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ABSTRACT 
VICTORIA-92 is a mechanistic computer code for analyzing fission product behavior within the 

reactor coolant system (RCS) during a severe reactor accident. It provides detailed predictions of the re- 
lease of radionuclides and nonradioactive materials from the core and transport of these materials within 
the RCS. The modeling accounts for the chemical and aerosol processes that affect radionuclide behavior. 
Coupling of detailed chemistry and aerosol packages is a unique feature of VICTORIA; it allows explora- 
tion of phenomena involving deposition, revaporization, and re-entrainment that cannot be resolved with 
other codes. 

The purpose of this work is to determine the attenuation of fission products in the RCS and on 
the secondary side of the steam generator in an accident initiated by a steam generator tube rupture 
(SGTR). As a class, bypass sequences have been identified in NUREG-1150 as being risk dominant for 
the Surry and Sequoyah pressurized water reactor (PWR) plants. SGTR sequences are the most probable 
of the bypass sequences studied in NUREG-1150. However, at the time that the work supporting NUREG- 
1150 was performed, the capability did not exist to adequately account for attenuation of fission products in 
the primary and secondary sides of the steam generator and in the pipework leading from the steam gen- 
erator and venting into an auxiliary building. Assumptions that were made on attenuation of fission prod- 
ucts in the steam generator and exiting pipework resulted in relatively small retentions. Following the 
publication of NUREG-1150, the possibility was brought out that, if fission product attenuation in the steam 
generator were significant, this class of accident sequences might be shown not to be risk dominant after 
all. The work presented here addresses this outstanding issue. More recent information from the Surty IPE 
also identifies SGTR sequences as significant contributors to core damage frequency and indicates that 
they would result in relatively large fission product releases to the environment. 

The Surry plants, which are 3-loop PWRs of Westinghouse design, were chosen as the basis for 
this investigation. Thermal-hydraulic data were calculated using MELCOR. These data were subsequently 
used as input to VICTORIA, which was used to analyze fission product release from the fuel and transport 
of these fission products through the RCS leading to the broken steam generator tube, through the sec- 
ondary side of the steam generator, out through the pipework leading from the steam generator to an at- 
mospheric dump valve-which is assumed to stick open during the early portion of the accident-and into 
an auxiliary building. This analysis utilizes specific models of aerosol deposition in the steam separators 
and dryers that reside in the upper portion of the steam generator, as well as the more widely used models 
of aerosol deposition in pipes with bends. Moreover, VICTORIA accounts for fission products that are de- 
posited when temperatures are cooler and that may revaporize later in the transient as temperatures rise, 
e.g., as the steam generator heats up. 

The results of the VICTORIA analysis show where the fission products deposit within the RCS, 
the steam generator, and exiting pipework and what fraction of the fuel inventory is released into the auxil- 
iary building. These results are used to evaluate the validity of the assumptions originally used in the work 
supporting NUREG-1150. Also, these results are compared with MELCOR and MAAP fission product re- 
lease predictions for SGTR sequences. 
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1. Introduction and Overview of VICTORIA 

Release of radionuclides into the atmosphere is the main concern in the event of a 
nuclear reactor accident. The consequences of a severe reactor accident depend on the 
quantity, characteristics, and timing of the release of radionuclides from the reactor cool- 
ant system (RCS) into the containment, and finally into the atmosphere. In a by-pass ac- 
cident, one type of which is investigated here, releases by-pass containment and pass 
directly into an auxiliary building that is not designed to retain or attenuate fission prod- 
ucts. Thus in this class of accidents, little retention of released fission products is afford- 
ed beyond what would occur in the primary and secondary circuits. A conservative 
assumption is generally made for this class of accidents, which is that release is directly 
into the atmosphere, i.e., that attenuation in the auxiliary building is negligible. As a re- 
sult, accurate determination of fission product attenuation in the primary and secondary 
circuits is paramount to the assessment of risk for the by-pass sequences. 

The physical processes that influence the quantity and timing of a release are high- 
ly complex. In order to be able to predict the outcome of a nuclear accident, it is neces- 
sary to accurately model as many of the relevant physical processes as possible. 
VICTORIA [I]  is a mechanistic computer code designed to model such releases from the 
RCS during a severe reactor accident. 

