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1. Introduction

The SAS4A LMFBR accident analysis code (1,2) is currently being used to

perform simulations of several in -p i le and out-of-pi le safety experiments as

part of an ongoing code validation e f fo r t . One of the experiments analyzed is

the f i f teen-pin Out-of-Pile Expulsion and Reentry Apparatus (3) (OPERA) loss-

of-f low test run at Argonne National Laboratory. The purpose of this experi-

ment is to investigate the effects of radial temperature incoherence on the

progression of a loss-of-flow (LOF) accident. Insofar as SAS4A analysis is

concerned, one of the most important features of the experiment is that i t

encompasses a period of time during which two-dimensional voiding takes place.

This is not a phenomenon which can be modeled exp l i c i t l y in SAS4A, and so the

OPERA-15 experiment analysis provides an opportunity to investigate the extent

to which the lack of a multi-dimensional voiding model hampers SAS4A in ana-

lyzing accident situations in which multi-dimensional voiding may play a ro le.

The remainder of the paper wi l l be divided into six sections. Section 2

provides a br ief description of the physical layout of the experiment and the

extensive instrumentation used in the test . Next, Section 3 discusses the

features of the SAS4A code which are pertinent to the analysis of OPERA-15. A

chronology of the test performance is set forth in Section 4, followed by a

discussion of the SAS4A simulation of the experiment run in Section 5. A

detailed comparison of experimental results and code calculations is presented

in Section 6. Final ly , the conclusions drawn from the analysis are summarized
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2. Summary of Experimental Setup

In keeping with the goal of the OPERA-15 experiment to simulate radial ly

Incoherent accident behavior, the bundle used is designed to simulate the

multi-dimensional sodium voiding patterns which would occur in a large pin

bundle. The bundle consists of f i f teen pins contained in a tr iangular can, as

shown in Fig. 1. This design approximates a one-sixth segment of a 61-pin

bundle. The pins are fuel pin simulators consisting of Nichro^ie V coiled wire

heating elements which are insulated with boron n i t r i de , a l l contained in a

type-316 stainless steel cladding. Each pin operates at a power of 26.7 kw;

the power is uniform axiai ly along the pins and radial ly throughout each c o i l .

As can be seen in Fig. 1, the triangular array of pins is offset s l ight ly

with respect to the surrounding can so that the flow area by two of the walls

w i l l be less than that by the th i rd wal l , and therefore, these two walls w i l l

be hotter than the th i rd wal l . The two hotter, walls are located along what

would be the lines of one-sixth symmetry in the f u l l 61-pin bundle; the

temperatures would be expected to be higher along these l ines than along the

outer can wal l . Therefore, by offsett ing the 15-pin bundle as shown, the

OPERA-15 test can mimic the temperature prof i le which would exist in a 61-pin

bundle. The offset of the bundle is accomplished by using smaller wire wraps

on the pins along the two hotter walls than are used on the other pins in the

bundle, as shown in Fig. 1 . The temperature along the two hotter walls i s

further Increased by using the f i l l e r rods i l lus t ra ted in Fig. 1 to reduce the

flow area along the walls. The net effect of the bundle offset and the

f i l l e r s is to create the same power-to-flow rat io for each pin in the 15-pin

bundle as would exist in the 61-pin bundle.

The OPERA loop is a once-through sodium system in which sodium flows from

a large blowdown vessel, through the test section, and out into a receiver



vessel. The test section Is connected to both vessels through considerable

piping of variable cross-sectional area. The test section i tse l f has a uni-

form cross-sectional area. Figure 2 contains an i l lustrat ion of the test

section and some of the associated piping.

Test data are acquired through extensive instrumentation. Inlet and

outlet sodium mass flow rates are measured by flowmeters located in the piping

above and below the test section. Four pressure transducers, two at the in let

and two at the outlet, are used to record the inlet and outlet pressures.

Void fractions at seventeen different axial locations are computed from data

taken by voltage taps welded to the outside of the triangular can. Finally,

temperatures at the surfaces of the fuel pin simulators and along the triangu-

lar can are measured using a total of seventy thermocouples.

3. Description of the SAS4A Modeling

The SAS4A code is a tool for performing whole-core analyses of potential

accidents in LMFBR. I t contains a number of types of models, many of which

are not needed for analysis of an out-of-pile experiment such as OPERA-15.

This discussion wil l be limited to simple descriptions of the pin heat trans-

fer model, the single-phase transient hydraulics, and the sodium voiding

model. More detailed Information on a l l SAS4A models is contained in Refer-

ences 1 and 2.

