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ABSTRACT

A review and assessment of the uncertainties in the calculated

response of reactor coolant system natural circulation using the

SCDAP/RELAP5 computer code were completed. The SCDAP/RELAP5

calculation modeled a station blackout transient in the Surry nuclear

power planu and concluded that primary system depressurization from

natural circulation ind_'_ced primary system failure is more likely than

previously thought. This review included results from a supporting

COMMIX natural circulation computer code calculation and Westinghouse

natural circulation experiments; both of which were used to build the

SCDAP/RELAP5 model of the Surry plant. Use of these results was

identified as a major source of uncertainty in the SCDAP/RELAP5

analysis. Some of these uncertainties were examined by building a

MELCOR model of the Surry nuclear power plant, which gave consistent

results to the SCDAP/RELAP5 calculation, and performing sensitivity

studies with MELCOR on several modeling parameters. Of all the

parameters studied, variation in the decay heat most affected the

results. A variation from the basecase by as much as -25% resulted in

surge line failure times within -25 minutes. Variation of other

parameters affecting the hot leg countercurrent flow modeling

assumptions altered the basecase predicted failure times by less than

-i0 minutes. To study the relationship between the steam temperatures

in the inlet plenum of the steam generator and the steam generator

circulation rate, an independent computer model was developed. This

calculation indicated a deficiency in the SCDAP/RELAP5 natura]

circulation modeling. Sensitivity studies on various inlet plenum

mixing parameters were also performed with this model. Finally, a

total loop natural circulation calculation, induced by a pump seal

leak scenario, was performed with MELCOR, a case that was not analyzed

with SCDAP/RELAP5. This calculation showed that the steam generator
tubes are more vulnerable to failure than in the case that did not

model total loop natural circulation. Finally, recommendations are

made for additional SCDAP/RELAP5 analyses necessary to investigate the

natural circulation-induced primary system failure conclusions.
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EXECUTIVE SUMMARY

The U.S. Nuclear Regulatory Commission has an ongoing research program
to develop further understanding of the phenomena important to a

number of nuclear power plant severe accidents. The specific accident

addressed in this report is the station blackout transient (TMLB')

accident which involves the loss of all ac power and auxiliary steam

generator feedwater.

A major uncertainty in the predicted plant response to the TMLB' event
concerns natural circulation in the reactor coolant system (RCS).

Three types of natural circulation may occur during a high pressure

boiloff transient in a pressurized water reactor (PWR): in-vessel,

hot leg countercurrent flow, and flow through the coolant loops. In-

vessel natural circulation can occur as vapor heated by the core rises

to the vessel upper regions, where it is cooled by large heat-

absorbing structures, and then recirculates back down to the core

region. Hot leg countercurrent flow circulates hot vapor from the

vessel to the upper part of the hot leg and then to the steam

generator. In the steam generator tubes, the vapor is cooled and then

returns to the vessel along the bottom portion of the hot leg pipe.

Loop natural circulation involves superheated vapor flowing through

the coolant loops. This occurs only if the loop seals are cleared of

liquid. These natural circulation loops have the potential to

transfer a significant amount of energy from the reactor core to

structures in the upper region of the vessel, the hot leg, the

pressurizer, and the steam generators. Not only can core failure be

significantly delayed, the RCS structures receiving this energy can
fail before the vessel lower head, depressurize the system, and

significantly alter the outcome of the accident.

A milestone in the research program investigating the TMLB' phenomena
was the creation of a model, using the large systems code,

SCDAP/RELAP5. The entire PWR system, including the core, reactor

vessel, hot legs, pressurizer, and primary and secondary sides of the

steam generators were modeled with SCDAP/RELAP5. The Surry nuclear

power plant was selected for this effort. The model, its results, and
conclusions were documented in NUREG/CR-5214. The SCDAP/RELAP5 code

(or any other large systems code) does not calculate all phenomena
from first principles; many constitutive models are necessary.

However, this particular model also relied heavily on results

documented in NUREG/CR-5070 which were obtained from the multi-

dimensional, single phase heat transfer and fluid flow analysis code,

COMMIX, developed by Argonne National Laboratory. Both the
SCDAP/RELAP5 and COMMIX code models relied further on data from

Westinghouse natural circulation experiments.

The SCDAP/RELAP5 calculations of the Surry TMLB' accident scenario

showed that natural circulation (both in-vessel and hot leg

countercurrent flow) transfers core energy to other regions of the

RCS. Furthermore, the code results predicted that either the hot leg

xv



pipe or surge line pipe will fail and depressurize the system. This

would preclude failure of the reactor vessel due to severe core damage

at high pressure.

The main objective of this report was to review and assess the results
and conclusions in NUREG/CR-5214. Because the SCDAP/RELAP5 model

relied heavily on results from the supporting calculation with the

COMMIX code and the Westinghouse experiments, these studies were also
examined in detail.

The foundation for these natural circulation studies rested on the

experimental effort conducted by Westinghouse using a one-seventh-

scale half-model of a PWR. The initial phase of these experiments was

completed before the code analyses were made. They were comprised of

low pressure experiments in which similitude with full-scale was not

achieved. Although much of the information gathered was not

quantitative, these experiments were the first to demonstrate

qualitatively that natural circulation in the hot legs and steam

generators of a PWR could transfer a significant amount of energy from

the core to other RCS structures, and delay core heat-up.

This Westinghouse low pressure data was used to benchmark the COMMIX

uode. The COMMIX code obtained generally good agreement with the low

p_essure experiments. Then, a CO_IMIX model of a full-scale PWR was

created and run. Among the limitations of the COMMIX full-scale

simulation were that half-symmetry was assumed to model the 3-1oop

Surry RCS, the code was confined to modeling a single phase fluid
(therefore, the simulation did not include the initial boiloff

transient), the steam generator tubes were completely insulated, and

turbulence was not modeled. Certain critical parameters obtained from

the COMMIX results, among them flow rates and heat transfer in the hot

leg, surge line, and steam generators served as guidelines for the
development of the full systems model created with SCDAP/RELAP5. For

example, the simulation of hot leg countercurrent flow and steam

generator inlet plenum mixing required Westinghouse and COMMIX results
to determine the nodalization and choice of flow loss coefficients.

The SCDAP/RELAP5 calculation was able to match the COMMIX predicted

heat transfer by using artificially high loss coefficients, but did
not match the COMMIX predicted hot leg or steam generator flow rate.

Use of these results, the best information available at the time, are

a source of uncertainty in the hot leg countercurrent and steam

generator modeling. In addition, other limitations were found with
the SCDAP/RELAP5 analyses. Among these were limitations in the core

models concerning oxidation, degradation, and in-vessel natural

circulation. The inability of the code to calculate hydrogen

stratification within the RCS and the neglect of fission product

transport were additional limitations that were identified.

The review of these analyses and experiments indicated several code

modeling assumptions, code limitations, modeling uncertainties, and

experimental deficiencies which led to the SCDAP/RELAP5 analysis

conclusions. These uncertainties were grouped into two categories of

modeling issues: (i) core modeling uncertainties and (2) hot leg

countercurrent flow modeling uncertainties. Furthermore, these

xvi



issues indicated two key code calculated parameters which determine

the RCS response and ultimate failure characteristics: (I) the hot

leg inlet vapor temperature history and (2) the mass flow rate in the

hot leg/steam generator countercurrent flow loop.

To assess these SCDAP/RELAP5 calculational uncertainties, an

examination of modeling assumptions affecting the key parameters was

performed using alternate calculational tools. First, sensitivity

studies were performed using the large systems code, MELCOR, developed

by Sandia National Laboratories, to model the Surry TMLB' accident.

The MELCOR model developed for this problem, because of programmatic

constraints rather than code limitations, used more empirical models

than the SCDAP/RELAP5 model. For example, the core was explicitly

modeled in the SCDAP/RELAP5 model, but was empirically modeled as a

volumetric heat source in the MELCOR model. In spite of the

differences, the MELCOR results for the basecase TMLB' event were in

good agreement with those of SCDAP/RELAPS. Note that the MELCOR model

relied on the same SCDAP/RELAP5 model heat transfer and flow loss

coefficients as well as steam generator mixing fractions obtained from

the COMMIX calculation and Westinghouse data.

The NUREG/CR-5214 study performed limited sensitivity analyses that we

expanded upon using the MELCOR code. The effect of the hot leg inlet

vapor temperature history on the transient was examined by varying the

decay heat and oxidation energy developed in the core of the reactor

vessel. The effect of various modeling parameters on the developed

mass flow rate in the hot leg countercurrent flow loop was examined by

(i) varying flow loss coefficients, (2) including radial conduction

modeling between the top and bottom portions of the the split hot leg

model, and (3) modeling heat and mass transfer between the split hot

leg countercurrent flows.

The MELCOR sensitivity analyses showed that, of all the parameters

studied, variation in the decay heat most affected the results. The

decay heat was varied by as much as ±259 from the basecase and
resulted in failure times within i25 minutes of the basecase. Much

of the value in performing the sensitivity analyses lies in reaching

the conclusion that the remainder of these parameters did not

significantly alter the results as basecase predicted failure times

were altered by less than il0 minutes. In all cases, the surge line

or hot leg were the predicted failure locations. Prior to performing

these analyses, the importance of these parameters was open. to

question.

A total loop circulation calculation, which was not simulated with

SCDAP/RELAP5 in NUREG/CR-5214, was also completed using MELCOR by

examining the RCS response to a pump seal leak scenario. In this

calculation the expected changes in the outcome of the accident if

full coolant loop flow was reestablished in the Surry RCS were

investigated. The calculation showed that the circulation flow rate

was larger than in the natural circulation case. The surge line was

not heated as much in this scenario, and was no longer the vulnerable

RCS component. Most importantly, this calculation indicated that the

steam generator tubes became much more vulnerable to failing. If they
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should fail before the hot leg, the accident could lead to fission

product release to the secondary and eventually the environment.

Another major issue of concern in this review was that of proper fluid

dynamic modeling of the natural circulation phenomena. Since the

circulation phenomena is driven by buoyancy, it is important that the
models be consistent in the relation between circulation rate and the

heat transfer driving the process. Calibration of the circulation

rate and heat transfer aspects of the SCDAP/RELAP5 model was

accomplished to a large degree by matching the heat transfer rate

computed with COMMIX as documented in NUREG/CR-5070. This exercise

resulted in the application of larger flow loss coefficients in the

SCDAP/RELAP5 model than would be commonly applied based solely on the

RCS geometry and dimensions. However, the resulting mass flow rate in

the SCDAP/RELAP5 simulation was higher than the COMMIX value by about

a factor of two. This discrepancy was never resolved. Furthermore,

since mixing in the inlet plenum is an important phenomenon affecting

the degree of core energy removal, a sensitivity study of the effect

of key parameters in this model was deemed highly desirable but would

require several large calculations using MELCOR.

These two issues motivated the development of an independent model of

the buoyancy driven circulation phenomena (thermosyphoning). This

thermosyphon model was the second tool used in this review, and was

designed to be as simple as possible but to retain the essential

physics affecting the steam generator thermosyphoning phenomena. The

major advantage of using this model over the MELCOR model, which

relied on the same questionable assumptions used in the SCDAP/RELAP5
calculations, was that this model s_rved as an independent

investigation of the relationship between steam temperatures in the

inlet plenum of the steam generator and the steam generator

circulation rate. The thermosyphon model would hopefully provide a
resolution to the discrepancy between heat transfer rate and

circulation rate in the COMMIX and SCDAP/RELAP5 models by

corroborating with one of the two models. In addition, the effect of

various modeling choices on the two key parameters could be assessed

with this model. The vapor heating rate was varied to assess the

affect of inlet temperature history on the system behavior. The
variables affecting the developing mass flow circulation rate in the

steam generator tubes were examined by performing sensitivity studies.

The thermosyphon simulation, using the SCDAP/RELAP5 heating rates and

mixing parameters, resulted in a similar circulation rate history as

that computed with the SCDAP/RELAP5 model. However, the heat transfer

rate from the steam through the steam generator tubes to the secondary

side could not be matched without further "tuning" of model

parameters. On the other hand, the thermosyphon model matched the

steam generator heat transfer given by the COMMIX model, but not the

circulation rate. Thus the thermosyphon model failed to provide full
corroboration with either of the SCDAP/RELAP5 or COMMIX models, but

resulted only in the same degree of agreement. Similarly, it was

deduced that the SCDAP/RELAP5 model was capable of matching predicted

COMMIX flow or heat transfer in the hot leg/steam generator
assemblies, but not both. However, since natural circulation is
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buoyancy driven, energy and momentum transport are high coupled.
Thus, the discrepancy between all model calculations suggests a

deficiency still exists in modeling natural circulation phenomena and
further consideration should be devoted to resolving this issue.

The sensitivity studies performed with the steam generator

thermosyphon model identified that the heating rate, ratio of forward-

running to backward-running steam generator tubes below values of

0.54, loss coefficients, and neglect of secondary side heat exchange

from the steam generator tubes affected the steam generator
circulation rate. However, the circulation rate was relatively

insensitive to the steam generator inlet plenum mixing fraction and

mass flow ratio of the hot leg to the steam generator.

Based on all of the studies mentioned above, our recommendations are

as follows. More appropriate Westinghouse high pressure experimental
data has become available. After the low pressure test series, the

Westinghouse facility was modified. Of the modifications made, two

were major improvements. First, the facility was altered to accept

high pressure tests to obtain a closer matching of similitude to full-
scale. Second, prototypical steam generators were placed in the

facility. With these modifications, another test series was
conducted. In addition, the SCDAP/RELAP5 calculations discussed in

NUREG/CR-5214 were performed using the MOD0 and MODI versions of the
code. As with many large systems codes, SCDAP/RELAP5 has undergone

periodic change and improvement. Version MOD3 is soon to become

available. Therefore, we recommend using SCDAP/RELAP5/MOD3 to model

the Westinghouse high pressure experiments directly; then scaling the

SCDAP/RELAP5 model to the full-scale TMLB' scenario. This approach

eliminates COMMIX from the computational chain, creating a direct link

between SCDAP/RELAP5 and scaled natural circulation PWR experiments.

Using this approach, the SCDAP/RELAP5 model would derive its heat
transfer and flow loss coefficients from realistic experiments. This

course of action should result in greatly increased confidence in the

events predicted by SCDAP/RELAP5 for the TMLB ' accident. If the
results of the revised SCDAP/RELAP5 calculation remain consistent with

the initial conclusions reported in NUREG/CR°5214, confidence in the

SCDAP/RELAP5 and complementary MELCOR sensitivity studies is

justified. Furthermore, investigation of additional uncertainties not
examined in these studies, such as core degradation modeling, the

effects of fission product transport, and hydrogen stratification are
recommended.
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INDEPENDENT REVIEW OF SCDAP/RELAP5
NATURAL CIRCULATION CALCULATIONS

1,0 Introduction

One of the major severe accident uncertainties listed in the report,

"Reassessment of the Technical Bases fur Estimating Source Terms,"

NUREC-0956 [i] was natural circulation in the reactor coolant system.

During a high pressure boiloff transient in a PWR, such as a station

blackout transient (TMLB'), the potential for single-phase steam
natural circulation flow in several regions of the reactor coolant

system (RCS) exists as schematically shown in Figure 1.0.I. This

natural circulation may take three identified forms. The first is in-
vessel natural circulation. As implied, this form involves hot fluids

leaving the core, rising to the upper plenum and transferring energy
to internal structures. The cooled fluid then flows down into the

core where it is reheated and the process is repeated. The second

form is hot leg countercurrent flow. For this to occur, the cooling
loop must be blocked at the loop seals. Hot fluid enters the hot leg

from the vessel and travels from the steam generator inlet plenum to

the steam generator outlet plenum via some of the steam generator
tubes. Once in the steam generator outlet plenum, the fluid is

prevented from exiting the loop and returning to the vessel through

the normal pipe path by water blockage near the pump seals.

Therefore, the fluid is forced to return through the remaining steam

generator tubes to the steam generator inlet plenum. All along this

path, the fluid has been transferring energy to the piping and tubes,

and is now substantially cooler than the fluid entering from the

vessel. The cooled fluid returns to the vessel along the bottom of

the hot leg which is simultaneously carrying hot fluid from the vessel

along the top of the pipe. Thus, countercurrent hot leg flow is

established. The third form of natural circulation is flow through

the coolant loops. In this circulation pattern, the loops are no

longer blocked by water and the pumps are still inoperable. However,

flow through the loops is established by fluid density differences.

