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SUMMARY

During the early stage of the U.S. program for development of LMFBR steam generator sys­

tems it was decided that the large scale sodium-water reactions be included in the design con­

siderations and that a comprehensive computer code be developed, validated against a limited 

number of mock-up tests, and the validated code be used in design to guard against a large num­

ber of possible leak scenarios. Following this decision, ANL Components Technology Division 

has been engaged in the code development denoted by SWAAM-I (podium-Water Advanced Analysis 

Method-Version I) which was issued in 1979. SWAAM-I has since been installed and been oper­

ational at many U.S. steam generator manufacturers. ANL continued with validation of the code 

and now reached a stage where we consider a major validation is completed. SWAAM-I predicts 

major aspects of large scale leaks with an accuracy suitable for basic design applications. 

Nevertheless, a number of code extensions, to include additional capabilities, are desirable. 

The major tasks to be focused on for the near future are: two-phase flows of hydrogen-sodium 

resulting from a sequential leak scenario, the piping motion-flow transient ineraction which 

significantly affects the fluid loading on the pipe-support structures, and the detailed flow 

modeling near the reaction zone which takes into account the tube bundles.

SWAAM-I includes all major characteristics originally conceived, important: transient 

flows in the networks of piping, the tube-side and shell-side; shell-side two-dimensional 

hydrodynamics; the reaction dynamics and coupling with the fluid response, rupture disc dy­

namics and fluid/structure interaction. SWAAM-I rigorously treats the rapid transients in 

the IHTS, typically at a duration of 1 sec. or less, where the wave effects are the dominant 

effects. This paper discusses the code description, theoretical basis, and typical prediction 

results. The prediction results are compared with test data as typical examples.
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1. Introduction

As part of the U.S. Department of Energy program for development of LMFBR steam generator 

systems, ANL Components Technology Division has been actively engaged in the development of 

analysis methods for major consequences of large scale leaks in the intermediate heat trans­

port system (IHTS). It was earlier decided that the system aspect be included in the design 

of steam generator units with respect to large scale leaks. The philosophy has been that the 

analysis methods be validated against a finite number of large leak tests to be performed at 

the Large Leak Test Rig (LLTR) of Atomics International and the validated analysis methods be 

used in the design for a large number of postulated events.

The many computer program modules addressing various aspects of the large leak event 

were recently integrated and the first official version of the comprehensive code SWAAM-I was 

issued in May, 1979. Since the issuance of the code, the code system has been used at ANL to 

analyze the Series-II Tests of LLTR. SWAAM-I has since been installed and been in use at 

major U.S. steam generator manufacturers.

The code calculates the entire large leak event interactively including the tube side 

flow transient defining the leak rate, the reaction zone dynamics, the shell side flow of 

liquid sodium and the structural dynamics of the faulted steam generator unit and the rupture 

disc system. The code system possesses many desirable features for a design-oriented code. 

The system geometry is fixed solely by user-input parameters and a large number of system 

configurations may be examined by simple changes of a small number of input parameters which 

are often needed in the system design practices.

2. Description of the SWAAM-I Computer Code

SWAAM-I consists of eight major modules as shown in Fig. 1. The reaction-bubble dynamics 

module calculates the source pressure and couples the tube-side water/steam flow and the shell­

side liquid sodium flow surrounding the bubble and in the entire IHTS. The 2-D shell-side 

transient module calculates the two-dimensional (axi-symmetric) details around the bubble and 

provides the fluid loading function needed for the shell dynamics module. The relief-system 

transient module treats the filling flow transient taking place downstream of the activated 

rupture disc system. The rupture disc response module calculates the disc membrane dynamics 

and its eventual opening interactively with the liquid sodium flow upstream of the disc. The 

state tables routine provides the steam table and properties of nitrogen gas when called by 

other modules. The inclusion of nitorgen gas was necessary for analysis of many tests where 

the reaction was simulated by injection of compressed nitrogen gas.