Perhaps the most prominent feature of the SAS4A modeling is the simpl i f i -

cation made to the core geometry. In order to perform the required thermal-

hydraulic calculations on a manageable scale, the code represents a l l the fuel

pins in a given subassembly by one average pin, surrounded by coolant and

structural material; this configuration is called a channel. A diagram show-

Ing the elements of the SAS4A channel treatment is presented in Fig. 3.



Further simpl i f icat ion of the core modeling is achieved by grouping

subassemblies of similar thermal-hydraulic and neutronic characteristics and

representing the entire group by a single channel. The core i s thus

represented as a collection of several channels, and the heat transfer and

flow calculations are performed on each channel. In the case of the OPERA-15

analysis, the f i f teen-pin bundle is represented as one channel.

Within each channel, temperatures in the f ue l , cladding, coolant, and

structure and the mass flow rate of the sodium are computed using the energy,

mass, and momentum equations. However, rather than performing a f u l l three-

dimensional calculation, SAS4A makes several approximations which are physi-

cal ly jus t i f iab le and which reduce the required computing time considerably.

F i rs t , since the fuel pin length is quite long compared to the pin diameter,

i t i s assumed that heat transfer occurs in the radial direction only. Second,

since sodium flow is predominantly in the axial d i rect ion, the flow is assumed

to be s t r i c t l y one-dimensional. Thus, a three-dimensional calculation i s

reduced to two one-dimensional calculations which are coupled through the

sodium mass flow rate. The mass and momentum equations are solved for the

mass flow rate and pressure along a variable mesh spacing axial g r id , and at

each axial mesh segment, the energy equation is solved along a radial mesh for

the component temperatures. The radial mesh structure can be made fine enough

to model a radial temperature prof i le in the fuel p in , cladding, and struc-

ture.

Voiding is In i t ia ted in the channel when a user-supplied superheat

cr i ter ion 1s met. The code assumes that the result ing bubble immediately

f i l l s the entire cross-sectional flow area of the channel, with the exception

of a l iqu id f i lm on the cladding and structure which is of a thickness speci-

f ied by the user. The new bubble both expands and moves away from the heated



region in the direction of sodium flow, thereby allowing additional bubbles to

form, so that the channel is modeled as a series of liquid slugs and vapor

bubbles moving past the channel fuel pin, This is the multiple-bubble slug

ejection model which has been used in earlier versions of the SAS code (4).

The SAS4A version of this model can accomodate variable cross-sectional flow

areas, a feature not available in the earlier versions.

4. Summary of the Experiment Performance

The experiment begins vith establishment of steady state conditions which

simulate pre-accident conditions. A flow coastdown is then in i t iated. The

rate of decline of the sodium mass flow rate follows a prescribed curve which

simulates the flow coastdown that would be expected in a ful l-size LMFBR prior

to voiding in i t ia t ion. This prescribed flow decline is achieved by control-

ling the flow with two flow orifices in the piping below the test section

Inlet. Up until voiding in i t ia t ion, the flow is essentially one-dimensional

axial rlow. At 9.4 s into the transient, the voltage tap readings indicate

that voiding has begun near pin 1 {see Fig. 1), at the hottest corner of the

bundle. The flowmeter data indicate that the In i t ia l void collapses soon

after 9.4 s, with voiding reestablished around 9.7 s. At 9.7 s,, the inlet and

outlet flowmeter readings diverge, indicating the presence of a stable voided

region; these readings are subject to the 5% error inherent in the flowmeters

plus the error introduced into the upper flowmeter reading in attempting to

compensate for the variable temperature of the sodium which is passing through

I t (the sodium temperature in the lower flowmeter is about constant). The

voltage tap readings then show that the voided region expands radially, and to

some extent axially, up until about 11.4 s, so that, during this time period,

the experiment exhibits multi-dimensional voiding behavior. By 11.4 s, the



void has completely f i l led the bundle cross section, and so further void

expansion is in the axial direction only. From this time on, both liquid and

vapor flow can be classified as slug flow, and the experiment once more

exhibits one-dimensional flow.

The lower flowmeter records flow reversal of the lower liquid slug at

12.0 s. The voided region now expands in both axial directions until the

lower liquid-vapor interface passes the bottom of the heated region; after

that, the position of the lower interface oscillates with a frequency of about

two cycles per second. Several pins experience film dryout at or just after

14.1 s. The experiment is set to terminate once the heater wires in any three

of the pins have burned out; this occurs at 14.5 s.