The purpose of VICTORIA is to enable the prediction of the magnitude, speciation, 
physical properties, and timing of fission product release from the RCS of a nuclear reac- 
tor undergoing a severe accident. VICTORIA does not predict thermal-hydraulics, but re- 
quires such information as input. The heart of the code is in its mechanistic treatment of 
fission product release from fuel, chemistry, aerosol physics, transport, and decay heat- 
ing. The coupled treatment of these phenomena make VICTORIA unique in its predictive 
capabilities. The ultimate goal is to identify, wherever possible, the essential physics and 
to develop simplified models that can be incorporated into system-level codes that can 
treat complete accident sequences. The following paragraphs describe briefly the cur- 
rent capabilities of VICTORIA. 

VICTORIA contains models for release of fission products from both intact and de- 
graded fuel geometries, including rubble beds and molten pools. For intact fuel, release 
mechanisms within fuel grains are either by advection and diffusion [2,3] or, alternatively, 
may include models for the effects of bubble formation, coalescence, and migration and 
the effect of grain boundary sweeping [4,5]. Transport through fuel pores is by surface 
and gaseous diffusion and by a model for advection due to calculated pressure gradients 
[I]. Chemical speciation and interaction with surfaces are also essential parts of this cal- 
culation because chemical reactions and phase changes drive the concentration and 
pressure gradients that produce diffusion and advection. Only gaseous transport is con- 
sidered in the gap between clad and fuel, but both diffusion and advection are treated. 
Chemical speciation and interaction with the inner cladding surface are also modeled. 
Transport through a breached cladding is treated similarly to that in fuel pores. From the 
cladding, fission products diffuse through a boundary layer and into the bulk gas. 



A model for pressurized rupture and release from silver-indium-cadmium control 
rods is available in VICTORIA. This model is based on the work of Powers [6], which de- 
fines the partial pressure of the vapor species above a molten alloy as a function of tem- 
perature and composition. This model also uses the experimental data of Bowsher et al. 
[7] to estimate the properties of the aerosol created during the burst. The models used to 
describe release from control rods are detailed further in Section 3 of Reference 1. 

The chemistry models used in VICTORIA are largely based on thermodynamic 
equilibria; however, models also account for kinetically limited rates for several process- 
es. These include oxidative volatilization of U02, tellurium-zircaloy interactions, and 
chemisorption of several cesium and iodine species onto structures. VICTORIA treats 
288 chemical species composed of 26 elements. All of the chemistry models are de- 
scribed further in Section 4 of Reference l .  An optional nonequilibrium model treats the 
effects of chemical kinetics below a specified threshold temperature in a simple way. Be- 
low the threshold, kinetic effects are taken to be infinitely slow. This option has been 
dubbed the “frozen chemistry” model [8]. If this option is chosen, change of phase is 
modeled but chemical reactions are not allowed below the specified temperature thresh- 
old. 

Bulk-gas processes include heterogeneous chemical speciation (the condensed 
phase forms aerosol particles), advection, diffusion, and aerosol phenomena, including 
formation, growth, agglomeration, and deposition. Agglomeration and deposition mecha- 
nisms include Brownian motion or diffusion, gravitational settling, turbulent shear, and 
turbulent inertia. Additional deposition mechanisms include thermophoresis and inertial 
deposition in pipe bends, sudden contractions, steam separators, and steam dryers [9]. 
A model for re-entrainment of deposited aerosols, based on the data of Wright et al. [lo], 
has also been incorporated. These models are described further in Section 5 of Refer- 
ence 1. 

A model for radioactive decay heating is also available in the code [ll]. This model 
accounts for the heat-up of films and structures by decay heating from deposited radio- 
nuclides. The heat-up can induce revaporization of the deposited material and, in some 
cases, can cause the structure to fail. This model is described in more detail in Section 6 
of Reference 1. 

2. Goals of the Analysis of SGTR Sequence 

The goals of this analysis of a steam generator tube rupture sequence (SGTR) are 
threefold. First of all, it was sought to determine a best estimate for the source term in a 
typical SGTR sequence. The sequence that was chosen is similar to the HINY-NXY se- 
quence that was considered in NUREG-I150 [12]. This sequence is believed to be simi- 
lar to the one investigated in the Surry individual plant examination (IPE) [13] as well, 
except that two tubes were assumed to rupture in that investigation, whereas only one 
was assumed to rupture in the HINY-NXY sequence and in this analysis. 