2.1 Basic Equations

2.1.1 Equations for the Reaction Zone

The event described here is the chemical reaction of sodium and water. The rapid 

generation of reaction products, particularly the hydrogen gas, in the bulk of liquid sodium 

produces a bubble with pressure greater than the surrounding liquid sodium. The sudden over­

pressures induce waterhammer waves and propagate through the IHTS. The coupling of the bub­

ble dynamics and the response of the surrounding sodium is intimate and neither one can be 

treated separately without simultaneously considering the other. The exact phenomena associ­

ated with the reaction and the geometry consideration in the steam generator unit with the 

internal tubing are very complex and can be treated analytically only with certain assump­

tions. The basic assumptions made are: (1) The bubble maintains a spherical shape during 

early times and converts to a pancake shape at some later time, (2) Bubble property is uniform 
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and consists of water/steam and reaction products, and (3) the reaction rate is a function of 

only the available water/steam in the bubble. Under these basic assumptions the equations 

governing the bubble dynamics are written as in the following:

mde + Cm’dE = IF (E - CT) - f (u - h) - i, - i, - Pv (i)

A dm’pV = dtP
dm
dt

_dv
mat

dT T dp 
C — m R—— dt p dt (2)

, , AmA, dm' _ _____f
dt V

. V’
V = A_a = —— + u.A, f PN Nf

(3)

(4)

Equation (1) is the energy equation where the left hand side represents the energy of the 

bubble contributed by all constituents while the right hand side terms the energy added by 

the reaction, influx of water/steam, the energy lost due to the heat transfer at the bubble 

interface and the tube bundle, and the expansion work associated with the bubble growth, in 

is the unreacted water mass in the bubble, u its internal energy, m’ the mass of reacted 

water, T the bubble temperature, C the average heat capacity of all reaction products, and 

de, %’ respectively, the heat losses. Equation (2) is the equation of state of the bubble 
constituents in gas phase written in a derivative form. The hydrogen gas is assumed to be­

have as an ideal gas. Equation (3) is the reaction rate equation which assumes a simple re­

lationship between the reaction rate dm’/dt and the unreacted water mass in. The reaction 

rate coefficient A is now treated as a constant but it is our hope that as more test data be­

come available we may be able to incorporate an empirical correlation. A, is the bubble sur­

face area and V the volume. Equation (4) provides the interaction of the bubble dynamics 

with the response of surrounding sodium through the term UNA£ where Us is the sodium velocity.

A general reaction-chemistry equation is used:

ANa + H20 = BH2 + C1Na20 + C2NaOH + C3NaH (5)

Not all five coefficients in this equation are free. The species conservation requires that 

only two coefficients may be chosen freely. For any choice of the two free parameters B and 

C3, Fig. 2 defines the remaining coefficients.

2.1.2 Homogeneous Equilibrium Flow Equations

The transient flow in the tube side network of piping is described by a set of 

three equations for the homogeneous equilibrium flow, namely the mass, momentum and energy 

equations:

2po not+3xou = 0

0 3 2
— pu + — (pu + p) = pg sin 0 - T ,

(6)

(7)

3 PE + * pu(E + P) p - pgu sin 0 - UT + Q (8)

2
where T is the wall friction, E = i + 1/2 u , i the internal energy, 0 the pipe inclination
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angle, and Q the wall heat transfer, Since the system consists of many pipes of different 

sizes and connected by various joints and includes various fittings, it was necessary to de­

velop boundary interaction formulations in addition to the field solution technique. A hybrid 

approach treating the field solution by a finite difference technique and the boundary (or 

junction) by the method of characteristics proved successful [1]. The boundary methodology 

developed is a semi-analytical method that enables accurate treatment and eliminates external 

inputs in the form of tables, for critical flows for example, often required in the direct 

finite-difference technique.

For the transient flows of liquid sodium, the energy equation, eq. (3), is dropped and 

the simplified waterhammer equations are used with a constant sonic speed. For the shell-side 

system, the system treatment as in the tube-side is maintained. The fluid/structure inter­

action due to the hoop pipe deformation reduces the effective sound speed in the interior 

piping flow. The additional compressibility effect due to the plastic deformation as well as 

the cavitation effects are incorporated in the computational scheme based on the method of 

characteristics [2].

The boundary and junction conditions incorporated in the system flow description are: 

(1) Break end (outflow), (2) Break end with orifice, (3) reservoir, (4) reservoir with ori­

fice, (5) orifice in pipe, (6) area change, (7) area change with orifice, (8) non-reflecting 

boundary, (9) closed end, (10) tee junction, (11) in-line rupture disc, and (12) interface 

as moving boundary. The interface is an internal boundary that assumes a distinct interface. 

The slug of sodium, for example, as it fills the relief system piping following the opening 

of the rupture discs is assumed to maintain a distinct interface. The interface treatment is 

also incorporated in the tube-side system to analyze the non-condensible gas often present in 

the piping system.

The two-phase flow formulation used in the tube-side system calculation and the reaction 

zone dynamics module require a flexible choice of independent variables for the steam/water 

properties. Moreover, a number of additional variables that are the various derivatives of 

the basic properties are also needed. No other steam table routines were available early in 

this code development that were suitable for SWAAM applications. Therefore an in-house rou­

tine was developed at ANL to meet the requirements [3]. It is based on the 1967 IFC (Inter­

national Formulation Committee) formulation as adopted in the ASME Steam Tables.