Calculations [2,3] and experiments [4] have indicated that the

establishment of natural circulation and the accompanying exchange of

heat from the core to the upper plenum and coolant loop internals may

induce failure in the RCS long before vessel failure is reached. This

could cause system depressurization, thus preventing high pressure

ejection at vessel breach and perhaps eliminating the direct

containment heating (DCH) phenomena and their related uncertainties.

The major question involved in this issue is whether primary system

depressurization from natural circulation-induced primary system

failure is more likely than previously thought.





2.0 Objectives of Review Effort

A natural circulation study of the response of the Surry Nuclear Power

plant's reactor coolant system to a TMLB' accident sequence was

documented in the report entitled, "Analyses of Natural Circulation

During a Surry Station Blackout Using SCDAP/RELAPS," NUREG/CR-5214

[2]. The results of this analysis supported the supposition that

primary system depressurization due to a natural circulation induced

failure of the surge line or hot leg would occur before core debris
could fail the lower head of the reactor vessel.

The major objective of this effort is to review and assess the

accuracy of the SCDAP/RELAP5 TMLB' natural circulation calculations

for the Surry nuclear power plant. This involves examining the
uncertainties associated with these calculations including those

inherent in the modeling assumptions, code and user input, and code
deficiencies. This also involves assessment of other code analyses and

experimental data which was used to develop the SCDAP/RELAP5 model.
In particular, the COMMIX code simulation of the accident scenario [3]

was used to set various model parameters. In addition, results from

Westinghouse I/7th scale experimental data [4] were used in the
development of both the SCDAP/RELAP5 and COMMIX code models.

Therefore, a review of the COMMIX analysis and the Westinghouse

experiments is also necessary to complete this review. Additional

results from other natural circulation analyses applicable to these
studies found in the literature are discussed as well.

A set of analysis uncertainties resulted from this review. The major

uncertainties were examined by perform{ng calculations to determine

their impact on the SCDAP/RELAP5 conclusions. The MELCOR computer
code was used for this assessment. A base case model was built which

matched the results of the base SCDAP/RELAP5 calculation fairly well.

The parameters of interest were varied using MELCOR's sensitivity

study capability to quantify the uncertainties in the SCDAP/RELAP5

calculations. The results of these sensitivity studies are presented.

In addition, a simple model of the steam generator was built to

examine the thermosyphoning phenomenon which produces the buoyancy
driven natural circulation flows in the steam generators. This is an

important issue because approximately 22% of the energy removed from

the core will be transferred to the steam generator tubes. The

parameters affecting the developing natural circulation flow rates,
based on the solutions of the fundamental equations of mass, momentum,

and energy, were studied, enabling an independent assessment of the
results predicted by the codes. Other sensitivity studies were also

performed with this model and will be discussed.

To complete the analysis of the possible natural circulation

scenarios, a further analysis using MELCOR was performed to determine

the effect of primary coolant loop seal clearing induced by a pump
seal leak. This third natural circulation scenario was not modeled

with the SCDAP/RELAP5 code.

The major findings of this study are summarized and the applicability



of these calculations to full-scale plant analyses discussed.

Finally, conclusions are drawn concerning the uncertainty in the
SCDAP/RELAP5 results and recommendations are made for further work
based on the results of this assessment effort.



3.0 Literature Review

A literature review of work in the area of natural circulation in

reactor coolant systems was completed. A summary of the relevant

papers and analyses is documented in Appendix A.

5



4.0 Review of SCDAP/RELAP5 Natural Circulation Analyses

The report, "Analyses of Natural Circulation During a Surry Station
Blackout Using SCDAP/RELAP5" [2], is a study of the response of the

Surry nuclear power plant's reactor cooling system to a TMLB' accident

sequence. The TMLB' sequence is a total loss of ac power with an

immediate loss of auxiliary feedwater. The study simulated the

sequence from the initiation of the transient to the start of fuel rod
relocation.

Three scoping calculations were run to determine the effects of in-

vessel and hot leg natural circulation. Each scoping calculation used

an increasingly more complex model of the plant. First, the transient

was calculated using a once-through model of the reactor vessel and

coolant loop, without natural circulation modeling. Second, the core

and upper plenum model were changed to allow in-vessel natural

circulation. Finally, the hot leg model was altered to allow hot leg

countercurrent flow. These runs were performed using

SCDAP/RELAP5/MODO Cycles 48 and 51 versions of the code. By comparing
the results of each calculation with those of the previous one, the

changes affected by each natural circulation flow could be determined.
The inclusion of natural, circulation resulted in the removal of more

energy from the core and the transfer of it to other parts of the

reactor coolant system. And, most significantly, heating of ex-vessel
structures indicated that the RCS boundary would fail, probably in the

surge line, before the vessel was breached. Such a failure could

allow the RCS to depressurize before the vessel failed and

significantly change the containment load at the time of melt

ejection.

The coolant loops were modeled so that loop circulation could occur if

the loop seals cleared of liquid in any of the calculations. However,

the SCDAP/RELAP5 calculations.did not predict loop seal clearing in

any of these cases.

After the scoping calculations were completed, nine sensitivity

calculations were run to examine the effects of several major

phenomenological and modeling uncertainties on the system behavior
until the time of RCS pressure boundary failure. Parameters that were

varied in the calculations included the axial power profile in the

core, the amount of mixing in the steam generator inlet plena, radial
flow resistances in the core and upper plenum, and heat loss through

the hot leg and pressurizer surge line piping. These calculations
used the SCDAP/RELAP5/MOD I Cycle 5 version of the code and cannot be

compared directly with the scoping calculations because a different

decay heating history in the core was used. The major finding was
that the failure time did not appear to be very sensitive to the

parameters varied. Also, in eight of the nine runs, the surge line

was predicted to fail. The remaining run predicted the hot leg to
fail. In all cases, however, the failures occurred near the time of

fuel rod relocation and substantially before the predicted vessel
failure time.



SCDAP/RELAP5 [5] is a LWR system transient analysis code which was

designed primarily to calculate the behavior of the RCS during severe
accident sequences up to vessel failure. The core, primary and

secondary systems, feedwater train and the system controls can be

simulated. The code is intended to address accidents ranging from
small break loss of coolant accidents (SBLOCAs) to more severe
accidents.

The code is divided into three main portions by function. SCDAP

models structures in the reactor core. TRAP-MELT provides the basis

for fission product transport and deposition; however, this capability

was not included in these analyses under review. RELAP models fluid

behavior in the system "and thermal behavior outside the core. The

basis for the RELAP portion of the code is the use of a I-D, two

fluid, nonequilibrium, six equation hydrodynamic model. Continuity,

momentum and energy equations for both liquid and vapor phases in a

control volume are solved using a simplified capability to treat
multidimensional flows. Heat structures are modeled as spherical,

cylindrical and slab geometries.

The initial phase of the assessment of the SCDAP/RELAP5 natural

circulation calculations resulted in a listing of analysis

assumptions, modeling limitations and calculation uncertainties which

might impact the modeling results. These are presented in the

following sections. Each of these major headings is subdivided into

smaller topics and discussed separately.

4.1 SCDAP/RELAP5 Analysis Assumptions

Initial Conditions: The assumed values or forms of certain

initial conditions applied to the model plant in the SCDAP/RELAP5

study will impact the developing natural circulation flows and alter
the calculated timing of events. Among these crucial initial

conditions are core decay power, primary fluid temperature and

pressure, and the state of the steam generator secondary side.

Failure Mode: Only the creep rupture failure of the hot leg,

surge line and steam generator tubes was considered. Other small RCS
component failures and their overall effect on the outcome of the

transient were not modeled. Thus, the analysis ignored the possible

failure of other components such as the pump shaft seal, small pipes

and instrument penetrations. Of course, the ensuing leak must be

substantial enough to justify inclusion of the component for failure

analysis.

Hot Leg Countercurrent and Steam Generator Inlet Plenum Models:

The models used in the SCDAP/RELAP5 study were based on and compared

to the Westinghouse low pressure, low temperature, small scale

experiments [4,6,7] which used liquid water and a simulant fluid, SF6,

rather than high pressure steam. The TMLB _ event occurs under high

pressure and high temperature conditions. The scalability of the data

to full-scale conditions was assumed since high pressure data was not

available at the time these calculations were performed.



In the SCDAP/RELAP5 analysis, the hot leg, undergoing countercurrent

flow, was modeled as two separate pipes, one carrying flow from the
vessel to the steam generator and the other carrying flow to the

vessel from the steam generator. This exclusive configuration

eliminated the possibility of any heat and mass transfer or mixing

between the hot and cold fluid streams. In actuality, slight mixing

between the streams was observed experimentally in Reference 4. Also,

if fission product transport was found important and fission product

modeling were to be included in this study, this model would not allow

for the simulation of the settling of fission products between the hot
and cold countercurrent flows. This is a limitation of the one-

dimensional pipe modeling in the SCDAP/RELAP5 code.

Countercurrent Flow Split Areas: The Westinghouse data [4] showed

the hot leg countercurrent flow streams to have a sloping interface.

The flow area for the countercurrent flows, therefore, varied along

the hot leg pipe. The significance of this flow mechanism was
approximated by modifying the steam generator inlet and outlet flow

areas. The hot leg flow areas in the analysis, however, were assumed

to be of constant and equal area all along the length of the hot leg

pipe.

Pipe Bend Modeling: Any local effects caused by pipe bends were

neglected; form loss coefficients were included. However, in
Reference 8, it was reported that the type of pipe bend modeled,

smooth or sharp, was important only near the bend itself. Downstream,

the pipe length "washed-out" any effects from the bend.

4.2 SCDAP/RELAP5 Code Model Limitations

The following SCDAP/RELAP5 code model limitations apply to the code

version used in these analyses (code versions MOD0, cycles 48 and 51,

and MODI, cycle 5 [2]). These limitations were not all necessarily of

equal importance for this analysis but may be important for other
severe accident scenarios.

Heat Transfer Model of Non-Core Structures: The one-dimensional

treatment of conduction heat transfer in SCDAP/RELAP5 does not

formally allow for the effect of circumferential heat transfer between

the upper and lower sections of the hot leg split pipe model° User
input approximations could have been made, but were not in the

analysis. Additionally, a complete spatial distribution of energy
within heat structures cannot be modeled with the one-dimensional heat

structure approach [9]. The melting and relocation of heat structures

is also ignored although the code predicted that the vessel upper

plenum structures reached melting temperatures [2].

Oxidation: There are several areas concerning oxidation modeling
where the SCDAP/RELAP5 analyses are limited. These limitations could

provide non-conservative oxidation estimates. For example, the

oxidation of the steel control rods is calculated only after all of

the Zr clad is oxidized. Oxidation of any material during relocation



is not calculated. However, for the analyses evaluated in Reference 2

RCS failure occurred prior to relocation. The oxidation of non-core

materials (the upper plenum steel structures, for example) is ignored.

No models of oxidation of flowing U-Zr-O mixtures on the exterior of

fuel rods or in the gap between UO 2 and ZrO 2 crust exist [I0,Ii].

Fully oxidized layers are not considered in oxygen diffusion

cai_ulations for underlying layers and the inner surface of the clad
is assumed to oxidize at the same rate as the outside when the clad

balloons or ruptures. Additionally, steam flow to the inner clad is
not calculated.

Hydrogen Stratification: During oxidation, hydrogen is produced

and transported throughout the RCS. The SCDAP/RELAP5 code assumes all

gases completely mix in any control volume. Therefore, possible

trapping of the low density hydrogen gas in the top of the steam

generator U-tubes is highly dependent on the nodalization.

Multi-dimensional Flow Treatment: RELAP5 uses a multiple flow

channel approach with crossflow junctions to simulate multi-
dimensional effects. References I0 and ii stated that the crossflow

junctions provide a reasonable alternative to a full multi-dimensional

flow model for axially dominated flow situations. However, for in-

vessel natural circulation simulations and flow around blockages,

radial flow may be as significant as axial flow and may be dominant

[12]. These flow conditions, therefore, cannot be adequately modeled

using this technique because it does not conserve momentum and implies

that the SCDAP/RELAP5 calculations will be sensitive to the number of

flow channels modeled. However, Reference 13 reports negligible
differences between three and five channel core models in flow rates

or temperatures.

Viscous/Turbulent Effects Due to Local Blockages: RELAP5 does not

model viscous/turbulent effects due to local blockages. It was
assumed that these effects are within the other modeling uncertainties

of the chemical and thermal behavior of the core degradation models.

To account for these effects, a boundary layer model of very small

scale would be required rather than a lumped cell approach.

Candling: Candling is not modeled in the fuel-clad gap although

References i0 and Ii stated that DF experiments show evidence of this

behavior. Only bulk freezing is modeled and no crust formation models
are available. The rivulet flow model is also simplified and does not

include the change in the viscosity of the melt during the candling

process.

Clad Failure: Clad failure models due to fracturing, cracking and

dissolution of degraded cladding are parametric, not mechanistic.

Also, grid spacer/cladding interactions were simulated by a code
update (temperature failure).

Dissolution: The dissolution of the Zirconium oxide shell by

inner clad molten Zircaloy is not modeled accurately. A user input

oxide clad failure temperature determines breach.



Interactions between Molten Material and the Liquid Pool: As

molten material relocates below the core it can interact with the pool

below causing boiling or fuel coolant energetic interactions. The

SCDAP/REIAP5 model only transfers the energy of the molten material to

the lower plenum heat structures which may then dissipate energy to

the pool and boil the water.

Core Heat Structures: The SCDAP/RELAP5 code neglects convection
and radiation heat transfer between corium and the fluid

(steam/hydrogen) or the heat structures. Only lumped parameter
thermal and mechanical behavior are modeled and the I-D radiation

model does not account for geometry changes. Additionally, axial

radiation heat transfer is neglected and no radiation heat transfer to

the debris beds in the lower plenum is calculated [I0,ii].

Control Rods: The internal flow of Ag-ln-Cd inside the stainless

steel clad is not modeled. Candling inside the gaps, crust formation

of candled material, the liquefaction of the control rods by Fe-Zr and

Ni-Zr eutectic mixtures and the grid spacer attack of the guide tubes

are not modeled [I0,ii].

Debris Bed: The oxidation of Zircaloy in the debris bed is

neglected; thus, the models are only applicable to low temperature
beds (below 1300 K). The models offer poor treatment of debris bed

melting. No superheating of debris is allowed until the debris is

completely molten. Also, melt relocation, crust formation and molten

pool convection are not modeled.

4.3 SCDAP/RELAP5 Analysis Uncertainties

Zircaloy Clad and Inconnl Grid Spacer Interactions: The scoping

calculations presented in the analysis did not model these

interactions. Clad failure was caused only by ballooning of the

cladding. The nine sensitivity studies reported in Reference 2
included a simple temperature criterion to simulate melting of the

eutectic formation of the Zircaloy and Inconel which caused clad

failure at lower temperatures (1470 K).

Loop Seal Clearing: In the calculations loop seal clearing was

not predicted to occur. Other studies have shown that the loop seals

may clear randomly. Reference 9 showed a dramatic change in event
sequence when pump seal leaks occurred and allowed cold leg components
to void.

RCS Failure and Effect on DCH: The RCS failure characteristics

(such as the size, location, possibility of multiple failure

locations, and effect of containment response (DCH)) were not defined

from these analyses.

Decay Power Level: Of the parameters varied in the sensitivity

studies, decay power levels were found to have the largest effects on

the timing of crucial events. Accurate definition of the initial

power level and the life cycle at the time the transient began for the

accident sequence analyzed is necessary [2,13].
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Flow Blockage" The flow blockages predicted by ballooning may be

too conservative. Ballooning may not be as coplanar as the code
calculations assumed.

Development of the Hot Leg Countercurrent Flow Model'

Uncertainties concerning the applicability and scaling appropriateness

of the hot leg model exist because the model was developed from COMMIX

calculations and small scale, low pressure, low temperature, steady

state experiments. Section 6 addresses this issue in more detail.