The second goal of this analysis was to compare the predicted source term with 
earlier work, in particular, with NUREG-1150 and with the Surry IPE. in addition, predict- 
ed results are compared with the MELCOR calculation that was used to determine the 
thermal-hydraulic data needed as input to VICTORIA. 

The third goal of this analysis was to demonstrate that MELCOR thermal-hydraulic 
data could be used to drive VICTORIA. A previous calculation for a station blackout (TM- 
LB’) [I 41 had been performed using SCDAPiRELAP5 [15] thermal-hydraulic data to drive 
VICTORIA. The SGTR analysis presented here was the first attempt to perform a VIC- 
TORIA analysis using data from MELCOR [I 6,171. 

3. Brief Description of the SGTR Sequence 

The thermal hydraulics and fuel degradation analysis for the SGTR sequence was 
performed by MELCOR and is reported elsewhere [16,17]. Table 1 summarizes the tim- 
ing of the major events, using the initiating event, a guillotine rupture of a single steam 
generator tube, as the reference time. 

Table 1. Timing of the Major Events in the SGTR Sequence as 
Predicted by MELCOR 

Event in Accident Sequence Time (s) 

Guillotine Rupture of Steam Generator Tube in Loop C 0 

I Reactor Scram I 360 I 
I High-pressure Injection (HPI) Starts I 380 I 
I Secondary RV Sticks Open in Loop C I 7620 I 
I RWST Depleted, HPI Terminates I 58,400 I 
I Beginning of Core Uncovery I 68,000 I 
I Beginning of Fuel Rod Failure I 105,700 I 
I Rupture of Lower Head I 113,800 I 

Reactor scram occurs at 6 min. following the initiating event. Shortly after that, high- 
pressure injection begins. All high-pressure injection systems are assumed to function. A 
secondary relief valve is assumed to stick open as soon as a significant amount of water 
is forced through it, which occurs at just over 2 hr. High-pressure injection terminates af- 
ter 16 hr. when the water supply is depleted. Core uncovery begins about 2.5 hr. follow- 
ing termination of high-pressure injection; however, the water level stays near the top of 
core for a considerable time and, as a result, fuel rods do not begin failing until after 29 
hr. Rupture of the sower head occurs at about 311.6 hr., at which point the MELCOR cal- 
cuiation was terminated. Thus, the period for which fission product release and transport 
was calculated was only about 2.25 hr. 



MELCOR predicts that, following the sticking open of the secondary relief valve, the 
system quickly depressurizes to between 10 and 15 bars. The maximum core tempera- 
tures do not exceed much over 2500 K and Barge portions of the core remain well below 
2000 K for most of the transient. These are relatively low temperatures and do not permit 
large releases, especially for the less-volatile elements. 

4. VICTORIA Representation of the Surry Plant 

The VICTORIA nodalization of the core region contained 15 cells and is shown 
schematically in Figure 1. Neither the lower plenum nor the core bypass were included in 
the nodalization since these did not participate in the release or transport of fission prod- 
ucts. Instead, the steam formed in the lower plenum was inserted as a source into the 
bottom cells of the core and the steam that flowed through the bypass was included as a 
source into the upper plenum. At the earlier times when the water level was somewhere 
between the top and bottom of the core, the steam source was inserted just above the 
water level. The quantities of steam, hydrogen, fission product species, and structural 
materials that transported through the upper boundary of the core were saved and used 
later as sources of mass into the upper plenum. In addition, the aerosol size distributions 
were saved and used to determine aerosol sources into the upper plenum. 

Figure 1. Schematic of the VICTORIA nodalization of the core region. 

Figure 2 contains a schematic of the VICTORIA nodalization of the upper plenum, 
hot leg, and steam generator, including the broken tube. Since the ruptured tube is as- 
sumed to be completely severed, flows through both sides of the break can occur. The 
flow through the side connected to the steam generator outlet plenum, cell 7, is fed by 
steam flowing through the intact tubes, denoted in the schematic by cells 3 and 4. Flow 
through the other side of the broken tube, cell 6, is fed directly by steam from the steam 
generator inlet plenum, which is part of cell 2. 