5. Description of the Code Analysis

The f i r s t step in the SAS4A simulation of the experiment is the determin-

ation of the steady state conditions, based on parameters taken from the

experiment data (steady state inlet temperature, outlet pressure, etc.) . Once

a steady state has been established, the loss-of-flow transient calculation is

started. The code uses the prescribed flow transient from the experiment to

recreate the flow coastdown conditions observed in the experiment prior to

voiding in i t iat ion. Because SAS4A computes a radially averaged temperature

across the bundle, i t predicts that the start of voiding wil l occur s ign i f i -

cantly later than the time observed in the experiment; this is discussed more

fully in Section 6. Therefore, during the time that the void is expanding

radially and axially in the experiment, the code simply extends the prescribed

flow coastdown up until the time that the sodium temperature exceeds the

saturation temperature (plus a few degrees of superheat) and a bubble can

form. The one-dimensional SAS4A model has no way of directly modeling the



multi-dimensional voiding which takes place in i t ia l l y in the experiment;

following the single-phase flow coastdown curve until the computed average

temperature satisfies the voiding criterion is the best i t can do.

The code predicts voiding ini t iat ion at 12.05 s after the start of the

transient. This number reflects the use of 3 K of superheat in the calcula-

t ion; decreasing the amount of superheat wi l l alter the ini t iat ion time by a

few hundredths of a second. The experimental measurements cannot give an

exact figure for the amount of superheat present when voiding starts, but they

do indicate that the amount is small, a few degrees at most. This observation

gave rise to the use of 3 K in the SAS4A calculation. The code then models

the early stages of voiding as a series of vapor slugs forming one after,

another and moving up the test section, where they collapse in the colder

upper regions. This process continues until 12.56 s, when the coolant at the

location of voiding inception is hot enough so that the pressure is sufficient

to cause flow reversal in the liquid slug below the voided region. Once the

lower slug flow reverses, bubble generation stops, and a single large bubble

exists which spreads axially both up and down the test section, leaving a thin

film of sodium on the uncovered cladding. This fi lm eventually boils off,

creating film dryout. The code predicts dryout at 12.76 s; however, as

explained in Section 6, the SAS4A calculation of dryout is based on somewhat

arbitrary modeling due to the lack of a film motion model in the code, and so

this number represents at best a crude estimate of dryout time.



6. Coinparison_of Experimental Results and Code Calculations

In order to demonstrate whether or not the lack of a.multi-dimensional

voiding model in SAS4A is a serious drawback in the simulation of a loss-of-

flow accident, detailed comparisons will be made between the OPERA-15 results

and the SAS4A calculations. In particular, two types of data comparisons are

useful. One type compares experimental measurements and code estimates of the

timing of specific events which occur during the transient. The other type

looks at the differences between experiment and code with respect to the time

histories throughout the transient of different physical parameters. The

comparisons of code predictions and experimental data for physical parameters

give a good measure of how well the code can model the flow at different

stages of the experiment, while the comparisons of event occurrences demon-

strate how well the code can predict the overall progression of the transient.

The specific events which characterize the progress of the experiment are

initiation of voiding, flow reversal, pin dryout, and experiment termination.

The time of experiment termination is arbitrarily fixed as the time at which

the heater wires in any three of the pins have burned out. The SAS4A code has

no reliable way of predicting pin burnout; at best, it can predict when the

heater wire in the average pin modeled in the code becomes completely molten.

However, the burnout times measured in the experiment probably occur somewhat

after the wires are molten. Therefore, it seems apparent that meaningful

comparisons between code and experiment of the timing of pin burnout are not

possible and so will not be considered further. This is not a serious draw-

back in the analysis, since the time of experiment termination in no way

impacts events earlier in the transient.

Table 1 summarizes the timing of the remaining three events as taken from

the experiment data and the code calculations. All times are measured from



Table 1
Comparisons of Selected Events Between OPERA-15 and SAS4A

Event OPERA-15 time (s) SAS4A time (s)

Voiding Init iat ion 9.4 - 11.4 12.05
Flow Reversal 12.0 12.56
Film Dryout 14.1 12.76

the time of in i t iat ion of the transient. Looking f i r s t at the time of voiding

in i t ia t ion, Table 1 shows that voiding is f i r s t indicated in the experiment at