Use of Large Flow Loss Coefficients' In the hot leg/steam
generator circulation model used in the SCDAP/RELAP5 analysis,

artificially large loss coefficients were used. These were chosen by
calibration of the model with the heat transfer rate computed by

COMMIX [3]. However, the resulting steam generator mass flow rate in

the SCDAP/REL_P5 simulation was higher than the COMMIX value by about

a factor of two. In addition the boundary conditions on the outside

of the steam generator tubes were different than those used in the

benchmarking calculation used to set loss coefficient parameters. In
the COMMIX simulation, the outside of the tubes were adiabatic whereas
in the actual situation there is heat transfer from the tubes to the

secondary side of the steam generator. Since the natural circulation

phenomena is buoyancy driven, it is important that the models be
consistent in the relation between circulation rate and heat transfer.

This was not achieved and will be discussed in more detail in the

analyses of Section I0.

Insertion of Valve into Hot Leg: In the scoping calculations, the

pressurizer surge line was not split like the hot leg. Because of

difficulties with reverse flow through the pressurizer loop a non-
existent valve was inserted into the model. The valve was closed when

the PORVs opened to prevent vapor in the vessel from entering the

bottom of the hot leg and flowing to the steam generator inlet plenum,

then back through the top of the hot leg to the surge line. This

introduced another uncertainty into the scoping calculation model.

Analysis Comparisons" The scoping calculations and the

sensitivity calculations were performed with different code versions
and, therefore, cannot be rigorously compared.

Results of Other Studies Were Not Predicted' Mass flow leaving

the core was shown by Reference 15 to increase during periods of
accelerated oxidation and decrease when the core became steam starved.

This was not predicted in the SCDAP/RELAP5 calculations.

Reverse Flow During PORV Venting' Both the Westinghouse

experiments [7] and COMMIX calculations [16] showed reverse flow in

the steam generator tubes and inlet plenum during PORV venting. This
resulted in a net heat transfer back to the steam from the steam

generator tubes due to isentropic expansion of the steam as the system
depressurized while the valve was open. The SCDAP/RELAP5 calculation

did not predict this result.
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Pressurizer Draining: The results of the Semiscale program [17]

of station blackout tests showed that the pressurizer remained full

throughout the period of primary mass reduction. The SCDAP/RELAP5

calculations show the pressurizer level decreasing in a more or less

steady manner from the beginning of the calculation during PORV

cycling and emptying completely around the time the vessel liquid

level drops to the bottom of the core barrel.

4.4 SCDAP/RELAP5 INPUT DECK ASSESSMENT

The SCDAP/RELAP5 input deck for the Sensitivity Case I analysis in
Reference 2 was obtained from EG&G. The deck was examined for

geometrical correctness against the Surry nuclear power plant FSAR

[18]. In general, the fluid volumes and radial and axial dimensions
of all RCS structures were consistent with the FSAR. One exception is

noted in the modeling of a flow path between the downcomer and the

upper plenum which was not found in the FSAR. INEL analysts could not

trace the origin of this flow path since the input deck was developed

from a standard Surry plant deck used for other SCDAP/RELAP5 analyses.

Minor differences existed in the total number of steam generator tubes
used in the SCDAP/RELAP5 model: 3342 compared to 3388 in the FSAR.

The tube thickness used in the SCDAP/RELAP5 modei was slightly smaller
(4% lower than the FSAR value).

The input deck received from EG&G contained decay power history input
which was not consistent with the values shown in Appendix A of

Reference 2. The reason for this discrepancy is not known. However,

the values printed in the report were assumed to be the values

actually used; these values were also used in the MELCOR sensitivity
studies discussed later.

The only non-physical parameters used in the SCDAP/RELAP5 analysis
were the flow loss coefficients used in the split hot leg and steam

generator piping models as noted in Section 4.3. The loss coefficient

usually represents flow resistance due to sudden area changes or bends
in pipes. However, the coefficients used in this analysis were an

order of magnitude higher than would be physically reasonable. This

was done to match the heat transfer rates of the COMMIX analysis [3].

The appropriateness of this choice will be examined in Section I0.
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5.0 Review of COMMIX Natural Circulation Analyses

This section reviews the report entitled "Analysis of Natural-

Convection Phenomena in a 3-Loop PWR During a TMLB ° Transient Using

the COMMIX Code" [3]. The objectives of this study were to perform

multidimensional analyses of natural circulation phenomena and to

generate data that are needed for guidance in I-D simulations of

reactor systems such as the SCDAP/RELAP5 analyses described in Section

4. Additional goals were to predict the heat transfer rates to

various internal structures and to examine hot leg recirculating-flow

patterns. The analysis studied the natural circulation phenomena

after the hot legs dried out.

The calculations presented assumed half-symmetry of the 3-1oop Surry

power plant and used hot leg characteristics from previous 2-D Zion

calculations [19]. Thus, only one and one-half of the coolant loops
were modeled. The analysis also assumed that the system pressure

would cycle between the PORV set points of 16,20 and 15.72 MPa, that

the secondary side of the steam generator was dry and acted as a

negligible heat sink, and that the internal structures were the only
heat sinks available. The pressurizer was not included and the PORV

was modeled at the end of the surge line.

The results of the COMMIX work were used to develop the SCDAP/RELAP5

hot leg and steam generator inlet plena nodalizations. Thus, in order

to fully understand and review the SCDAP/RELAP5 analysis, the COMMIX

report must also be reviewed. A listing of analysis assumptions,

modeling limitations and uncertainties for the COMMIX paper is

presented and discussed in the following sections.

5.1 COMMIX Analysis Assumptions

Initial Conditions: The initial conditions for this analysis were

assumed to be similar to the conditions calculated by a previous INEL

TMLB' analysis of the Seabrook Power Plant after hot leg dryout,

secondary side steam generator dryout, core uncovery and the beginning
of clad heatup [3]. These conditions were isothermal (620 K)
saturated steam at 16.1MPa.

Boundary Conditions: The secondary side of the steam generator

was assumed to be a negligible heat sink. Therefore, the external

boundary conditions of the steam generator tubes were modeled as

adiabatic. The external boundary conditions of all piping and the
vessel were also considered adiabatic. The PORV set points were: (i)

open when the pressure was greater than 16.203 MPa and (2) closed when

the pressure was less than 15.72 MPa. Steam production during core

liquid boiling was neglected in the calculations and oxidation was

assumed to begin i000 seconds from the start of the calculation. The

core decay power including the energy produced during cladding
oxidation was assumed to follow the following profile: from 0 to i000

seconds the power was 34 MW; from i000 to 1500 seconds, the power

varied linearly from 34 to 37.4 MW; and from 1500 to 2000 seconds, the

power varied linearly from 37.4 to 44.2 MW.
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Model Geometry: Half symmetry of the three loop plant was assumed
to be sufficient. The pressurizer was not modeled which resulted in

the PORV being placed at the end of the surge line. Thus, the effect

of the pressurizer water level on the transient was not simulated.

The only heat sinks modeled were the internal structures (e.g., steam

ganerator tubes, upper plenum internals, pipe walls, and core
internals). A fairly coarse axial mesh was used to model steam

generator tubes. Justification of the chosen nodalization or
discussion of any mesh dependencies were not provided.

Calculation Time Perlod: The time window used for the COMMIX

analysis was obtained from the sequence of events predicted by an INEL

model of the Seabrook Plant [Figure I of Reference 3], assumed to be

similar to the Surry plant. The analysis began just prior to cladding

heatup, approximately 8100 seconds into the TMLB' scenario.

5.2 COMMIX Code Model Limitations

Single Phase' The code calculations were only applicable to the

single phase portion of the TMLB' transient since continued boiling in

the core during the transient could not be simulated.

Heat Structures' A one-dimensional conduction model was used in

this analysis. The surge line was modeled as only one thermal

structure whereas the hot leg walls were modeled as several thermal

structures interacting thermally with each of the fluid cells in the

hot leg to simulate axial conduction. The melting and relocation of
structures could not be modeled.

Core Degradation Phenomenological Models' These models were not

available in COMMIX. Only the thermal capacitance of the core
materials and the flow resistances were modeled in the core.

Therefore, the effects of cladding and steel oxidation, ballooning,

clad failure, melting and relocation of core materials were not

simulated. Oxidation was approximated by the increasing core power

source. The analysis was limited to the portion of the transient

before fuel degradation begins.

Hydrogen Production and Fission Product Transport' Neither of

these phenomena could be modeled by the COMMIX code.

5.3 COMMIX Analysis Uncertainties

Experimental Validation: Reference 8 provided information stating

that COMMIX did not predict the fluid temperatures in the Westinghouse

steam-simulant experiments (using low pressure SF 6 gas) as well as the

low pressure water tests. Reference 8 also questioned whether the
variation of 400 K between the hot and cold countercurrent flows

predicted by COMMIX was realistic.

The COMMIX simulations were also compared with the Westinghouse

steady state, low pressure data in Reference 7. Some differences
between the data and the predictions were noted, but in general, good
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velocity and temperature agreement were observed. However, during

PORV venting, COMMIX predicted higher steam generator heat removal
rates than measured in the experiment. Unfortunately, high pressure
data was not available at this time for code validation.

Logp Se_l Clearing: The COMMIX calculations could not model the

loop seal portion of the RCS or the possible total loop circulation

through the coolant loops if the loop seals clear since COMMIX is a

single phase code.

Decay Power Transient' To account for clad oxidation, an increase

in the core power was assumed. However, this increase limited the

applicability of the results to the period of very early oxidation in
the core.

Turbulence: COMMIX contains four turbulence models but apparently

none were used in these calculations [16] or in the simulations of the

Westinghouse data and Zion plant simulation [8,19]. The interracial
shear could be important, however, particularly in the hot legs.
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6.0 Review of Westinghouse Experiments

The Westinghouse experimental facility [20] was designed to examine

phenomena occurring in a PWR during postulated accidents.

Specifically, the experiments were to focus on simulating scenarios in

which core uncovering occurs slowly (such as in a TMLB' scenario) and

the retardation of core degradation by natural circulation becomes

possible. In such scenarios, natural circulation loops within the

primary system and the multiple hot leg/steam generator assemblies can

be the dominating physics that determine the final outcome of the
accident. The fact that the event is transient should be emphasized

because heat-absorbing structures will increase in temperature and, in

time, approach the temperature of the working fluid. This heat
transfer is the driving force for the natural circulation loops in

both the primary system and steam generators, resulting in a gradual
slow-down in the circulation velocities as the heat transfer

diminishes. This in turn reduces convective cooling of the core.

Periodic venting will also occur in the scenario when the increasing

pressure exceeds safety valve limits. A major goal of the

experimental test program was to determine the anticipated

fluids/thermal behavior of the system for such scenarios. Baseline

experimental tests, then, should focus on transient tests which

include prototypic hot leg/steam generators and the venting phenomena.
However, as discussed below, the experimental program did not provide

such a baseline experiment. The establishment of this baseline

experiment is an indispensable step in the program, the importance of
which cannot be over-emphasized. Once the physics of this baseline

condition are established, additional events that might change the

baseline predictions should then be investigated. These include

events such as: hydrogen generation, core blockage, and fission

product deposition in the hot legs.

The one-seventh (linear dimension) scale experimental facility

consisted of a half-model with the cutting plane a short distance from

the centerline plane of symmetry. Such a half-model offers economies

such as requiring only two hot leg/steam generator assemblies.

Testing with the one-seventh scale half-model was performed in two

stages. First, a number of tests were performed with single phase
fluids (either water and SF6) at low pressure. The low pressure
limitation existed because much of the reactor vessel was built of

acrylic material incapable of withstanding high pressure. The clear

acrylic material was used because, early in the program, flow
visualization and LDA measurements were performed. However, at low

pressure, the fluids/thermal behavior of the model was not prototypic
with the full-scale reactor. After the addition of a pressure vessel

and other changes, a second series of experiments at high pressure

using only SF 6 were performed. Again, although non-dimensional

parameters did not match those anticipated for full-scale conditions,

they came much closer. These two series of experiments have been
summarized in two reports [20,21]. The following is a review of these

two reports including comments on similitude between the scale model

and full-scale prototype, the low pressure tests, and the high

pressure tests.
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6.1 Summary of the Low Pressure Tests

Reported in the low pressure test series were a total of twenty-two

steady-state and three transient tests. Steady-state tests are of
limited value because the TMLB' scenario is a transient event. The

tests were conducted in three phases: nineteen steady-state tests

using non-prototypic steam generators; three transient tests; and

finally three additional steady-state tests using one non-prototypic

and one 49 U-tube steam generator. In all twenty-five tests, the hot

legs were made of an acrylic material. This material served as an
insulator and would not exhibit the same heat transfer characteristics

as a steel hot leg pipe.

For the steady-state experiments in which the hot leg/steam generator

assemblies participated in the tests (only I0 of the 19), the steam

generators were cooled. The rate of cooling affects the importance of

the steam generator loops. To investigate the impact of cooling, the

rate was varied. This cooling rate was only quantified as "low,"

"medi_i;," or "high." In six tests, the cooling rate was low; in two,

the rate was medium; and in two, the rate was high.

In two of the three transient tests, the hot leg/steam generator

assemblies were blocked. Thus, the data from these tests is of

limited value in evaluating an actual TMLB e event. The third transient

test, using SF6, again used the non-prototypic steam generators.

Venting was not simulated during these low pressure transient tests.

In the final three steady-state tests, a 49 U-tube acrylic steam

generator replaced one of the non-prototypic generators. Although

representing an improvement towards geometric similitude, the new U-

tube generator still did not match any of the pertinent fluids/heat

transfer parameters compared to the full-scale B388 U-tube inconel

steam generator. Moreover, the one remaining non-prototypic generator

transferred 2 1/2 times more heat than the 49 U-tube generator. This

introduced an asymmetry into a geometry where symmetry was tacitly

assumed. The hot legs were also acrylic during this test series, thus

still posing a concern for different pipe heat transfer

characteristics as compared to a high conductivity material.

6.2 Summary of the High Pressure Tests

A total of fourteen steady-state and eight transient tests were

discussed, which again fell into three phases. First, eleven standard

steady-state tests were conducted, followed by three additional

steady-state tests which examined the effect of simulated fission

product debris in one of the two hot legs. The third group comprised

eight transient tests. The larger percentage of transient tests in

the high pressure test series compared to the low pressure test series

appears to represent an increased awareness of the importance of the

transient tests. There were also only two tests (as opposed to seven

in the low pressure tests) performed with the hot legs blocked, which

appears to show an increasing appreciation of the important
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fluids/heat transfer contributions of the hot leg/steam generator
assemblies. .'

Two crucial improvements were made to the facility for the high

pressure test series. First, modifications were made to accommodate

high pressure by the addition of a pressure vessel. The second

improvement is that two 216 U-tube inconel steam generators were added

to the system. An important feature of the new steam generators is

that some scaling calculations were performed to approximate the heat
transfer and flow resistance characteristics of a scaled 3388 U-tube

inconel steam generator. The hot legs were also of the proper scale

and material.

In the first test series of eleven steady-state tests, two were

without the hot leg/steam generator assemblies. In the remaining nine

experiments only the SF6 pressure and core heating power were varied.

In this test series, although not tacitly stated, the steam generator

cooling appeared to be at one fixed rate and was not varied as was

done in the low pressure tests. Phenomena secondary to the baseline

physics such as "steaming," and light gas generation, etc., were not

investigated in this test series. One secondary physics issue, that

of the effect of simulated radioactive debris settling in one of the

hot legs, was investigated in the second test series.

The third test series consisted of eight transient experiments which

were broken into two major blocks. In one block four tests were

conducted in which the venting was periodic, which is prototypic of

actual PWRs. In the second block, four tests were conducted in which

the venting was continuous, which is non-prototypic. As in the

steady-state tests, only the SF 6 pressure and core heating power were

varied in these eight transient tests.

6.3 Review of Low and High Pressure Tests

The results of the low and high pressure tests are discussed in detail

in [20] and [21]. Rather than repeating this information, it is

relevant to compare the two test series, and make some general

comments that may affect tying the experimental data to calculational
efforts.

In Section 6.0, the indispensability of baseline tests was discussed.

We emphasize here that the definition of "baseline test" is the

authors' definition and does not reflect the opinions of any other

organization or individual.