Separate VICTORIA calculations were performed for the two ends of the broken 
tube, cells 6 and 7. This was advantageous because the velocities were much higher 
there and, as a result, the time-step size had to be much smaller. Data flow between do- 
mains was handled in the same way as described above for species leaving the fuel re- 
gion. In addition, data for each species leaving cells 6 and 7 was retained to be used as 
input sources in the analysis of the secondary circuit. 
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Figure 2. Schematic of the VICTORIA nodalization of the upper plenum and primary cir- 
cuit. 

Figure 3 shows a schematic of the VICTORIA nodalization of the secondary circuit. 
Cells 1 and 2 represent the upper portion of the steam generator and cells 3 and 4 repre- 
sent the steam line. Cell 1 contains the steam separators that are used to remove en- 
trained water from the steam. Cell 2 contains the steam dryers. The VICTORIA models 
for aerosol deposition in steam separators and dryers were employed, respectively, in 
cells 1 and 2. 

Most of the data that were used in this analysis are relatively standard values for 
PWRs. Thermal-hydraulic properties, such as flow areas, hydraulic diameters, and sur- 
face areas, were taken to be consistent with the MELCOR input [16] used to generate 
the thermal-hydraulic data for this analysis. Twelve aerosol mass bins were used to rep- 
resent the aerosol size distribution, which ranged from to lom1' kg by decade. The 
cladding failure temperature was chosen to be 1250 K to match the MELCOR predic- 
tions. The melting point for the cladding was chosen to be 2140 K. Matzke's recommen- 
dation for intragranular diffusion coefficient [18] was used for all of the fission products. 
Other values were chosen to be the standard ones recommended for most VICTORIA 
calculations [ I ] .  
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Figure 3. Schematic of the VICTORIA nodalization of the steam generator secondary 
and steam line. 

5. Analysis of the Core Region 

Figure 4 shows the timing and magnitude, in terms of percent of fuel inventory, of 
the releases from the core. Releases from the fuel rods are slightly higher than shown in 
this figure because some of the material released from the fuel is retained within the core 
region and so never reaches the upper plenum. Significant releases begin at about 
110,000 s after the initiating event. Only iodine, cesium, and tellurium are seen to be re- 
leased at a significant percent of fuel inventory. 

Table 2 gives additional information about the integral masses and percents re- 
leased from the fuel rods over the transient. Table 2 also compares the results of this 
work with results from NUREG-1150 for the HINY-NXY sequence, the Surry IPE, and 
with the MELCOR predictions that were used to construct the thermal hydraulics for this 
same sequence. Table 2 shows that MELCOR predicts somewhat lower releases than 
the Source Term Code Package (STCP) or the industry code, MAAP. VICTORIA predicts 
even lower releases than MELCOR, especially for the low-volatility elements, such as 
barium, molybdenum, and ruthenium. It should be noted that MELCOR does not predict 
the release of antimony directly. Instead, it includes this element in a group for which the 
primary element is cadmium, which explains why the predicted value is so high. 

The trend shown in Table 2 is that the more refined tools, which should give more 
realistic and less conservative predictions, give lower estimates of release. Differences 
between the MELCOR and VICTORIA predictions are probably due to differences in 
chemical properties and pressure effects. (VICTORIA releases have been shown to de- 
pend on pressure [I 91; MELCOR releases do not account for the influence of pressure.) 
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Figure 4. Release histories, as a percent of fuel inventory, for cesium, iodine, tellurium, 
molybdenum, uranium, and barium. 

