) maximum error is within the nominal error bounds of the 
data. 

The code hydrualic model was checked, after first revising the system 
resistance calculations to achieve a pressure loss consistant with the steady 
state results described above. To do this the test transient was rerun while 
overriding the predicted DHX outlet temperature with the measured test results. 



The predicted soditm flow rate resulting from use of the real thermal forcing 
function was then compared with the measured flow. Results shown on Fig. 8 
again indicate close agreement between measurement and calculation. 

The above two consistancy checks imply that the code hydraulic calculations 
are substantially correct and that thermal transport is adequately accounted 
for; implying that no significant three dimensional piping flow problems 
existed over the range of sodium flows and transient rates of temperature 
change involved in the tests (l.i; to 26 Liters/Sec C22 to Ul7 gpm)). Puther-
more, the pump thermal model is shown to be acceptable. 

3.3 DHX Thermal Model 

A comparison of the four DHX module outlet temperatures measured during 
the initial transient phase of the 7Q0°F natural circulation test is shown 
on Fig. 2. As can be seen from the figure, module to module temperature 
variation was not large with 9°F being the largest deviation. Total accuracy 
of the measurements shown is estimated to be ±5.6°C (±10°F). 

Also shown on Fig. 2 is the initial post test analysis with the safety 
evaluation model. Although the prediction matches the initial cooldown rate 
a significant, though conservative, deviation from the data occurs in the 
region of minimum temperature. Driving the model with the measured flow 
did not significantly alter these results. Cause of the difference between 
measurement and prediction was postulated to be due to thermal interaction 
between air inside the DHX and the DHX structure, which the quasi steady 
heat loss assumption used in deriving the model could not match. 

Using the above hypothesis, the DHX model was revised to include a single 
air node which exchanges heat with a seven node tube bundle. Conductance 
between the bundle and air was assumed to be a function of distance along 
the bundle. This was done to compensate for the actual decrease in sodium 
to air AT as the air rises through the tube bundle. The air node, in turn, 
was assumed to transfer heat both to a single average liner node and to ambient 
directly. A single wall node was interposed between the liner node and 
ambient. Thermal mass of the air node was adjusted to obtain a best fit with 
the measured data. While the new model structure was derived from physical 
hypotheses, viewed more abstractly it added a general capability to adjust 
both the spatial bundle heat loss distribution and the heat loss time 
dependence. The final balance of the two adjustments was controlled by the 
measured data. Prediction of the DHX outlet temperature for the 370°C test 
using this revised model is also shown on Fig. 2. As can be seen, this 
prediction now lies within the envelope of measured data. 

To further verify the DHX thermal model a prediction was made of the out
let temperature history for Module E-12 during transition to natural circula
tion from 205°C (1+00°F) (Fig. 3). For this test preheaters is all four 
modules were on until the pump was tripped. In three of the modules, 
temperatures were inverted by the preheaters resulting in zero or reversed 
flow through the modules for some period of time after test initiation. 
Actual loop flow was also reversed for approximately 2000 to 3000 seconds. 
Temperatures in E-12 were not inverted and, consequently, positive flow 
developed through this module. Measured flow from a temporary IM flow meter 
placed on the E-12 piping was used as a forcing function for the DHX code 
resulting in the prediction shown in Fig. 3- Due to the ducting configuration, 
the oil fired preheater heats not only the tube bundle but also the entire DHX 
structure above and below the tube bundle. The additional volume (thermal 
mass) available for thermal interaction with the tube bundle was calculated 



to be approximately 1.5 times the value used in the code. Consequently, 
thermal masses of the air, liner and wall nodes along with their heat transfer 
areas were increased by a factor of 1.5 for this prediction. While agreement 
with the test data is very good, this check does not constitute complete 
validation of the model since the above mentioned portion was modified to 
simulate the different preheat boundary condition. 

Comparison of the measured data with the revised code predictions for 
transition to natural circulation from 370°F (700°F) is shown on Figs. 9 thru 11. 
As can be seen, the predictions by the revised version of the code agree very 
well with the measured data. 

h. CONCLUSIONS 

The main conclusions drawn from the FFTF secondary loop natural circulation 
tests and ensuing data analysis are; 

1. The tests conclusively demonstrated the ability of the FFTF secondary 
loops to effect the transition to natural circulation flow from both 
near isothermal refueling and higher temperature conditions. 

2. The safety evaluation model is confirmed to be conservative both by 
the direct test result, which shows a greater margin to freezing than 
predicted, and by the subsequent analysis of the data, which indicates 
favorable parameters and conservative model structure. 

3. Acceptability of the one-dimensional flow assumption used in the model 
is indicated for .the range of natural circulation conditions tested. 

ACKNOVfLEDGEMEHTS 

These secondary loop natural circulation tests could not have been success
fully conducted without the direct technical support of many HEDL and DOE 
personnel. We would like to especially acknowledge R. D. Redekopp and all 
of the Testing and Operations people for their efforts in developing the 
procedures and setting up the instrumentation for the tests and W. L. Knecht 
for his early efforts on the Test Specification. 

REFERENCES 

1. Additon, S. L. and Parziale, E. A., "Natural Circulation in FFTF, a Loop 
Type LMFBR," Symposium on the Thermal and Hydraulic Aspects of Nuclear -̂̂ C_ 
Reactor Safety, Volume 2: Liquid Metal Fast Breeder Reactors, Winter 
Annual Meeting of the ASME, Atlanta, Georgia, November 27-December 2, 1977. 

2. Gunby, A. L. , "Simulation of Piping Lengths in Sodium Systems," I'JHAN-FR-22, cyy 
December 1970. 

3. Gunby, A. L.. "Intermediate Heat Exchanger Modeling for FFTF Simulation,"Q, 
BIWL-1367, May 1970. ^ 



Claybrook, S. u ^rny^-yjj\r^A^jy ^̂ p-n rp̂ ô c;prj+ System Dump Heat Exchanger U-^-^ 
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