The low pressure tests were conducted at a time in which the

importance of various physical processes was still being established,

such as the ability of natural circulation to transfer energy to the

hot leg/steam generator components. The extensive discussion on

qualitative flow visualization tests, the changes in the experimental

geometry (such as the steam generator), and the frequent variation in

test parameters from test to test all verify this. As defined, a
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baseline test should consist of a transient test with periodic venting

using two prototypic hot leg/steam generator assemblies. By this

definition, no low pressure baseline test was performed. However, it

appears that at least four high pressure tests (T2, T4, T6, and T8)

qualify to be baseline tests.

The overall impression given in the test reports is that, because of

temperature limitations of certain critical components in the model,

steady-state tests were preferred. In a steady-state test,

temperatures could be more rigidly controlled; therefore likelihood of

damaging an expeT_sive component or instrumentation was reduced. This

impression applied to both test series, though less so for the high

pressure tests. The greatest problem with steady-state tests concerns

the cooling necessary to reach steady-state conditions. Secondary

cooling water or air was used to cool the guide tubes, the upper

plenum, the upper head, and the steam generators. It is unlikely that

the cooling rates for these components are prototypic of_ the actual

structures for the one instant in time that the steady-state

conditions are attempting to match. This is virtually confirmed in

the low pressure test series when the cooling rate of the steam

generators were varied so as to "bracket" actual conditions. Since

temperatures in such tests were so low (the greatest temperature

reached was 111.2 C), the effect of the different cooling rates, which

were varied over a range of a factor of six, was minimal.

Besides concern with the lack of establishing baseline tests early in

the experimental program and the concentration on steady-state tests

when transient tests would perhaps have been more productive, scaling

is an issue. The low pressure tests, especially for the Grashof

number, were seriously deficient in matching the pertinent scaling

parameters. This means that parameters such as flow rates,

temperatures, mixing rates, etc., which are crucial to overall system

behavior, might be quite different in a full-scale reactor as

compared to the Westinghouse experiments. Moreover, when fluid

mechanics and convective heat transfer are important, changing

parameters which affect these physical processes are not always

straightforward. This will become evident during the discussion of

the sensitivity studies in the cases when the flow rate through the

hot leg/steam generator assemblies was varied (Section 9.3).

A major difference between the low and high pressure test series was

in the hot leg/steam generator assemblies. These assemblies can

eventually absorb 35 to 41% of the total heat in the system. In the

low pressure tests, the assemblies did not match similitude

parameters, such as flow resistance and geometry. In the high

pressure tests, a successful effort resulted in the match of the most

important similitude parameters and a close approximation with others.

The results of the low pressure and high pressure tests should not be

closely compared. So many changes were made in the experimental

facility in the transition from low to high pressure that they must

really be viewed as two separate experimental facilities with

difference components and geometries. Most test parameters, such as

pressure, temperature, and flow rates, are not comparable.
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6.4 Similitude Issues

Although much effort has gone into developing a one-seventh scale
model as similar as possible to the full-scale prototype, the final

product must be considered only similar to the prototype; true

similitude does not exist (See [21], p. 3-37). The following is a

partial list enumerating the differences between model and prototype
to show why true similtude does not exist:

i. The lower plenum geometry was not completely modeled.

2 The upper head region features were not we].l replicated
in the model.

3. Flow between the upper plenum and upper head was not

prototypical.

4. The simulated power profile varied only in the radial

direction, whereas in the full scale case the power

profile was two-dimensional.

5. It was assumed that loop seals would never clear, so the

model did not include the geometry for cold legs. This
assumption is examined in some detail in Section ii.

6. Symmetry in the model was implicitly assumed by using a
plane of symmetry modeling only half of the prototype.

In addition, however, the cutting plane, instead of

being along the centerline, was off-center to include
100% of the rods that lie along the centerline. The

first problem, then, is that the symmetry assumption in

fluid mechanics can often preclude flows that normally

might occur in full models. Second, with the cutting

plane for the half-model not located on the symmetry

centerline, there is the possibility of non-prototypic
flows.

7. Boiling and condensation are local phenomena not

considered in the experiments. In essence, the accident
scenarios demonstrate true two-phase flow whereas the

experiments are single phase. The attempt to simulate

boiling using the "steaming" approach should be viewed

with some skepticism because the physical processes are
so different.

8. Although globally great pains have been taken to
approximate flow resistances in the core, geometric

similarity between structures is mostly absent. Thus,
boundary layers, shear layers and other local phenomena

that may affect boiling, melting, etc. are entirely
different.

9. For the low pressure tests, the two steam generators

were totally non-prototypic. In the high pressure
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tests, new steam generators were installed that matched

some heat transfer and fluid mechanic parameters, but

certainly geometric and dynamic similitude were absent.

i0. The analysis of [20] points out that the total power

necessary for similtude is approximately 35kW, and

according to the information given, the facility was

designed to deliver this level of power. However, the

maximum power reported in any of the tests, low or high

pressure, is 30kW. There remains the question why none
of the tests approached 35kW in an attempt to better
match similitude.

ii. Grashof numbers in the low pressure tests were on the

order of 10 6 , in the high pressure tests they were on

the order of 109, and in the full-scale case Grashof
numbers are on the order of 1012. These numbers are

based on using a length scale of 0.3048m for full-scale

and I/7th that for the two scale model numbers.

Reynolds numbers for the low pressure tests were - 435;
for the high pressure tests Re - 3 x 104; and for full-
scale Re - 3 x 105.

These observations underscore the importance of matching similitude

everywhere in a model as much as possible.

A minor issue concerns the initial derivation of the governing

equations as reported by Westinghouse. For the non-dimensionalization

of the equations in Reference 20, the pressure gradient term was non-
dimensionalized with:

p* = (p)/qoVo 2

where p* is the nondimensional pressure, p is the pressure, qo is a
reference density, and Vo is a reference velocity. Using such a non-
dimensionalization, the non-dimensional pressure coefficient, p*,

should appear in front of the pressure gradient term, but in Reference
20, it does not. Further, the pressure coefficient should then have
been included in the section discussing the importance of the various

nondimensional parameters.

In addition, as reported in Reference 22 a much more appropriate
choice for non-dimensionalization of the pressure gradient term is

p* = (p - po)/qoVo2

where Po is a reference pressure. Using this non-dimensionalization,

the pressure term will be of the same order as the inertial terms.
The choice in Reference 20 results in non-dimensional terms that are

not of the same order. This can result in removing terms of

significance from the analysis. Fortunately, in Reference 20 this did
not occur.
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6.5 Summary of the Westinghouse Experiments

The Westinghouse one-seventh scale experimental model of a PWR was

competently designed, built, and instrumented to study natural

circulation phenomena. However, the previous discussions of the

experiments have focused on the negative aspects of the tests merely

to emphasize that the results of the experiments should not have been

so heavily relied upon to benchmark the code simulations of the TMLB'
accident scenario under review.

The low pressure tests should be considered as the phase of every

large, complex experiment when the capabilities and limitations of the

apparatus and instrumentation of the facility are being discovered.

Obviously, early in the program, the emphasis on flow visualization
and the mandate on the facility to provide capabilities to model a

number of secondary issues diluted the primary concern of obtaining

baseline experimental data. However, the two crucial limitations

hampering the first test series -- the low pressure and the non-

prototypic hot leg/steam generator assemblies -- were eliminated by

extensive modifications to the faci]ity in the period of time between

the low and high pressure test series.

We wish to emphasize the major differences between the low pressure

and high pressure tests which lead to our recommendations that will be

presented in Section 14. The high pressure tests obtained a much

closer matching of the crucial non-dimensional parameters. Also, the

high pressure tests contained hot legs and steam generators that
matched flow resistance and geometry much better than those of the low

pressure tests. The high pressure test series was a much more

comprehensive transient test series. Further, because of these

differences, the results of the low and high pressure tests should not

be directly compared to one another. Trends such as a higher Grashof

number increasing flow in the hot legs can be observed, and general

observations concerning physics (such as the fact that natural
circulation does occur and is important) can be made, but detailed

comparisons cannot be made.

A number of analytical models were developed to explain various

physical phenomena observed in the experiments, including the initial

scaling models, steam generator scaling, and natural circulation in
the steam generators. Although not all of the analytical models have

been checked in detail, fundamental theoretical development was sound

and the agreement with experiment was reasonable.

The test facility did not match similitude with the full-scale case in
a number of areas. This observation concerns the fundamental

limitations of similitude with respect to geometry and economics

rather than any implied criticism of the facility. It is still

important to recognize these limitations in the context that the test

results, even for the high pressure tests, should not be applied

directly to full-scale reactor situations. This was recognized with

respect to the low pressure tests. COMMIX and SCDAP/RELAP5 were used

to "scale up" the results of the low pressure tests and predict full-

scale results. Thus, the proper methodology is to use the best

i
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experimental data available to validate computational models. Once

confidence in these computational models to match relevant, well-

thought-out experiments is realized, then the models can be used to
make full-scale predictions.
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7.0 Summary and Prlorltization of SCDAP/RELAP5 Analysis Uncertainties

Section 4 listed, in extensive detail, the analysis assumptions,

uncertainties, and code limitations present in the SCDAP/RELAP5

analysis of the natural circulation phenomena summarized in NUREG/CR-

5214 [2]. In addition, the assumptions and uncertainties with the

COMMIX analysis and Westinghouse data results were also presented in

Sections 5 and 6, respectively, since both were used to develop the

SCDAP/RELAP5 model.

The assumptions and uncertainties carl be grouped into two main

categories: those pertaining to core modeling and those pertaining to

the hot leg countercurrent flow. These analyses have shown, in the

majority of the cases considered, that the surge line or hot leg will

fail long before the vessel. This indicates that the area of interest

should lie in those assumptions and uncertainties affecting the timing

and outcome of the surge line or hot leg failure. Therefore, for the

purpose of this assessment, the key parameters determining the time of
these failures are (i) the inlet hot leg vapor temperature and (2) the

mass flow rate in the countercurrent flow loop.

The major uncertainties for the SCDAP/RELAP5 analyses affecting the

first key parameter, the calculation of the inlet hot leg vapor
temperature, lie in the SCDAP/RELAP5 modeling of the core region.

These modeling choices determined the amount of energy leaving the
reactor vessel and the inlet temperature of steam entering the hot leg
and can be summarized as follows:

I. Decay heat history applied during the transient,

2. Oxidation modeling and hydrogen production

uncertainties,

3. In-vessel circulation modeling simplifications,

4. Core degradation modeling, and

5 Neglect of fission product transport.

The SCDAP/RELAP5 hot leg countercurrent flow modeling uncertainties
which determine the circulation flow rate and piping temperatures are:

I. Circulation flow rate relied heavily on Westinghouse low

pressure, non-prototypic experiments and was benchmarked
to COMMIX code results using artificially high flow loss

coefficients which matched the COMMIX predicted heat
transfer but not the flow rate,

2. Neglect of any heat or mass transfer between the

countercurrent flows in the hot leg model,

3. Neglect of radial conduction in the split hot leg pipe

walls,
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4. Basing the steam generator inlet plenum mixing model on

the results of Westinghouse low pressure i/7th scale

data,

5. No simulation of total loop circulation since the

calculations did not predict loop seal clearing,

although other studies (discussed in Appendix A) have

indicated conditions under which it may occur, including

the possibility of a pump seal leak,

6. Inability to calculate hydrogen stratification within

the RCS, and

7. Neglect of fission product transport through the coolant

loops.

Similarly, the uncertainties associated with the COMMIX analysis can

be grouped in terms of the same parameters. The uncertainties

associated with vessel modeling which determined the inlet vapor

temperature to the hot leg are:

I. Decay heat transient,

2. Oxidation simulation which increased the decay heat

energy by only 30%,

3. Inability to model hydrogen production during oxidation,

4. Neglect of fission product transport, and

5. Capability to model single phase vapor only.

The COMMIX hot leg countercurrent flow modeling uncertainties which

determined the circulation flow rate and piping temperatures are:

I. Assumption of no heat transfer to the secondary side of

the steam generator, which may impact the calculated

circulation flow rate,

2. Benchmarking the code to only low pressure, steady state

Westinghouse data, and

3. Inability to model fission product transport in the

coolant loops.

The major Westinghouse low pressure data limitations discussed in

detail in Section 6, upon which both the COMMIX and SCDAP/RELAP5

models were based, are:

i. Low pressure tests did not match pertinent fluid scaling

parameters such as flow rates, temperatures, mixing

rates, etc., which are crucial to overall system

behavior,

25



2. Mostly steady state tests were performed, not typical of
the TMLB t scenario, and

3. The steam generators were totally non-prototypic.

In an attempt to quantify the relative importance of the analysis

uncertainties noted during this review, the sensitivity of the failure

location and timing to these parameters was examined using simplified

methods. This will enable the sensitivity of key parameters used in

the SCDAP/RELAP5 analysis to be assessed. Two methods have been used

and will be described in the following sections.

In the first technique, the MELCOR computer code was used to model the

Surry primary system natural circulation loop in less detail than the

SCDAP/RELAP5 model. MELCOR was chosen as the calculational tool for
this assessment effort because it (i) contains built-in modeling

features to calculate coupled heat/mass transfer phenomena between

fluids and structures, (2) is designed to easily model nuclear power

plant components, and (3) has an extensive sensitivity study
capability for examining several of the uncertainties summarized

above. The MELCOR model developed for this study is described in
Section 8.

Sensitivity studies using MELCOR described in Section 9 were performed
to examine the following issues determined to be major contributors to

uncertainties associated with the SCDAP/RELAP5 analysis:

1. Decay heat magnitude,

2. Oxidation heating magnitude,

3. Circulation rate,

4. Modeling radial conduction on the split hot leg pipe,
and

5. Modeling heat and mass transfer between the hot/cold

countercurrent flows in the hot leg.

In addition, a pump seal leak simulation was completed with MELCOR.

The results of this analysis are discussed in Section ii.

The second method involved modeling the steam generator as a locally

I-D thermosyphon. The intent of the thermosyphon model was to provide

an independent estimate of the circulation and heat transfer rate in

the steam generator, and thereby provide a way to resolve the

discrepancy between the predictions given by the SCDAP/RELAP5 and

COMMIX models. In addition, sensitivity studies could be performed to

examine the chosen steam generator inlet plenum mixing fraction as

well as the proportion of steam generator tubes carrying hot versus

cold fluid. These parameters were entirely based on low pressure

Westinghouse data in the SCDAP/RELAP5 analyses. The results of these
calculations are discussed in Section i0.
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8.0 Surry Natural Circulation MELCOR Model Development

The MELCOR code [23] was used to model the natural circulation

phenomena in the Surry nuclear power plant reactor coolant system

during the TMLB' accident scenario. MELCOR is a fully integrated,

engineering-level computer code that models the progression of severe

accidents in light water reactor nuclear power plants. MELCOR is

being developed at Sandia National Laboratories for the U.S. Nuclear

Regulatory Commission (USNRC) as a second-generation plant risk

assessment tool and the successor to the Source Term Code Package

[24]. The spectrum of severe accident phenomena, including reactor

coolant system and containment thermal-hydraulic response, core

heatup, degradation and relocation, and fission product release and

transport, is treated in MELCOR in a unified framework for both

boiling water reactors and pressurized water reactors. MELCOR has

been especially designed to facilitate sensitivity and uncertainty

analyses.

The thermal/hydraulic calculational method in MELCOR uses a control

volume/flow path approach similar to SCDAP/RELAP5. However, the same

models are used for all volumes and junctions, unlike SCDAP/RELAP5,

which contains various separate volume/flow junction models to

represent pipe, annuli, and branches or valve, pump, and turbine

components. MELCOR does not have the capability to model multl-

dimensional flows within control volumes, while simple approximations

allow SCDAP/RELAP5 to simulate 2-dimensional vessel natural

circulation flows. (See Section 4.2.) One dimensional heat structure

modeling is available to simulate all internal and RCS piping, similar

to the capabilities of SCDAP/RELAPS.

The major difference in model sophistication for the objectives of

this study lies in the core heatup, degradation, and relocation

models. For this MELCOR assessment, a deliberate decision was made

not to attempt to assess the core relocation and degradation models of

SCDAP/REI_P5. Rather, determination of the hot leg inlet vapor

temperature, which results from the events taking place in the core,

was the focus of interest for examining the loop natural circulation

phenomena. Therefore, core degradation and relocat|on modeling was

not attempted, although MELCOR possesses the capability to do so.