Table 2. Elemental Releases from the Fuel Rods 

Reference I Element 

ITe 

II I I 

This work 1FYt-Y I 
Rel. (kg) 

225 I 164.5 
9 I 4.1 
118 I 30.1 
18 I 0.2 
65 I 0.5 
1 I 0.0 

% Rel. % Rel. 70 Rel. 
(STCP) (MAAP) (MELCOR) 

73.16 69.3 

73.1 1 69.3 

45.48 92.5 99.0 69.3 

25.48 92.8 99.0 69.3 

1.19 1161.0 I 88.0 I 10.4 
0.70 11 I 7.3 

I 121.8 



Table 2. Elemental Releases from the Fuel Rods 

6. Analysis of the Primary Circuit 

Figure 5 shows the VICTORIA predictions for the accumulation of masses in the up- 
per plenum and primary circuit, i.e., the reactor coolant system. The largest deposited 
masses are for cesium, followed by iodine. Early in the transient, molybdenum is the 
third most abundant fission product element in the upper plenum and primary circuit; lat- 
er in the transient, uranium followed by tellurium replaces molybdenum for dominance. 
The final deposited mass of fission products in the RCS is about 20 kg. In addition, about 
45 kg of tin, 50 kg of silver, 7 kg of indium, and 7 kg of cadmium are predicted to deposit 
in the RCS. 
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Figure 5. VICTORIA-predicted retention histories in the reactor coolant system. 



Table 3 contains a comparison of predicted retentions in the RCS as percents of the 
mass released from the fuel. The intention in presenting this comparison was to normal- 
ize out any differences in release models by using the mass released from the fuel as a 
basis for comparisons further downstream. 

The MAAP results from the Surry IPE predict the lowest retentions; the STCP, used 
in NUREG-1150, predicts somewhat higher retentions in the RCS; MELCOR predicts re- 
tentions in the range of 80 to 90%; VICTORIA predicts, with the exception of cesium and 
the noble gases, retentions to be nearly 100%. 

The MELCOR modeling for iodine in this particular calculation mistakenly assumed 
that it remains in its molecular form and thus is highly volatile. As a result, iodine behav- 
ior in the upper plenum and primary circuit was predicted to be very similar to that of the 
noble gases. Normally, MELCOR users allow iodine to react with cesium to form Csl, 
which would have produced results for iodine that are similar to those given in Tables 3 
through 6 for cesium. As a result of this error in the MELCOR input parameters, no com- 
parisons are given from MELCOR for iodine in this or in the following tables. 

Table 3. Percent of Material Released from Fuel Retained in RCS 

* Not available. 

VICTORIA predicts that most of the deposited iodine is in the form of Csl; most of 
the deposited cesium is in the form of CsOH. More of the CsOH revaporizes than does 
the @SI, which accounts for the lower retention of Cs than of I in the RCS. Species that 
are mostly in the condensed phase (as an aerosol) are retained at a very high fraction in 



the RCS. The primary retention mechanisms are gravitational settling in the upper ple- 
num, deposition at the bends in the steam generator inlet plenum, and turbulent deposi- 
tion in the broken steam generator tube where flow velocities are sonic for most of the 
transient. 

7. Analysis of the Secondary Circuit 

Figure 6 shows the retention of fission products and uranium in the steam generator 
secondary and in the steam line. The mass deposition on the secondary side is much 
smaller than on the primary side because a very small fraction of the mass is predicted to 
escape from the primary. In terms of mass, the dominant elements are cesium, iodine, 
uranium, and tellurium, in that order. 

Table 4 gives comparisons for retention in the secondary circuit, i.e., in the steam 
generator secondary and in the steam line. MAAP predicts the highest retentions; the 
STCP and MELCOR predict retentions of about 5 to 10% of the mass released from the 
fuel; VICTORIA predicts retentions that are less than 1 %, which is a result of the fact that 
most of the fission products are predicted to be retained in the primary circuit. Further- 
more, VICTORIA predicts that much of the mass entering the secondary circuit is in the 
form of vapor, especially for cesium and iodine. In addition, sufficient thermal-hydraulic 
data were not available to treat thermophoretic deposition in the steam line. As a result, 
VICTORIA predicts fairly low retentions on the secondary side. 
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6. VICTORIA-predicted retention histories in the secondary circuit. 



Table 4. Percent of Material Released from Fuel Retained in Secondary 
Circuit 

Element I STCP[lI] I MAAP[12] I MELCOR [16,17] 

Kr I 0.5 

Xe 0.5 

I 6 22 

c s  6 24 9.3 

Te 6 18 9.8 

Ba 6.0 

* 

Sb I I 6.0 

Mo I I I 6.0 
U I 15.8 

Ru I I I 6.0 

VICTORIA 

0.2 

0.2 

0.1 

0.4 

0.0 

0.0 

0.0 

0.0 

1 0.0 

~ 0.0 

* Not available. 