2.1.3 Two-Dimensional Flow Equations

The two-dimensional waterhammer equations are solved by the method of bicharacter­

istics [4]. The characteristic lines in the one-dimensional case correspond to a surface 

called characteristic cone in the two-dimensional case. In ref. [3], a numerical scheme in­

volving five lines on the surface was devised by which the three variables may be computed 

explicitly. The set of three equations describing the two-dimensional waterhammer flows are 

written in a bicharacteristic form:

1 dp du .dv2 bu _L vy 2 v _L v:pcldecosedtsineat+csin e(x*vy)+cos e(y*Vy)
- (9)

- sin 0 cos 9 ( 2u + = F cos 9 + F sin 0
oxy/ x y

where

4 - ? - c(cos0 ? + sin0 3) • (o)
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9 in these equations is the orientation angle that the bicharacteristic line makes with the 

x-coordinate. The choice of 0=0, T/2, T and 3T/2 in eq. (9) yields the desired four equa­

tions. The continuity equation serves as the fifth equation, v is 0 for the Cartesian case 

of geometry and 1 for axi-symmetric case.

Normally, the two-dimensional region around the bubble should serve as a transition to 

the system region far from the bubble where the flow is one-dimensional. This direct approach 

is however computationally not very accurate mainly due to the limited spatial resolution in 

the two-dimensional scheme. The transition from the spherical bubble to the adjoining one­

dimensional system domain therefore is made by an assumed incompressible flow domain in be­

tween them. This is illustrated in Fig. 3.

2.1.4 Structural Dynamics Analysis

The rupture disc system of a reversed-buckling type is a device considered for re­

lief of the energy produced by the large leak sodium-water reactions (SWR). The dynamics of 

the disc coupled with the flow response at the interface is very important in analysis of the 

IHTS. The duration of the disc response prior to its eventual opening is substantially long 

compared to the overall system flow response and the modification made in the system pressure 

histories by the fluid/structure interaction is very significant. Therefore no simpler ap­

proach was justifiable than to consider the full interaction as incorporated in SWAAM-I. The 

structural response was calculated by a finite-element method [5] and the fluid coupling by 

the method of characteristics [6].

The steam generator shell dynamics was considered early as an important aspect and is 

included as an option in the SWAAM-I code. The fluid/structure interaction at the shell/ 

sodium interface is treated by the simple pressure-motion exchange at every fluid time step. 

The structural analysis is based on the endochronic theory of plasticity and the near-char­

acteristic method of numerical computation [7]. Normally, the shell is very thick for typ­

ical SWR loads to realize any significant displacements and hence the shell response and the 

fluid coupling may be neglected.

2. Sample Calculation of a Large Leak Test Rig Data

SWAAM-I was used in the pre- and post-test analyses of the Series-II Tests of LLTR. The 

non-reactive, nitrogen-injection tests Al-a and Al-b were analyzed to estimate the magnitude 

of the pressure peaks and the performance of the relief system. The pre-test prediction re­

sults later were compared with the test data and a good agreement was noted in all major 

respects. The reaction test A-2 was next analyzed and the prediction result was compared 

with the test data as it became available subsequently. The comparison indicated that the 

system pressures were about 10% greater consistently in the prediction -than the test data. 

The results shown here are the post-test analysis results where a fine adjustment was made in 

the reaction rate coefficient A. Only one parameter needs to be respecified. A=30 ft/sec 

was reduced to 5 ft/sec in order to realize the best possible agreement.

Figure 4 shows the LLTR Series-II Test Facility intended for mock-up of the CRBR IHTS in

the most realistically possible way. LLTV is the same as the evaporator unit in diameter but

shorter in length. The piping is pretty much prototypic in diameter but nowhere protypic in

length. Other components than the evaporator unit are poorly represented in LLTR included in 

the system. The internals are straight tubes and the tube size and spacing are maintained 

the same as in the CRBR system. The rupture disc system is prototypic: two membranes, 18 in.
3 

diameter, 2 ft of argon gas space in between the membranes and has a static buckling pressure 
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rated at 325 psid ± 5%, The SWAAM-I models for the tube-side and the shell-side system are 

as given in Figs. 5 and 6, respectively. The tube-side system model includes 11 pipes and 12 

junctions. Two tanks, T-1 and T-2, supply subcooled water at 1700 psia (about 30°F subcool) 

to the upper and lower branch of the system, respectively. The break location is in the 

lower half of LLTV where one double-ended-guillotine(DEG) of leak was simulated by a mechan­

ically pulling a prenotched tube. The tube travel time in the leak injection device is about 