To ensure consistency between the SCD,_P/RELAP5 and MEI_COR

calculations, a basecase MELCOR calculation should match the important

parameters (mass flow rates, hot leg vapor temperatures and RCS piping

temperatures) as closely as possible with 'Sensitivity Case I' of the

SCDAP/REI_AP5 analyses [2]. 'Sensitivity Case ]' was the basecase of

the SCDAP/RELAP5 sensitivity calculations.

8.1 MELCOR Model and Nodalization

The MEI_COR model nodalization for the Surry natural circulation

calculation is shown in Figure 8.].1. The Surry RCS consists of three

coolant loops. However, for this calculation, all three loops were

lumped into a single equivalent loop. Combining the three loops was
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reasonable because all the SCDAP/RELAP5 results showed only slight

differences in the energy transfer to coolant Loop C (containing the

pressurizer and surge llne) compared to Loops A and B [2].

A MELCOR input deck for the Surry plant was available as a starting

point for the development of thls natural circulation model. The deck
was originally developed by INEL in 1988 from the SCDAP/RELAP5 model

and extensively modified so that it would run at reasonable
computational speeds at Sandia National Laboratories for the MELCOR

PWR plant demonstration calculation performed for the MELCOR Peer

Review Committee [25]. These modifications dld not alter the plant

geometry. Therefore, consistency was assured between the geometric
details of the MELCOR and SCDAP/RELAP5 input decks.

SURRY NATURAL CIRCULATION MELCOR MODEL

Figure 8.1.1 Nodalization of the reactor coolant system for the

Surry MELCOR calculations with hot leg natural
circu].ation.
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The MELCOR model for these natural circulation analyses consisted of

22 control volumes, 28 flow paths, and 72 heat structures to model the

primary coolant system.

The reactor vessel was modeled by five control volumes, as shown in

Figure 8.1.1, representing the downcomer (CV I00), lower plenum (CV

ii0), core and upper plenum (CV 125), core bypass (CV 130), and upper

head (CV 150). For this calculation the core and upper plenum region

were combined into one control volume to model fluid mixing caused by
in-vessel natural circulation. This provided the best match to the

SCDAP/RELAP5 calculated vapor temperature histories entering the top

of the hot leg, which were produced by SCDAP/RELAPS's natural
circulation modeling of the core and upper plenum. Several iterations

on the core and upper plenum MELCOR nodalizatlon were performed before

this one was chosen. The detail of the model was increased, at one

extreme, resulting in five control volumes to model the core region

and decreased, at the other extreme, by combining both the core and

upper plenum into a single control volume. The desired results were

achieved with the simplified nodalization of the combined core and

upper plenum.

As mentioned previously, detailed core structure modeling using

MELCOR's Core Package was not included in this nodallzation. Instead,
the core fuel rods were modeled as I-D heat structures. The decay

heat energy was added as a heat structure internal power source.

Oxidation was simulated by adding energy to the core steam as an

energy source. The associated hydrogen production during oxidation is
discussed in Section 9.2.

All other vessel structures (vessel walls, thermal shield, core

baffle, core barrel, support plates, CRD housings, lower plenum, upper

head, and upper plenum internal structures) were modeled as I-D heat
structures, similar to the SCDAP/RELAP5 heat structures model.
Convective heat transfer between the fluid and structures was code

calculated. The outer vessel walls were assumed to be adiabatic,

consistent with the SCDAP/RELAP5 analysis.

The coolant loop model shown in Figure 8.1.1 was based on the

SCDAP/RELAP5 sensitivity case I nodalization [2] shown in Figure

8.1.2. The hot leg is split into two equal area pipes. CV 201 and CV

222 represent the split hot leg segment to the surge line and CV 202

and CV 221 represent the segments to the steam generator inlet plenum.

The top pipe carries the hot vapor leaving the upper plenum and the

bottom half carries the cooler vapor back to the upper plenum. The

steam generator inlet plenum is split into 3 control volumes to
simulate the steam generator inlet plenum mixing. The SCDAP/RELAP5
calculations based the volume flow areas on the results of the COMMIX

analysis. The same areas were used in the MELCOR model. CV 210

represents the unmixed hot flow entering the plenum from the top hot

leg, CV 211 represents the mixing volume, and CV 212 represents the
unmixed cold flow returning from the cold steam generator tubes and

flowing toward the vessel via the lower portion of the hot leg. This
model assumes a mixing fraction in the inlet plenum of 90%. The
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Figure 8.1.2 Nodallzation of the hot leg and steam generator
for the Surry SCDAP/RELAP5 calculations with hot

leg natural circulation.

unmixed volumes (CV 210 and CV 212) each carry 5% of the total inlet

plenum flow. The natural circulation steam generator tube flow
nodalization assumes 35% of the total tubes (CV 213 and CV 214) carry

the hot fluid to the steam generator outlet plenum (CV 215) and the

other 65% of the tubes (CV 216 and CV 217) carry the cooler fluid back

to the inlet plenum where it mixes with the incoming hot flow before

returning to the vessel. The SCDAP/RELAP5 model based these

parameters on the Westinghouse low pressure natural circulation

experiments [4].

The loop piping loss coefficients were taken from the SCDAP/RELAP5
calculation. These values were very large, approximately an order of

magnitude larger than physically reasonable for modeling this kind of

piping system. However, Bayless [2] chose these coefficients for the
SCDAP/RELAP5 model, to match the COMMIX calculated heat transfer to the

steam generator tubes and hot leg piping for a given hot leg inlet

temperature. In Section I0, the adequacy of this choice will be
examined.

In this nodalization, the cold leg portion of the RCS loop was not

included. In a later calculation, discussed in Section ii, in which

the pump seal leak scenario is simulated, the cold leg and pump
suction sections were added.

30



The surge line was modeled by one control volume (CV 400). This
differed from the SCDAP/RELAP5 model in which the surge line was split

into two separate volumes, a top half and bottom half, each connected

separately to the top and bottom halves, respectively, of the hot leg.

The pressurizer (CV 410), was also modeled as a single control volume

with the two PORV's modeled as a single valve with twice the rated

capacity of one PORV. The PORV open and close setpoints were 16.20
and 15,72 MPa, respectively.

The secondary side of the steam generator was modeled as one control

volume (CV 255). A more detailed two volume model was used in some

initial calculations, but had an insignificant effect on the results.

The relief valve set points were 7.24 and 6.89 MPa, respectively.

All piping components were modeled as I-D heat structures. Convection
to the fluid was code calculated and the outer walls of all

components, except the steam generator tubes, were assumed to be
adiabatic. The outside of the steam generator tubes were allowed to

transfer energy via convection (natural or forced) to the fluid in the

steam generator secondary.

8.2 MELCOR Basecase Model Results

The initial conditions for the MELCOR calculation were based on

SCDAP/RELAP5 'Sensitivity Case i' [2]. The calculation began at 160
minutes into the TMLB' transient. This corresponded to the time at

which the core began to uncover and heat up. The entire system was at

saturated conditions. The pressure of the RCS system was 16.2 MPa,

and the initial temperature of the vapor and structures was assumed to

be 625 K. This temperature was a few degrees above the saturation

temperature and the initial temperatures used in the SCDAP/RELAP5

analyses, but was used to eliminate small amounts of condensation
which tend to form during the initial MELCOR startup transient. The

core was initially 75% full of saturated water. To simplify the

MELCOR calculations, the pressurizer was assumed to contain only

vapor. The SCDAP/RELAP5 calculations showed that the pressurizer was

approximately 70% full of water and continually drained throughout the
transient. The secondary side of the steam generator contained

superheated steam at a pressure of 7.07 MPa and vapor temperature of
625 K.

The core decay power history was taken from Table A-4 in Reference 2

and is shown in Figure 8.2.1. This is the same power history used in

the SCDAP/RELAP5 'Sensitivity Case i' calculation in Reference 2 and
was calculated from ORIGEN2 [26]. It should be noted that this decay

heat history was approximately 9% lower than the one used in the
initial SCDAP/RELAP5 scoping calculations which were based on the ANS

5,1 [27] standard (which is known to be conservative with respect to

power levels). The basecase SCDAP/RELAP5 axial power profile was used
in the MELCOR model as well.
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As previously noted, the oxidation energy was not mechanistically

calculated in these MELCOR analyses. However, the effect of oxidation

was simulated by adding an appropriate amount of energy to the core

and upper plenum fluid (CV 125). The amount chosen is shown in Figure

8.2.1 and came from SCDAP/RELAP5 'Sensitivity Case 3' results.

Though this case considered the effect of reduced inlet plenum mixing,

it was the only oxidation energy history shown in Reference 2 and was

used since the 'Sensitivity Case i' values could not be obtained for a

timely completion of the analysis. This accelerated oxidation rate

was larger than the value predicted by the SCDAP/RELAP5 'Sensitivity

Case I'. The results of a sensitivity study on oxidation heating will
be discussed in Section 9.2.

The resulting fraction of core input energy (decay heat plus oxidation

energy) that had been removed by the steam coolant at any time is

shown in Figure 8.2.2. The core heat removal remained near 72% for
most of the calculation. This compared well with the SCDAP/RELAP5

result of 75% [2].

Figure 8.2.3 presents the system pressures during the MELCOR
calculation. The RCS pressure oscillates between the PORV pressure

setpoints as the vapor is continually heated by the decay heat

generated in the fuel rods. The secondary side of the steam generator
also contains superheated steam. The steam was gradually heated and

pressurized as energy was transferred through the steam generator
tubes. The pressure was relieved through the secondary side relief

valves. Figures 8.2.4 and 8.2.5 show the mass flow rate of steam

through the pressurizer PORV valves and steam generator secondary
valves, respectively. The containment pressure (Figure 8.2.3) slowly

increased as steam was released from the primary system through the
PORVs.

The collapsed liquid level in the reactor vessel is shown in Figure

8.2.6. In the MELCOR calculation, despite the simple core simulation

used, the core liquid coolant level dropped below the core within 1 to

2 minutes of the SCDAP/RELAP5 prediction.

The RCS upper hot leg coolant flow rate predicted by MELCOR is

compared with the SCDAP/RELAP5 and COMMIX results in Figure 8.2.7.

Since all three coolant loops were combined in the MELCOR model, the

mass flow rate shown was that of an average coolant loop, assuming the

flow in all three loops were equal. The flow rate between periods

when the PORV valves are open (the spikes in the curves) compares very

well with the SCDAP/RELAP5 calculated flow rate for coolant Loop C

(which contains the surge line and pressurizer) while the PORV valves

are closed. Note that the two curves showing the SCDAP/RELAP5 results

represent the bounding values when the PORV is closed (lower curve)

compared to when the PORV is open (the higher curve). The actual flow

rate was oscillatory in nature, similar to the MELCOR results, but

bounded by these two curves. The COMMIX calculated flow rate when the
PORV valves are closed is also shown for comparison.
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Figure 8.2.1 Core decay heat and oxidation energy used
in the MELCOR basecase calculation.
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Figure 8.2.2 Fraction of core input energy removed by the
coolant in the MELCOR basecase calculation.
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Figure 8.2.3 System pressures of the MELCOR basecase calculation.
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Figure 8.2.4 Mass flow rate of steam through the PORV valves
in the MELCOR basecase calculation.
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Figure 8.2.5 Mass flow rate of steam through the steam
generator secondary PORV valves in the MELCOR
basecase calculation.
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Figure 8.2.6 Comparison of the MELCOR basecase core collapsed

liquid level history with the SCDAP/RELAP5

Sensitivity Case 1 results.
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Figure 8.2.7 Comparison of the hot leg mass flow rate between
the MELCOR basecase, SCDAP/RELAPS, and COMMIX results.

Due to mixing in the inlet plena of the steam generators, the mass

flow rate through the steam generator tubes and through the hot leg

may be different. The SCDAP/RELAP5 basecase results predicted a mass
flow rate through the Loop C steam generator tubes to be approximately

120% larger than the flow rate through the hot legs. The results of
the MELCOR steam generator versus hot leg mass flow rates are shown in

Figure 8.2.8. The MELCOR calculation also predicted a 120% increase
in flow rate through the steam generator tubes after 190 minutes.

Note that the SCDAP/RELAP5 (abbreviated as S/R5 in the figure) steam

generator tube flow rate plotted in the figure is 120% greater than
the S/R5 hot leg flow rate for the entire transient. The actual time

history of the flow rate through the steam generator was never

presented in NUREG/CR-5214 [2] Therefore, the discrepancy shown at

the beginning of the transient between MELCOR and SCDAP/RELAP5 may not
be real. Later in the transient, however, consistent results of

circulation flow rates are shown between the two codes.

The COMMIX flow rate results are also shown in Figure 8.2.8. Note

that the steam generator flow rate was only 25% larger than the hot

leg flow rate, indicating one of the inconsistencies between the
SCDAP/RELAP5 and COMMIX results.
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Figure 8.2.8 Comparison of the hot leg and steam generator
mass flow rates between the MELCOR basecase,

SCDAP/RELAP5, and COMMIX results.

The MELCOR vapor temperatures predicted at various locations in the

RCS are shown in Figure 8.2.9. The core and upper plenum temperatures

were the highest, being heated by decay and oxidation energy from the

fuel rods. The large increase in temperature, beginning at

approximately 245 minutes, was due to the accelerated oxidation energy

addition to the core. The hot leg inlet temperature was slightly

cooler than the upper plenum temperature because of heat transfer to

the piping. The surge line vapor temperature was very sensitive to

the opening/closing of the PORV valves. The hot and cold steam

generator tube vapor remained fairly cool because of the large heat
losses through the tubes to the secondary and extensive mixing in the

steam generator inlet plena. The bottom hot leg vapor temperature of

the flow returning back to the vessel was slightly hotter than the

vapor temperature of the flow exiting the tubes since this vapor was

reheated in the inlet plena where mixing of the hot and cold flows
occurred.
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Figure 8.2.9 Reactor coolant system vapor temperatures for
the MELCOR basecase calculation.

Figure 8.2.10 presents a comparison of the MELCOR and SCDAP/RELAP5
calculated hot leg top and bottom vapor temperature histories. The

MELCOR vapor temperatures were approximately I00 K larger than the

SCDAP/RELAP5 vapor temperatures after 200 minutes. This was in part

due to the MELCOR vessel model simplifications. The upper plenum and

core fluid completely mixed, whereas the SCDAP/RELAP5 model divided

the core and upper plenum into several radial and axial subvolumes to
simulate natural circulation flow patterns. In addition, draining of

the pressurizer was not simulated in the MELCOR calculation. The

SCDAP/RELAP5 analysis showed constant draining of the pressurizer

water into the hot leg until it emptied at approximately 225 minutes.
This slow addition of saturated liquid to the hot leg tended to cool

vapor. This helps explain why the MELCOR predicted hot leg top vapor

temperature rise shown in Figure 8.2.10 was larger during the

beginning of the transient, matching the SCDAP/RELAP5 temperature rise
rate after 220 minutes, and why differences in the inlet vapor

temperature were expected. The temperature difference between the top

and bottom l_ot leg countercurrent flows, however, was consistent with

the SCDAP/RELAP5 results showing consistency in the heat transfer
characteristics of the system.

The vapor temperature history of the secondary side of the steam

generator is shown in Figure 8.2.11. The temperature rise of the

secondary indicated the amount of decay heat energy transferred from
the primary system through the steam generator tubes.
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Figure 8.2.10 Comparison of the MELCOR basecase hot leg top and
bottom vapor temperature histories with the

SCDAP/RELAP5 Sensitivity Case I results.
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Figure 8.2.11 Steam generator secondary side vapor temperature
history for the MELCOR basecase calculation.
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Figures 8.2.12 through 8.2.16 present comparisons of the MELCOR

structure temperature histories with the SCDAP/RELAP5 results. Since

the hot leg inlet vapor temperature calculated by MELCOR was higher

than calculated by SCDAP/RELAP5, and the heat transfer to the piping
was similar, the predicted structure temperatures were also

consistently higher than the SCDAP/RELAP5 basecase results.