9.4 s. This is the time at which voiding starts at the hottest corner of the

pin bundle. The voided region then spreads radially across the bundle until

i t f i l l s the entire cross section at 11.4 s. In contrast, SAS4A predicts that

voiding wil l not begin until 12.05 s. The discrepancy between the code

prediction and the experiment has two sources. First, the code calculates a

radially averaged temperature across the bundle and bases satisfaction of the

voiding criterion on this average temperature; therefore, the code should

certainly predict the start of voiding at a later time than that at which

voiding begins in the hottest part of the bundle. Second, the radially

expanding void in the experiment acts as a flow resistance, slowing the sodium

flow rate in a way which cannot be simulated by a cne-dimensional model. This

behavior is easily seen in the plots of the measured and computed inlet mass

flow rates versus time shown in Fig. 4. The figure demonstrates the

accelerated dropoff in the experimental mass flow rate as the void spreads

radially. In this same time frame, the code must continue to use the

prescribed flow coastdown curve. This ar t i f i c ia l l y high mass flow rate delays

init iat ion of voiding in the code until somewhat past the establishment of

full radial voiding in the experiment.
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The code and the experiment agree very well on the amount of time that

passes between establishment of full radial voiding and the occurrence of flow

reversal in the lower liquid slug: 0.6 s in the experiment versus 0.5 s

calculated by the code. This good agreement is evident in Fig. 4 in the

parallel paths followed by the two curves between the beginning of full radial

voiding and the onset of flow reversal. Following flow reversal, the code

predicts flow oscillations similar in frequency to those observed in the

experiment. This behavior is more readily seen in Fig. 5, in which the mass

flow rates are replotted and the SAS4A data are shifted in time so that the

curves coincide at the start of flow reversal. The indication is that, once

full radial voiding is established, the experiment progresses in essentially

one-dimensional fashion. The impact of the two-dimensional voiding period

seems to be primarily in accelerating the rate at which the transient arrives

at a state of full radial voiding; once this state is achieved, the experiment

behaves the same as if i t had progressed in a one-dimensional manner

throughout.

The final piece of information given in Table 1 is the comparison between

film dryout times. Unfortunately, the current version of SAS4A does not

include a film motion model; such a model is required if physically meaningful

film dryout predictions are to be made. The estimate shown in Table 1 was

computed by a very simple model which assumes that dryout occurs once the

static film shrinks to two-thirds of its original thickness due to film boil -

off. The discrepancy between the code estimate and the experimental value for

film dryout clearly indicates the need for improved modeling in this area.

The time histories of various parameters expand on the points made by the

information presented in Table 1. The inlet mass flow rate has already been

discussed in conjunction with Figs. 4 and 5. Figure 6 shows a plot of the
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voiding profile (the locations of the highest and lowest liquid-vapor Inter-

faces as a function of time) as recorded In the experiment and as predicted by

the code. Both are plotted as functions of their respective times after the

establishment of full radial voiding, rather than the time from the start of

the transient. The experimental points are the locations at which the voltage

taps Indicate a 75% void fraction; the 25% which is not void is attributed to

the liquid film. Voltage tap data are not available for the highest and

lowest regions of the test section. The good agreement between the data and

the code predictions supports the hypothesis that, once full radial voiding

occurs, the transient proceeds in a one-dimensional manner and is accurately

modeled by SAS4A.

Several other parameters are worth examining briefly. One of these is

the outlet mass flow rate, plotted in Fig. 7. As with the inlet flow rate,

tJne code and the experiment give nearly identical results prior to the start

of voiding. The flow rates then separate, with the code predicting much

higher values following voiding initiation than are achieved in the experi-

ment; this is probably due to the simplifications to the rather complex upper

piping geometry which must be made by the code. The code and the experiment

do agree on the time at which the upper voiding front passes the upper flow-

meter (shown in the plot as a rapid drop to zero of the mass flow rate); the

small, nonzero flow measured after this time in the experiment is film flow, a

phenomenon which cannot be simulated by the code due to the absence of a film

motion model.

Finally, the test section inlet pressures are compared in Fig. 8. The

measured and computed values agree well until voiding starts in OPERA-15, at

which time the pressure begins to rise in the experiment. A similar rise Is

observed in the calculated pressure once the code predicts voiding initiation.
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Pressure oscillations are both observed in the experiment and predicted by the

code following flow reversal, with the frequency of the oscillations being

similar between the two; this is consistent with the inlet mass flow rate

behavior. Within the major oscillations, the code shows a rapid, "noisy"

oscillatory pattern not observed in the experiment. In this instance, the

code is probably more accurate than the experiment, since such pressure

fluctuations would be expected to occur, but the pressure transducer does not

sample frequently enough to pick up most of them.

7. Conclusions

Overall, SAS4A appears to do a good job of simulating the OPERA-15

experiment. For most of the experiment parameters, the code calculations

compare quite well with the experimental data. The lack of a multi-

dimensional voiding model has the effect of extending the flow coastdown time

until voiding starts; otherwise, the code simulates the accident progression

satisfactorily. These results indicate a need for further work in this area

in the form of a tandem analysis by a two-dimensional flow code and a one-

dimensional version of that code to confirm the observations derived from the

SAS4A analysis.
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