1 ms and is short compared to the pressure-peak time. Hence the break is assumed instantan­

eous in the analysis. Figure 6 shows the computed leak rate for the two branches and the sum 

as a time history. The dash line corresponds to the upper line and the dash-dot line the 

lower branch. Initially, the leaks from the two branches are nearly the same since they are 

governed by the local conditions in the tubes near the break. The decrease in the leak rate 

for later times in the lower branch compared to the upper branch is due to the flow-limiting 

effect of the orifice (junction 9 in Fig. 5). As seen in the figure, the initial peak of the 

total leak rate is about 9.7 Ib/sec and the leak subsequently approaches a constant value of 

about 8.2 Ib/sec. During the first 100 ms duration, the flow at the break ends remained at 

a choked condition and was decoupled from the bubble.

The shell-side system model is shown in Fig. 7. The system includes the LLTV, upper 

piping, lower piping, and the relief system. The rupture disc system RD-1 separates the main 

system filled with sodium from the empty relief piping and dump tank. Figures 8-10 show the 

typical SWAAM-I results and the comparison with test data at three selected locations in the 

system (circles are data points). Junction 1 is the leak location. The source pressure com­

parison at this point is given in Fig. 8. The pressure history at location P524 near a closed 

end, where pronounced cavitation effect is present, is given in Fig. 9. The agreement between 

the SWAAM-I result and the test data is seen nearly perfect. Figure 10 shows the pressure 

history at location P525A which is a location a short distance upstream of the disc. Note 

that the pressure there is significantly modified by the fluid/structure interaction. The 

agreement appears quite good for the duration up to the time of the first disc opening. 

Buckling of the first disc takes place at about 5 ms. The predicted time of the second disc 

opening (about 37 ms), however, is much shorter than the test indicated (about 65 ms). The 

reason for this discrepancy is not yet understood. An effort is planned to seek an explana­

tion for this discrepancy.

4. Summary and Discussion

Use of SWAAM-I code for analysis of an IHTS design with respect to large scale leaks re­

quires specification of basically three parameters associated with the sodium-water reaction 

that is still open at the current state-of-the-art. The two stoichiometric coefficients B 

and C3 in eq. (5), and the reaction rate coefficient A in eq, (3) are the three parameters. 

C3 may be set to zero noting that the dissociation temperature of NaH is relatively low (lower 

than the bubble temperature). B often referred to as hydrogen conversion ratio is set to a 

value between 0.5^0.65 which is the range of the value measured experimentally both at LLTR 

and abroad from mass balances of all reactants and reaction products. Since the mass balances 

are taken at the end of tests, the validity of these values is questionable for application 

to transient conditions. Nevertheless these are the only available data. In the LLTR A-2 

test briefly discussed in this paper, C3=0 and B=0.6 were used. The least guidance available 

is for the third parameter A. There is no direct information leading to a confident speci­

fication of this parameter. In the pre-test analysis of A-2, a parameter study was performed 
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in which A was varied and the bubble temperature was obtained. From the parameter study, 

A=30 ft/sec was chosen that yielded a maximum bubble temperature of 2200°F. This temperature 

was about the highest temperature ever measured in all large leak tests. This choice later 

was found to be somewhat conservative and a lowering of the value to A=5 ft/sec was necessary 

for a best-estimate. It is our hope in the near future that A may be empirically correlated 

with the physical parameters describing the bubble property and other related parameters. 

The form of the reaction rate equation may even be changed during this effort. If we are 

successful in this effort, there will not be any adjustment parameters in SWAAM-I code.

The leak site at the central location (zero radial distance from axis) is believed to be 

the most severe location in terms of the system pressures. The off-axis location, namely the 

peripheral location, in the extreme however, needs to be analyzed in order to examine the 

local pressure effects and to establish the net effect of radial leak locations on the system 

pressures. The local effects for the peripheral leak can only be studied by a three-dimen­

sional method and the current two-dimensional axisymmetric module of SWAAM-I must be extended 

to a three-dimensional method. For the effects on system pressures, however, the current 

methodology in SWAAM-I has the basic capability for treating the geometry effects resulting 

from the peripheral leak location. LLTR Series-II includes one test (Test A-6, already run) 

that is to examine exactly the effects of peripheral leaks. Coding changes of SWAAM-I are 

planned to include the analysis capability for the peripheral leak as in the A-6 test.
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