The upper plenum structure temperatures predicted by MELCOR and

SCDAP/RELAP5 are shown in Figure 8.2.12. AI] internal upper plenum

structures were combined and modeled as a single heat structure. The

CRD housings were considered separate structures and are higher in
temperature because they are thinner. The SCDAP/RELAP5 results showed

a gradient produced by modeling in-vessel core and upper plenum
natural circulation between structures in the center, middle, and

outer radial positions within the upper plenum. The calculated CRD

housing temperatures were much higher. Reference 2 did not present

the CRD temperature history results but stated that the CRD housings

reached a temperature of 1803 K at 250 minutes into the transient.

The MELCOR results agreed with these trends.

The temperatures reached by these upper plenum structures were well
above the temperature at which oxidation of stainless steel could

occur. However, oxidation of stainless steel was not calculated in

either of these analyses.

0.6
160 180 200 220 240

Time (rain)

Figure 8.2.12 Comparison of the MELCOR basecase upper plenum

structure temperatures with the SCDAP/RELAP5

Sensitivity Case I results.
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Figure 8.2.13 presents the hot leg piping temperature comparisons.

The top hot leg piping temperature was hotter than the SCDAP/RELAP5
basecase but exhibits the same temperature rise rate. The bottom pipe

temperature also increased similarly to the SCDAP/RELAP5 results,

though much closer in temperature due to the fact that the return hot

leg flow rate is slightly smaller than the top hot leg flow rate,

resulting in lower heat transfer to the pipe.

The MELCOR calculated surge line piping temperature is shown with the

top and bottom pipe temperatures resulting from the SCDAP/REI_P5

calculation in Figure 8o2.14. Since the MELCOR model contained only a

single heat structure to model the surge line it is reasonable that

the MELCOR predicted temperature should lie between these two values,

as an average pipe temperature. It is, however, slightly higher than

the average temperature because the vapor is not cooled by draining

liquid water from the pressurizer as was noted in the SCDAP/RELAP5

calculation. Note that the surge line pipe temperature was sensitive

to the PORV cycling whereas the hot leg pipe temperature was not.

This was due to the large increase in flow rate through the surge line

from stagnant conditions when the PORV opened. In addition, the surge

line pipe is only one-third the thickness of the hot leg.

Hot Leg Piping Temperature Comparlsan1.50
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Figure 8.2.13 Comparison of the MELCOR basecase hot leg pipe
temperatures with the SCDAP/RELAP5 Sensitivity
Case 1 results.
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Figure 8.2.14 Comparison of the MELCOR basecase surge line pipe
temperature with the SCDAP/RELAP5 Sensitivity
Case I results.

Finally, the steam generator tube temperature comparison is presented

in Figure 8.2.15. Again, because of the slightly higher vapor

temperatures predicted around the loop, the MELCOR tube temperature

was also larger. The similar temperature rise rate showed that the

heat transfer to the secondary side was similar to the SCDAP/RELAP5

results.

Figure 8.2.16 summarizes the hot leg, surge line, and steam generator

tube temperature histories as compared with the SCDAP/RELAP5 analysis.
The trends were similar: the surge llne remained hotter than the hot

leg and the steam generator tubes remained a lot cooler. Due to the
different modeling choice for the surge llne described in Section 8.1,

the MELCOR calculation did not show as large of a temperature

difference between the surge line and hot leg as was shown by the

SCDAP/RELAP5 results. In fact, as the cladding oxidation escalated,

around 245 minutes, the hot leg and surge llne temperatures were

almost identical.

The SCDAP/RELAP5 calculation predicted creep rupture failure of the

surge line to occur at 246.3 minutes when the top of the surge line

was approximately 1219 K. MELCOR cannot perform stress calculations

to predict pipe failure• However, making the same failure temperature

assumption, the "average" surge line pipe wall would reach 1219 K at

approximately 249.7 minutes. The delayed failure time was probably
due to modeling the entire pipe as one structure in MELCOR. The hot

leg pipe at this time reached a temperature of 1212 K, very close to
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Figure 8.2.15 Comparison of the MELCOR basecase steam generator
tube temperature histories with the SCDAP/RELAP5

Sensitivity Case 1 result.
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Figure 8.2.16 Comparison of the MELCOR basecase critical
component temperature histories with the
SCDAP/RELAP5 Sensitivity Case 1 results.
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its failure temperature. The steam generator tubes have only reached

855 K at this time and were the least likely components to fail. The

failure temperature of the tubes, however, should be lower than the

failure of the hot leg and.surge llne if defective tubes are taken

into account as discussed in support of the NUREG-iI50 study [28].

Table 8.2.1 compares the fraction of core input energy (decay heat

plus oxidation energy) transferred to the various components of the

RCS. The comparisons are shown at 246.3 minutes to be consistent with

the SCDAP/RELAP5 calculation since the energy quantities were

integrated from the beginning of the calculation. The hot leg and

surge line piping values compared fairly well considering the

oxidation heating used in the MELCOR calculation was larger. The

amount of energy transferred to the steam generator tubes was lower.

However, the value shown for MELCOR was based on subtracting the

energy convected from the tubes to the steam generator secondary side

(12%) from the energy convected from the primary side steam generator

tube vapor to the tubes (24.2%). Information was not available from

the SCDAP/RELAP5 results concerning the energy transferred to the

upper plenum structures and pressurizer.

TABLE 8.2.1 RCS Energy Distribution Comparison (at 246,3 minutes)

FRACTION OF CORE INPUT ENERGY (_)

COMPONENT SCDAP/RELAP5 MELCOK

Steam Generator Tubes

& Tube Sheets 17.4 12.2

Hot Leg Piping 3.6 4.4

Surge Line Piping 0.6 0.8

Steam Generator

Inlet Plena 1-.43 0.9

Pressurizer - 2.1

Upper Plenum Internals - 7.3

All Upper Plenum

Structures (Internals

plus CRD Housings) - 13.3
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The timing statistics for the MELCOR calculation for the period from

160 to 250 minutes are shown in Figures 8.2.17 and 8.2.18. The warp

factor plotted in Figure 8.2.17 was defined as the ratio of problem

time to CPU time. This 90 minute calculation ran approximately at
real time on a VAX 8700 computer. A maximum time step of one second

was used for the calculation. The code cut this time step

intermittently to 0.85 second during the last i0 minutes of the

calculation. Figure 8.2.18 shows the actual CPU time used for the

calculation. The Heat Structure package used the largest proportion

of CPU time due to the large number of heat structures modeled.

The comparisons of vapor temperatures, flow rates, and component

temperatures for the basecase show that the MELCOR model provides
consistent results with the SCDAP/RELAP5 calculations. Therefore, the

MELCOR model can now be applied to investigate sensitivities to

various modeling uncertainties.
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Figure 8.2.17 Warp factor (ratio of problem time to CPU time)
for the MELCOR basecase calculation.
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Figure 8.2.18 CPU time used in the MELCOR basecase calculation.
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9.0 Results of the MELCOR Sensitivity Studies

Sensitivity studies were performed to investigate the effect of: (I)

decay heat variation including the oxidation reactfon energy transient

coupled to the decay heat transient; (2) the magnitude of the

oxidation energy contribution and also the presence of hydrogen; (3)

steam circulation rate in the hot leg/steam generator assembly; (4)
radial conduction effects in the hot leg piping; and (5) heat/mass

transfer between hot and cold countercurrent flows in the hot leg. All

of the studies were begun 160 minutes into a TMLB' accident as the

core began to uncover and heat up. The initial conditions for this
time were obtained from the SCDAP/RELAP5 [2] results.

The criterion for failure in these MELCOR sensitivity studies was also

based on the SCDAP/RELAP5 study. In the SCDAP/RELAP5 basecase

calculation, the surge line failed at a temperature of 1219 K at a

time 246 minutes into the simulation. The only two regions of the RCS

pressure boundary that failed in the SCDAP/RELAP5 sensitivity studies

[2] were the surge line pipe and the hot leg pipe. Since the MELCOR

model created for these sensitivity studies did not include a detailed
core model or account for the physics of creep failure of heat

structures acting as pipes, the criterion for failure in these

sensitivity studies was determined to occur when any one of the
critical components in the RCS reached 1219 K. As in the SCDAP/RELAP5

study, two of these critical components were the surge line and the

hot leg pipes. For high flow rates the thin steam generator tubes may
also reach failure temperatures, so the tube assembly was designated

to be a critical component as well.

As in the basecase calculation discussed in the previous section, the

model used for the sensitivity studies contained only one flow loop,

not three. However, for comparison purposes, the flow rates presented

have been divided by three to show representative flow rates as

compared to three-loop systems. One change was inadvertently made in

the input for the sensitivity study basecase model as compared to the

model described in the previous section and net discovered until

several were run. Several heat structures in the hot leg region and

two in the surge line were given different characteristic lengths than

in the original basecase and slightly affected the l_eat transfer

calculations. This resulted in slightly lower temperatures for the

surge line and hot leg, especially late in the simulation after

oxidation energy becomes significant, in this case at about 245

minutes. This also caused the temperatures of the hot leg and surge

line pipes to be closer together than in the original basecase MELCOR

calculation and in the SCDAP/RELAP5 basecase. These calculations were

not rerun since the objective of the sensitivity analyses was to

determine relative differences between cases in which (ideally) only

one parameter was changed.
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9.1 Decay Heat Sensitivity Study

As pointed out in Reference 2, a parameter which can greatly affect

the timing of events and the onset of RCS pressure boundary failure is

the magnitude of the decay heat. This sensitivity study was carried

out in two parts. First, four cases were run in which the decay heat
was varied -10% and -25% from the basecase value.. Although it is

instructive to examine the results of these four cases, the physics

were not fully accurate. Because the core in this model was modeled

empirically, the decay heat and oxidation energy were decoupled

whereas in actuality they are highly coupled. This coupling results

from the decay heat causing the uncovering of the core, upon which the
resultant exposure to hot steam would cause oxidation. A higher decay

heat rate would cause quicker core uncovering, a quicker onset of

oxidation, and a faster failure time. The inverse will be true for

lower decay heat rates. To account for the decay heat/oxidation

energy coupling in the core, another series of four runs were then
made with the decay heat again varied -10% and -25% from the basecase.

In addition, however, the oxidation energy release was shifted in

time. The time shift was obtained from data gained from the first

decay heat sensitivity series. The heat-up delay/acceleration in heat

structures representing the rods for each run as compared to the
basecase was measured. This time offset was then applied to the

oxidation energy which was represented as a volumetric heat source
versus time. This heat source was located in the core control volume

(CV 125). Table 9.1.1 summarizes the runs made for the decay heat

sensitivity study. Figure 8.2.1 shows the basecase curve of oxidation

energy versus time obtained from [2] as described in Section 8.2.

Figures 9.1.1 through 9.1.3 show the temperatures of the three

critical components in which only the decay heat was varied. The

temperatures of each of the critical components (the hot leg pipe, the

surge line, and the steam generator tubes) for the basecase and each

of the four decay heat runs are compared in Figures 9.1.4 through
9.1.7. The corresponding failure times relative to the basecase are

summarized in Table 9.1.1. Overall trends were not changed from those

of the basecase. That is, if the surge line remained the hottest

critical component throughout the basecase run, then the same was true

for each of the decay heat sensitivity runs, although a slight effect

in the difference between the surge line and hot leg failure time was

found. When the decay heat was decreased, for example, by 25%, the

hot leg temperature lagged the surge line temperature (compared to the
basecase) by a few more minutes. Conversely, as the decay heat was

increased to +25%, the hot leg and surge line temperatures were verj

close, suggesting the possibility of simultaneous failure.

Changing the decay heat by -10% had a minimal effect on temperatures;

the temperatures in the critical components differed by less than 45 K

from the basecase and changed the failure time by only -1-2 minutes.

Changing the decay heat by -25% made a somewhat larger difference. In

Figure 9.1.7, for example, the temperature of the hot leg pipe for the

+25% decay heat run was 136 K higher as compared to the basecase at a
time of 250 minutes. With the +25% higher decay heat, the failure time
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TABLE 9.1.1 DECAY HEAT SENSITIVITY STUDY RESULTS

Failure Time (min) Failure

Case Description Relative to Basecase Location

i -25% Decay Heat +5.2 Surge Line

2 -10% Decay Heat +2.0 Surge Line

3 +10% Decay Heat -1.2 Surge Line

4 +25% Decay Heat -4.2 Surge Line

5 -25% Decay Heat with

Oxidation Offset +23.5 Surge Line

6 -10% Decay Heat with

Oxidation Offset +9.1 Surge Line

7 +10% Decay Heat with

Oxidation Offset -8.0 Surge Line

8 +25% Decay Heat with

Oxidation Offset -20,4 Surge Line

occurred 5.2 minutes faster than in the basecase. Conversely, the hot

leg temperature for the -25% decay heat run was 129 K cooler as

compared to the basecase and the failure time was delayed 4.2 minutes.

The results from the decay heat sensitivity runs with the time offset

delaying or accelerating the onset of oxidation are shown in Figures

9.1.8 through 9.1.10. These figures show the temperatures in each of

the critical components for each of the four sensitivity runs and the
basecase. Again, overall trends remained unchanged. However, the

combination of the higher/lower decay heat and the corresponding
acceleration/deceleration of the rod oxidation dramatically changed

the temperature profiles and failure times of the three critical

components compared to the previous decay heat sensitivity runs.

Table 9.1.1 again summarizes the failure times for these runs.

Changing the decay heat by -25% with an oxidation offset delayed the

failure times by 23.5 minutes, while raising the decay heat by +25%

with the oxidation offset accelerated the failure time by 20.4
minutes.

49



Hot Leg P Temperatures
1.7

|

- Bose

1 • 6 ----e--- -loz
+IOZ

1.5 ...-.4B-m- -25Z

1 . 4 _ +25X

'_ 1.3

1.2t
1.11.0

0.9

0.8

0.7

0.6
160 180 200 220 240 260

Time (mln)

Figure 9.1,I Comparison of the hot leg piping temperature of the
MELCOR basecase with the MELCOR sensitivity study

which varied the decay heat by +10% and +25%.
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Figure 9.1.2 Comparison of the surge line piping temperature of
the MELCOR basecase with the MELCOR sensitivity study

which varied the decay heat by +10% and +25%.
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Figure 9.1.3 Comparison of the steam generator hot tube temperature
of the MELCOR basecase with the MELCOR sensitivity

study which varied the decay heat by +10% and +25%.
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Figure 9.1.4 Comparison of the critical component (hot leg piping,

surge line piping, steam generator hot tube)
temperatures of the MELCOR basecase with the MELCOR

case at -25% decay heat.
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Figure 9.1.5 Comparison of the critical component (hot leg piping,
surge line piping, steam generator hot tube)
temperatures of the MELCOR basecase with the MELCOR

case at -10% decay heat.
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Figure 9.1.6 Comparison of the critical component (hot leg piping,

surge llne piping, steam generator hot tube)
temperatures of the MELCOR basecase with the MELCOR

case at +10% decay heat.
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Figure 9.1.7 Comparison of the critical component (hot leg piping,

surge line piping, steam generator hot tube)
temperatures of the MELCOR basecase with the MELCOR

case at +25% decay heat.
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Figure 9.1.8 Comparison of the hot leg piping temperature of the

MELCOR basecase with the MELCOR sensitivity study

which varied the decay heat by ZIO% and _25%,
including zircaloy oxidation time advance or delay.
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Figure 9.1.9 Comparison of the surge line piping temperature of the

MELCOR basecase with the MELCOR sensitivity study which

varied the decay heat by +107, and +25%, including

zircaloy oxidation time advance or delay.
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Figure 9.1.I0 Comparison of the steam generator hot tube temperature

of the MELCOR basecase with the MELCOR sensitivity

study which varied the decay heat by +10% and

+25%, including zircaloy oxidation time advance or

delay.
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The effect of the oxidation offset coupled with a decay heat change

compared to just changing the decay heat is shown in Figures 9.1.11
and 9.1.12. Hot leg and the surge llne piping temperatures for flve

cases are displayed: (i) basecase, (2) -25% decay heat; (3) -25% decay

heat with oxidation offset; (4) +25% decay heat; and (5) +25% decay

heat with oxidation offset. In Figure 9.1.11, the "break off point"

indicating the onset of oxidation occurred about 1342 seconds earlier
in the the +25% case with the oxidation offset than in the +25% case

without ti_e offset. This corresponded very well with the input
oxidation offset time of 1295 seconds. Similar results are observed

in Figure 9.1.12 for the surge llne.