Table 5 shows comparisons of the most important result, the percent of the invento- 
ry initially contained in the fuel that is released from the secondary into the auxiliary 
building. The STCP and MAAP predict overall releases of the volatile fission products, io- 
dine, cesium, and tellurium, to be roughly 50% of the initial fission product inventories. 
MELCOR predicts these releases to be 1 to 10%. VICTORIA, which is the most sophisti- 
cated in terms of fission product modeling, predicts these elements to be released at a 
level of about 1% or less. The VICTORIA predictions indicate a significantly lower risk to 
the public for SGTR sequences than those indicated in NUREG-I150 and in the Surry 
IPE. 

Table 5. Percent of Fuel Inventory Released from the Secondary 
Circuit into the Auxiliary Building 

Element STCP [ I l l  MAAP [I21 MELCOR [16,17] VICTORIA 

Kr 66.4 70.6 



Table 5. Percent of Fuel Inventory Released from the Secondary 
Circuit into the Auxiliary Building 

* Not available. 

It should be noted at this point that the VICTORIA predictions do not include long 
term revaporization following vessel failure. In fact, the MELCOR predictions were termi- 
nated at vessel failure, so the VICTORIA analysis could only be performed to the point of 
vessel failure. Moreover, a VICTORIA analysis beyond that point would not properly treat 
interactions between air and unoxidized fuel cladding, which is predicted by VICTORIA 
to exist around the lower perimeter of the core at the time of vessel failure. The intrusion 
of air into the vessel through the failed bottom head would be expected to produce a 
large thermal spike because of the highly exothermic reaction between oxygen and zir- 
conium. The thermal spike could be predicted using MELCOR; however, VICTORIA 
would not be able to model this reaction and its effect on chemistry in the core region. 

The thermal spike caused by the rapid reaction of oxygen with cladding could result 
in a significant revaporization of the fission products that had deposited in the RCS. 
Moreover, the intrusion of oxygen into the core region would cause some of the fission 
products, especially molybdenum and ruthenium, to be released from the remaining fuel. 
Thus, significant releases of fission products from the core region would be expected to 
occur following lower head failure. However, it is not known what fraction of the late re- 
lease from core would be transported into the auxiliary building. 

The effect of long-term revaporization was included in the predictions given in 
NUREG-I1 50 and, to some extent, this justifies the higher releases of the volatile fission 
products that were reported in that work. As mentioned above, a model is missing from 
VICTORIA that would be needed to accurately treat chemistry effects following bottom 
head failure and intrusion of air into the RCS. However, it would not be difficult to incor- 
porate the model for zirconium oxidation in air that is currently used in MELCOR into 
VICTORIA. Short of this, an estimate for release and revaporization could be made with 
VICTORIA that neglected the effect of oxygen/cladding interaction. 



8. Summary 

Generally, VICTORIA predicts lower releases of fissdn products from the fuel and 
much greater retention of the released fission products in the upper plenum and primary 
circuit than had been predicted in earlier works, e.g., NUREG-1150 [ I l l  and the Surry 
IPE [12]. In fact, VICTORIA predictions for release into the auxiliary building are so low, 
about 1 YO or less of the volatile fission products, that the result reported in NUREG-1 150, 
Le., that by-pass accidents are risk-dominant, is brought into question. The predictions 
presented here, or extensions of them, may also have a significant impact on resolution 
of the current issue of redefining policies for situations where leaking steam generator 
tubes have been discovered. 

It should be noted that the predictions given in this report do not include the effects 
of long term revaporization or the dramatic rise in oxygen potential that would be expect- 
ed following vessel failure. This may be a significant omission, especially if sufficient un- 
oxidized zirconium is present at vessel failure to produce a significant thermal spike. A 
rapid and intense thermal transient could revaporize a significant fraction of the fission 
products, especially cesium and iodine, that had deposited in the RCS prior to vessel 
failure. Moreover, molybdenum and ruthenium releases could be large following the in- 
trusion of oxygen into the core region. Revaporization is accounted for in the results pre- 
sented in NUREG-I150 and may explain, at least in part, the higher releases reported 
there. 
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