In Reference 2, one of the major differences between the basecase

scoping calculation with the countercurrent flow loop present in the

geometry, and the basecase for the sensitivity studies was a

difference in the calculated decay heat of 9% due to the use of the

ANS 5.1 Standard [27] fo[ the scoping calculations and ORIGEN2 [26]

for the sensitivity calculations. Thus, there is uncertainty in the

magnitude of the decay heat which should be used. Sensitivity studies

on decay heat as conducted here serve to bound the uncertainty in the
basecase value. The state of core degradation at the later time of

RCS failure, indicated by the -25% decay heat case should also be

investigated.
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Figure 9.1.11 Comparison of the hot leg piping temperature of the
MELCOR basecase with the MELCOR sensitivity study

which varied the decay heat by +25%, and the MELCOR

sensitivity study which varied the decay by +25%

including zircaloy oxidation time adwance or delay.
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Figure 9.1.12 Comparison of the surge line piping temperature of the
MELCOR basecase with the MELCOR sensitivity study
which varied the decay heat by +25%, and the MELCOR

sensitivity study which varied the decay by +25%

including zircaloy oxidation time advance or delay.

9.2 Zircaloy Oxidation Heatin8 Sensitivity Study

In this study, the effect of the magnitude of the oxidation heating
was examined. In one case, oxidation heating was eliminated to

establish the possible effect of grid spacer interactions causing

melting of Zirconium-Nickel eutectic mixtures before substantial
oxidation can occur. In the second case, the magnitude of oxidation

heating at any instant in time was doubled from that of the basecase
to simulate additional oxidation of steel upper plenum structures

which are near oxidation temperatures at this time (Fig. 8.2.12). The

results of these two cases are compared with those of the basecase for

each of the three critical components in Figures 9.2.1 through 9.2.3.

In the case with no oxidation heating, the failure location changed

from the surge line to the hot leg pipe. The reason this occurred is

as follows. Oxidation heating occurred at a late time in the TMLB'

scenario. The energy thus provided serves to pressurize the system

faster, causing the pressurizer to relieve that pressure more often,

which in turn flowed more hot fluid into the surge line. This extra

flow heated up the surge line until it failed. With no oxidation, a
substantial late-time energy source was removed from the computation,

and pressure relief was not required as often as in the basecase.
This in turn reduced the flow and thus the temperatures in the surge

line. Instead, the circulation through the hot leg pipe heated up

this component and caused failure in this region. In Figures 9.2.1

through 9.2.3 the lack of oxidation caused the temperature curves to
be virtually linear in later times, rather than the dramatic upswing
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observed for the two cases in which oxidation was included. This

increased the failure tlme of the case with no oxidation heating by
28.4 minutes, to 279.6 minutes. As suggested in Section 9.1, the

state of core degradation which was not considered in the MELCOR
calculations should also be examined at this later RCS failure time.

On the other hand, when the magnitude of the oxidation was doubled,

the effect on failure time was moderate. The higher rate accelerated

the time of failure by about 2.6 minutes, and the component which

failed was the surge line.
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Figure 9.2.1 Comparison of the hot leg piping temperature of the

MELCOR basecase with the MELCOR sensitivity study

which varied the magnitude of oxidation by zeroing

it out and by a factor of two.
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Figure 9.2.2 Comparison of the surge line piping temperature of the
MELCOR basecase with the MELCOR sensitivity study which

varied the magnitude of oxidation by zeroing it out and

by a factor of two.
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Figure 9.2.3 Comparison of the steam generator hot tube temperature
of the MELCOR basecase with the MELCOR sensitivity

study which varied the magnitude of oxidation by

zeroing it out and by a factor of two.
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The MELCOR basecase computation did not include the effect of hydrogen

production in the core due to the Zlrcaloy oxidation. Hydrogen can

migrate to other parts of the system, including the hot leg, surge
line and steam generator. The concern is that hydrogen, being much

lighter than steam, can rise and flll the critical components of the
RCS, acting to greatly reduce the buoyancy driven flow loops. It
should be noted that MELCOR, as well as SCDAP/RELAP5, assumes complete

mixing of the steam and any non-condenslble gases in each control

volume. Similarly, gases flowing between volumes are also assumed to
be well-mixed. Therefore, correct simulation of hydrogen

stratification in various region of the RCS, particularly the top of

the steam generator tubes, cannot be modeled in either MELCOR or

SCDAP/RELAP5. To simulate the creation of hydrogen in the core, the

hydrogen generation rate curve from Reference 2 was used as the

hydrogen source to the core control volume (CV 125). Since detailed

core modeling was not included, the hydrogen was added at the core

control volume temperature. In reality, the hydrogen is generated at

the cladding temperature which is much larger than the fluid

temperature during oxidation. Thus, in this simulation the only

effect of hydrogen addition was to determine if a change in fluid

properties affected the results. One-fourth of the hydrogen did not
remain in the RCS. Instead, it reached the containment control volume

after being expelled from the pressurizer. As a result, temperatures

of the critical components were not changed significantly, as Figures

9.2.4 through 9.2.6 show. The surge line failed approximately 1.8

minutes earlier when hydrogen production was included as compared to
the basecase.
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Figure 9.2.4 Comparison of the hot leg piping temperature of the

MELCOR basecase with the MELCOR sensitivity study

which included hydrogen production.
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Figure 9.2.5 Comparison of the surge line piping temperature of the
MELCOR basecase with the MELCOR sensitivity study which

included hydrogen production.
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Figure 9.2.6 Comparison of the steam generator hot tube temperature
of the MELCOR basecase with the MELCOR sensitivity

study which included hydrogen production.
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93 Circulation Rate Sensitivity Study

The effect of modifying the countercurrent hot leg loop circulation

rate was examined in this study, thus addressing concerns of the

accuracy of flow rates derived from the Westinghouse experiments and
the COMMIX computations. Although not shown specifically, flow rates

in the previous sensitivity studies did not change significantly from
that of the basecase, and thus did not provide any guidance concerning

the importance of this parameter. To examine this issue, the flow

loss coefficients in the hot leg/surge line/steam generator assembly

were varied over a scale that ranged four orders-of-magnitude. Each

order-of-magnitude value constituted a case, so that a total of four
cases were run. The basecase values fell between the lowest flow rate

case and the next highest flow case, termed the 3rd highest flow case.

The loss coefficient, K, was varied in a manner as K/IO, K, IOK, and

100K at each region of the hot leg/steam generator natural circulation

loop. Note that a high flow loss coefficient corresponded to a low
flow rate, because the "resistance" to flow has been increased. The

amount of mixing at the inlet plenum to the steam generators was held

fixed for each run because the experimental data to correlate hot

leg/steam generator flow rates with inlet plenum mixing was not
available.

Results for the four cases as compared to the basecase are shown in

Figures 9.3.1 through 9.3.8. Figure 9.3.] shows that the lower flow
rate in the hot leg/steam generator f] _p results in less energy

being extracted from the core. Figu_ confirms that changing
the pipe loss coefficients did raise o_ the average flow rate in

the hot leg loop. The maximum flowrate _ the hot leg varied from a

low of about 5.0 kg/s to a high of 23.0 kg/s. The basecase maximum

was about 7.5 kg/s. Flows in the steam generator did not change as

drastically (Figure 9.3.3). The maximum flow rate in the low flow

case was about 3.5 kg/s, the maximum flow rate in the high flow case

was about 14.0 kg/s, while the basecas_ steam generator maximum flow

rate was i0.0 kg/s. Variation of the flow rate in the hot leg loop

changed vapor temperatures throughout the system significantly, as

shown in Figure 9.3.4 for the vessel vapor temperature. The lowest

flow rate resulted in the highest vapor temperature. In this case,

heat transfer to the heat structures by natural convection has been

suppressed resulting in higher core and steam temperatures.

Conversely, the highest flow rate case exhibited the lowest vapor

temperatures, evincing the ability of the circulation loop to transfer
heat to heat structures and keep the RCS cooler.

Figure 9.3.5 shows that the steam generator vapor temperature
contradicted the above generalities correlating flow and vapor

temperature. In this case, a high flow rate resulted in high vapor

temperatures, and vice versa. This phenomenon highlights the complex

nature of fluid flow/heat transfer in this system. Figure 9.3.5 plots

the temperatures of Control Volume 213 (see Figure 8.1.1). Note that

part of the flow from the hot leg passed through a volume that served

as the "mixing chamber" between hot and cold fluid at the inlet

plenum to the steam generator tubes. The mixing model, as noted

above, was not changed. Therefore, these results may be affected by

this assumption.
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Figure 9.3.1 Comparison of the core energy removed by steam in the

MELCOR basecase with the MELCOR sensitivity study which

varied the loss coefficients in the hot leg flow loop

by four orders of magnitude. I
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Figure 9.3.2 Comparison of the "average" loop hot flow rate in

the MELCOR basecase with the MELCOR sensitivity study

which varied the loss coefficients in the hot leg

flow loop by four orders of magnitude.
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Figure 9.3.3 Comparison of the "average" loop steam generator
flow rate in the MELCOR basecase with the MELCOR

sensitivity study which varied the loss coefficients
in the hot leg flow loop by four orders of magnitude.
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Figure 9.3.4 Comparison of the core and upper plenum vapor

temperature in the MELCOR basecase with the
MELCOR sensitivity study which varied the loss
coefficients in the hot leg flow loop by four

orders of magnitude.
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Figure 9.3.5 Comparison of the steam generator vapor temperature
in the MELCOR basecase with the MELCOR sensitivity

study which varied the loss coefficients in the hot

leg flow loop by four orders of magnitude.

The hot leg piping temperatures for the four circulation sensitivity

runs are shown in Figure 9.3.6. An interesting fact shown in this

figure is that the hot leg piping temperature for the low flow and

high flow case were almost identical up to a time of about 245 minutes
when oxidation heating became important, while the two intermediate
cases exhibited hot leg temperatures substantially cooler. This

result stemmed from convective heat transfer, which depends both on

the temperature of the convective fluid, and its rate of flow. The

high flow case had high flow rates, but low fluid temperatures; the
low flow case had low flow rates, but high fluid temperatures.

However, as Figure 9.3.6 shows, when the effects were combined, the

resultant transfer of heat for the high and low flow cases was nearly

identical. Intermediate flow loss coefficient values resulted in an

overall lowering of the hot leg piping temperature as compared to the

basecase and the high/low flow rate cases. At late times, when the

oxidation energy became dominant, the high flow rate case transferred

more energy at a faster rate than any of the other cases.

Consequently, the hot leg temperature for this case increased at a
faster rate than the other cases.
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Figure 9.3.6 Comparison of the hot leg piping temperature in the
MELCOR basecase with the MELCOR sensitivity study

which varied the loss coefficients in the hot leg

flow loop by four orders of magnitude.

The surge line piping temperatures for the four circulation runs is
shown in Figure 9.3.7. Because the flow rate in the surge line is

highly intermittent, the results are different than those observed for

the hot leg piping. The low flow case had the hottest surge line pipe

temperatures, which was due principally to two phenomena. First, the

origin of the surge line fluid was the hot leg, which had the hottest
fluid for the low flow case. Second, because not as much heat was

being removed from the core in the low flow case, pressure in the

system always built up more quickly than in the other cases, so fluid
flowed into the surge line in the low flow case more often. This is

readily obser,yed in Figure 9.3.7 at late times when the oxidation

energy became important. The surge line piping temperature for the
low flow case has more oscillations in it than any other case,

indicating the frequent opening of the relief valve. Because the high
flow rate case had much cooler hot leg vapor temperatures than the low

flow case, it had the coolest surge line pipe temperatures. Also,

pressure excursions were much less frequent than the low flow case.
Note, however, because the flow loss coefficients in the surge line
were smallest for the high flow case, when the relief valve did open,

high surge line flow rates led to higher individual peak temperature
excursions. For example, at late times, each peak in the low flow

case would rise about 40 K, while in the high flow case, individual

peaks were about 80 K. Intermediate cases lie between these two
extremes for surge line piping temperatures.
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Figure 9.3.7 Comparison of the surge line piping temperature in the
MELCOR basecase with the MELCOR sensitivity study

which varied the loss coefficients in the hot leg flow

loop by four orders of magnitude.

The steam generator tube temperature for each of the four cases is
shown in Figure 9.3.8. It has already been noted that flow rate was
the dominant heat transfer parameter in this region, and the results

bear out this observation. The high flow rate case had the highest

steam generator tube temperatures, while the low flow rate case had
the lowest temperatures consistent with the tube vapor temperature

trends previously noted.

The low temperatures in the surge line for the high flow rate case,
and the dramatic temperature increase in the hot leg pipe for this

case when oxidation became important combined to make the hot leg pipe

the component which failed for this case. Thus, the high flow rate
case fails about 3.7 minutes earlier than the basecase. In the low

flow case, the surge line was the component which failed, and again
the time was about 2.4 minutes earlier than the basecase. The case

labeled 3rd highest flow in Figure 9.3.8 failed in the surge line at a
time almost identical to that of the basecase. On the other hand, the

case designated as the 2nd highest failed in the hot leg less than a
minute later than the basecase.
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Figure 9.3.8 Comparison of the steam generator hot tube temperature
in the MELCOR basecase with the MELCOR sensitivity

study which varied the loss coefficients in the hot

leg flow loop by four orders of magnitude.

9.4 Radial Conduction Effects on the Split Hot Leg Piping Model

A major SCDAP/RELAP5 model limitation identified in Section 4.2 was

the neglect of circumferential heat conduction between the physically

separated top and bottom halves of the split hot leg model. A
sensitivity study using the MELCOR model simulated this phenomenon.

Radial conduction from the top hot leg pipe heat structures in CV 201

and CV 202 to the bottom hot leg pipe heat structures in CV 222 and CV

221 was simulated by using the control function capability of the
MELCOR code. The conductive energy rate, Q, was calculated as

Q--Kef f (Ttop- Tbot)

where Keff" [I/Ktop + I/KboJ -I

and Ktop " k(Ttop)'A/z , Kbot - k(Tbot)'A/z"

Ttop and Tbot are the top and bottom hot leg pipe heat structure
average temperatures, respectively, k is the stainless steel

conductivity evaluated at the top or bottom'hot leg pipe temperature,
A is the conduction area chosen as the actual contact area between the

two pipe halves, and z is the conduction length chosen to be one-

quarter of the pipe circumference. A and z are equal for both the

top and bottom halves of the pipe since the pipe was split into equal
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halves. This energy was removed from the top hot leg pipe structures

and added to the bottom hot leg pipe structures as boundary condition

power sources in the analysis.

Figures 9.4.1 through 9.4.3 show the results of this analysis compared
with the MELCOR basecase calculation. Figure 9.4.1 compares the hot

leg top and bottom pipe temperature histories with the basecase. As

expected, the top pipe remained slightly cooler and the bottom pipe
was hotter when circumferential conduction between the two pipes was

modeled. The effect, however, was quite small. The pipe temperatures

were less than 15 K hotter/colder than the basecase temperatures

during most of the transient. Figure 9.4.2 explains why the effect is

_ minor. The conduction energy, on the order of kilowatts, was

minimal compared to the convective energy, on the order of megawatts.

Figure 9.4.3 shows the comparison of all critical component
temperatures with the basecase. Again, only the hot leg pipe

temperature was affected. The figure shows that the surge line and

steam generator tube temperatures are not affected at all by this

change. The temperature of the steam flowing through the loop, which
drives the heat transfer to the piping components was also unchanged.

Therefore, the predicted failure location remains in the surge line
and would occur at the same time as predicted for the basecase, 249.7

minutes. However, the maximum hot leg temperature at this time was
1188 K, 24 K lower than the basecase.

Hot Leg Plplng Temperature Comparlson
I .30

, ill ,i Hi i i i

1 . 25 _ Hot Leg Top-1
---.--ED---- Hot Leg Bottom-2

1 .20 --- .e-- Bose Hot Log Top-1
1 • 15 -.- .I-- Bose Hot Leg Bottom-2

.i i . i , . J.

I .10

1 .05
eel

1.00

0 .95

. o.go0.85
t.=.

0.80

0.75

0.70

0 .65

0.60
160 180 200 22

Time (rain)

Figure 9.4.] Hot leg pipe radial _,onduction effects on the

hot leg piping temperatures.
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Figure 9.4.2 Conduction versus convection energy rates to the

hot leg piping with radial conduction modeled.
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Figure 9.4.3 Comparison of critical component temperature

histories for the MELCOR radial conduction

sensitivity calculation.
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This analysis has shown that convection from the steam to the piping

is the dominant heat transfer mechanism. Therefore, neglect of
circumferential conduction between the split hot leg pipes was a

reasonable assumption in the SCDAP/RELAP5 analysis.

9.5 Effect of Heat/Mass Transfer Between Hot Leg Hot/Cold Flows

Another SCDAP/RELAP5 code limitation concerning the split hot leg

modeling approach was the inability to model the effect of heat and
mass transfer, or mixing, between the hot and cold countercurrent

fluid streams. In addition, settling of fission products was not

simulated. Two approaches were taken to attempt to simulate the heat
and mass transfer effects which are discussed below. The effect of

fission product transport was not examined in this study, although

MELCOR does have the capability to model this phenomenon.

The first calculation involved simulating heat transfer between the

hot and cold countercurrent flow streams by adding a heat structure of

very small thermal capacitance and relatively large conductivity (on
the order of stainless steel) between the hot and cold fluid volumes.

The assumed contact area was the pipe inner diameter multiplied by the

pipe length.

The effect of heat transfer between the hot and cold countercurrent

flow streams was very small. The temperature difference between the

top and bottom fluids was lowered slightly, by less than 20 K due to

heat transfer between the countercurrent flows. This resulted in only

a slight decrease/increase in hot leg top/bottom pipe temperatures. A

comparison of the critical component temperature histories with the

basecase is presented in figure 9.5.1. This plot shows that all

components were only minimally affected. The predicted failure

location was the surge line. The failure time is a few seconds later

than the basecase and was predicted to occur at 249.9 minutes in the

surge line. The hot leg, however, was within a few degrees of the

surge line pipe and could be predicted to fail at approximately the
same time.

The second approach involved simulating mixing between the hot/cold
countercurrent flow streams. This was attempted in MELCOR by

including a flow path between CV 201 and CV 222 (FL 500) as well as

between CV 202 and CV 221 (FL 501) as shown in Figure 9.5.2. Three

cases of varying degrees of mixing were considered to hound the

simulation. The first case assumed very high mixing betwee_l the two
flow streams. The flow areas of these flow paths were defined as the

actual interface areas between the split hot leg pipe segments (the

pipe diameter times the pipe length). Very extensive mixing was

predicted for this case and it is considered as the upper bound
calculation. The second case was denoted as a medium mixing

simulate" n, probably much more realistic than the upper bound. For
this sJ.mulation, the flow area was modeled as 10% of the total

interface area. Finally, the third case simulated a very small amount

of mixing. The flow area was defined as less than 0.1% of the actual
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Figure 9.5.1 Comparison of critical component temperature
histories for the MELCOR sensitivity calculation

including heat transfer between hot leg hot/cold
flows.
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Figure 9,5.2 Schematic of the split hot leg MELCOR nodalization for

the mixing simulation calculations.
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interface area. The results of this calculation were indistinguish-
able from the basecase, however, and will not be shown in the

following discussion. Figures 9.5.3 through 9.5.7 show the results of

these mixing calculations. Simulating mixing increased the average

hot leg flow rate as shown in Figure 9.5.3. It might be postulated

that this was caused by an artificial recirculation loop set up
between the control volumes due to this particular nodalization

choice. The flow rate between the top and bottom halves of the split

hot leg are shown in Figure 9.5.4 and are significant. The high

mixing case showed a mixing flow rate on the order of one-half of the

hot leg flow rate. The medium mixing case is lower, approximately

one-third of the hot leg flow rate.

The effect of hot/cold countercurrent hot leg flow mixing on the steam

generator flow rate was minimal. The flow rate in the steam generator
was dominated by the heat transfer to the tubes.
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Figure 9.5.3 Effect of mixing between the hot leg hot/cold
flows on the hot leg flow rate.
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Figure 9.5.4 Mass flow rates between the hot leg hot/cold flows

for high, medium, and no (basecase) mixing.

The comparisons between the vapor temperatures in the hot leg and

steam generator tubes are shown in Figures 9.5.5 and 9.5.6,

respectively, for the high, medium, and no mixing (base) cases. With

mixing, the top hot leg temperature history was only slightly affected

(Figure 9.5.5). The bottom hot leg temperature, however, increased.

With considerable mfxing the temperature gradient between the top and

bottom hot leg flows was cut in half. Recall that this large

temperature difference predicted by the COMMIX [3] and SCDAP/RELAP5

[2] codes was listed as a major uncertainty in Sections 4 and 5. The

surge line vapor temperature history was not affected. Figure 9.5.6

shows the steam generator tube vapor temperatures. Note that the heat
transferred to the tubes as the fluid flowed around the circuit did

not significantly change, but the temperature magnitudes were
decreased with enhanced mixing. The fluid entering the steam

generator inlet plenum was cooler because more heat was transferred
from the faster flowing fluid to the hot leg piping.

A comparison of the critical component temperature histories with the

basecase is presented in Figure 9.5.7. As indicated, the hot leg was

most significantly affected. Even the medium mixing case showed

increased hot leg top and bottom pipe temperatures by 80 to I00 K.

The pipe temperatures were higher by 250 K in the high mixing
simulation. The increased hot leg flow rate, if realistic, enhanced

the heat transfer to the hot leg pipe. Since the surge line vapor

temperatures were not significantly affected by mixing in the hot leg,

the surge line pipe temperatures increased by less than 30 K for the

highest mixing case. The steam generator tubes are 30 to 50 K cooler

with mixing simulated since the steam generator vapor temperatures are
also cooler, as previously discussed.
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Figure 9.5.5 Effect of mixing between the hot leg hot/cold flows

on the hot leg inlet vapor temperature history.
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Figure 9.5.6 Effect of mixing between the hot leg hot/cold flows

on the steam generator tube vapor temperature history.
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Figure 9.5.7 Comparison of critical component temperature histories

for the MELCOR sensitivity calculation including

mixing between the hot leg hot/cold flows.

This study showed that for both the high and medium mixing cases, the

hot leg would be the component most likely to fail compared to the

base case with no mixing. Table 9.5.1 compares the failure times

predicted by these calculations.

TABLE 9.5.1 TOP/BOTTOM COUNTERCURRENT FLOW MIXING FAILURE TIMES

PREDICTED FAILURE TIME (min)

Case Hot Leg Surge Line

Base - no mixing 249.8 249.7

Medium mixing 248.0 249.1

High mixing 239.3 248.9

The high mixing case predicted hot leg failure (at 1219 K) almost I0

minutes prior to the surge line failure time of the basecase. This

mixing was extreme and judged to be an upper bound, and far from

realistic. The medium case, which could also be more severe than

might actually occur, showed a difference in failure time of less than

two minutes. This indicated that including mixing between the

countercurrent hot leg flows, though it affected vapor temperature

differences between the countercurrent flows, did not significantly

change the outcome of the analysis. To re-emphasize, however, very

crude modeling attempts were assumed for this simulation and more

detailed analyses and information from high pressure transient

experiments is required to fully investigate this phenomenon.
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i0.0 Simplified Steam Generator Model Calculations

In this section an analysis of thermosyphoning in a steam generator is

presented. The motivation for developing the thermosyphon model was

twofold: (i) to provide an independent investigation of the relation

between steam temperatures in the inlet plenum and the steam generator

circulation rate, and (2) to provide a computationally efficient model

to study the effects of variation of key parameters affecting the

circulation rate. The first item was itself motivated by the

disagreement in the steam generator circulation rates predicted by

SCDAP/RELAP5 and COMMIX.

A prominent feature in the simulation of the TMLB' accident scenario

is the postulated development of natural circulation of superheated

steam in the steam generators once the core has been uncovered.

Because the return cold leg remains blocked by water, a natural

circulation pattern is assumed to develop in which steam enters the

top of the hot leg from the vessel, flows along the top of the hot leg

to the inlet plenum where it mixes, flows through some fraction of the

steam generator tubing to the outlet plenum, returns to the inlet

plenum via the remaining tubes and returns to the vessel through the

lower half of the hot leg. An important aspect of simulating these

phenomena is proper modeling of the circulation rate and the heat

transfer rates in the steam generator, since heat removal in the steam

generator is the source of bouyancy driving the natural circulation

phenomena.

A more detailed buoyant flow model than those available in either

SCDAP/RELAP5 or MELCOR was developed to simulate thermosyphoning in a

steam generator representative of one of three such generators in a 3-

Loop Westinghouse Pressurized Water Reactor (PWR). The resulting

model was much less CPU intensive than the systems codes and

sensitivity studies could be performed in a much more cost effective

manner. Only the thermosyphoning phenomena was considered in this

model. The vessel and hot and cold legs which comprise the primary

components in a PWR were not modeled explicitly. Their effect in

producing and transporting steam vapor to the steam generator was

modeled by specifying the heating rate of gases entering the inlet

plenum from the top of the hot leg. Heating rate values were varied

about values predicted with the SCDAP/RELAP5 and COMMIX codes which

have been employed to model the entire PWR under the TMLB' transient.

i0.i Thermosyphoning Model Description

In this work, the buoyancy-driven flow in the steam generator tubing

was modeled in detail. Mixing of gases in the plena and the counter-

current flow in the hot leg were modeled empirically by use of a

thermodynamic mixing model developed by Stewart et al. [4] which

contained various mixing parameters whose influence was to be

determined. The objective of this study was to develop a model which

contains the essential mechanisms which generate the circulation in

the steam generator, not to resolve in detail the complex flow that

arises in the plena.
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The governing equations which model the thermosyhoning phenomena in

the steam generator were developed from a mass, momentum and energy

balance on the system. Momentum conservation included a balance of

the rate of change of momentum with buoyancy and viscous forces in a

typical tube. The buoyancy was treated via the Boussinesq

approximation. The pressure drop over forward- and backward-flowing

tubes was eliminated by an appropriate summation of these respective

equations. The energy balances included storage, convection and heat

exchange between the flowing vapor and the tubing. Heat exchange to

the secondary side of the steam generator was modeled by treating the

secondary side steam as a lumped volume. The resulting coupled system

of equations was solved numerically for the steam generator

circulation rate, the vapor and tubing temperature distributions along

the length of U-tubes, and the secondary side steam temperature.

The resulting equations governing the thermosyphoning phenomena are

given in Appendix B, which also includes a complete description of the

model. There are several assumptions and approximations that were

invoked in developing the steam generator model; these are enumerated
below:

i. Temperature and velocity are assumed to depend only on

distance along tubes, x, and on time, t, i.e., equations

are area-averaged.

2. The Boussinesq approximation is invoked.

3. Streamwise heat conduction is small compared to

convection and is not included in gas energy balance.

4. Heat conduction is also neglected in piping. This

invokes the small Biot number assumption since the pipe

walls are thin.

5. Pipe bend is neglected.

6. Tube sheet is not modeled.

7. Temperature dependent properties are based on average

temperatures, T_ = (Tg(O, t) + T_(2L, t))/2, and Tp =

(Tp(O, t)+Tp(2L, t))/2 , where Tg denotes the vapor

temperature and Tp is the steam generator tube

temperature.

8. The steam on the secondary side of the steam generator

is modeled as a lumped volume.

A schematic of the steam generator is shown in Figure i0.i.i. This

schematic shows only one forward and one backward flowing tube,

however, the steam generator modeled included a total of 3388 inverted
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Figure I0.I.I Schematic of the steam generator model.

U-shaped tubes. It was assumed that n_ tubes carry steam from the

inlet plenum to the outlet plenum, and that the remaining nb tubes

carry the same total mass flow from outlet plenum back to the inlet

plenum. The mass and momentum equations governing the buoyancy-driven

flow in the steam generator are shown in Appendix B.

The initial condition for the system was that the temperature and

pressure were uniform at 620 K and 16 MPa, respectively. This

corresponded to conditions after 160 minutes into the transient. The

boundary condition for the thermosyphon equations was specification of

the heating rate of gases entering the inlet plenum through the top of

the hot leg, T h. This temperature was coupled with the steam

temperatures entering (Ts(O)) and exiting (T_(2L)) the steam generator

tubing through the plenum mixing model (see Appendix B).

The numerical treatment of the model equations was validated by

comparison with an analytical solution to a partial set of the

equations. This exercise also included a mesh refinement study to

show the mesh resolution required for acceptable agreement with the

known solution. Numerical solution of the heat transfer equations,

(B.3)-(B.5), was verified by comparing with the analytical solution

for constant velocity and step-jump in inlet temperature given in

Carslaw and Jaeger [29]. It was determined that 80 finite difference
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volumes were sufficient to obtain better than 5% agreement with the

analytical solution. In addition, the steady system of thermosyphon

equations was applied to the steady experimental data for liquid flow

given in Reference 4_ The comparison was done assuming a constant

temperature for the secondary side volume, as compared to the constant

flux condition imposed in the experiment. Using the measured flow

rate data and some limited temperature measurements, the estimate for

the temperature drop across the steam generator given by the model was

in fair agreement (12.7 K) with the measurements (about i0 K).

Further details on the model development, numerical solution of the

governing equations and the thermophysical properties and dimensions

used, can be found in Appendix B.

10.2 Discussion of Results

The major parameters considered in the study included the heating

rate, r, the mixing fraction fmix, the ratio of forward-running to

backward-running tubes in the steam generator, nr=nf/nb, and the ratio

of mass flow rate in the hot leg to the steam generator, mr = mHL/mSG.

Appendix B explains the meaning of these parameters in more detail.

The parameter set will be referred to collectively as the vector P =

(r,fm±x,nr,mr). The base set was chosen as (8.85,0.9,0.54,0.5). This

heating rate, expressed in Kelvins/min, mixing fraction, tube ratio
and mass flow ratio all match the results of Reference 2.

Base case results

Figure 10.2.1 shows the temperature history for the base case over an

80 min (elapsed time) simulation period. The steam and piping

temperature histories at various locations in the system are shown on

this and subsequent figures. Th is the steam temperature entering the

inlet plenum from the hot leg, which in this model was a result of the

heating rate (see Equation B.9 in Appendix B). Tc is the steam

temperature after circulating in the steam generator, returning to the

inlet plenum, mixing, and re-entering the lower half of the hot leg.

Tg(0) and Tp(0) are the steam and tubing temperatures, respectively,
at the inlet to the steam generator tubing from the inlet plentum, and

Tg(2L) and Tp(2L) are the exiting values after circulating in the
steam generator. Tht and Tot are the steam temperatures entering and

leaving the steam generator tubing computed by Reference 3 using

COMMIX. The incoming steam temperature 'to the steam generator (SG)

compared well with that computed by Reference 3, however, the exiting

temperature computed here was higher. The mass flow rate in the SG is

shown in Figure i0.2.2 for various values of mr. The history computed

with COMMIX is also shown for comparison and the figure shows the flow

rate computed here was substantially higher (almost double). This
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could explain the increased temperatures of gases exitingthe SG in

this calculation as compared to COMMIX. It is also emphasized that

the simulations using COMMIX [3] assumed completely insulated SG

tubing.

The steam generator flow rate history shown in Figure 10.2.2 for

mr=0.5 is similar to that reported in Reference 2 for the SCDAP/RELAP5

calculations. (Note that the mass flow rate in the SG was not shown,

but reported to be about 120% higher than in the hot leg, which is

shown.) However, the heat transfer rate to the secondary side

computed here appears to be vastly different from that predicted by

SCDAP/RELAP5 [2]. This was inferred from the histories of vapor

temperatures in the hot leg reported in Reference 2 showing a

temperature difference of roughly (T h Tc) - 580 K at 240 minutes.

Vapor temperatures across the SG were not reported, however

calculations of this problem with MELCOR show the temperature

difference across the hot leg to be much smaller than that across the

SG. Under quasi-steady conditions, this latter difference multiplied

by the heat capacity is the amount of heat being transferred to the

secondary side. Figure 10.2.1 shows a temperature difference (Th

Tc) of about 130 K at 240 minutes. Thus, the present model, when

compared to the calculation with SCDAP/RELAP5, predicted a similar

mass flow rate for the SG but much lower temperature drop across the

SG.

• • • • •

6OO
160 180 200 220 240

TIME(min)
Figure 10.2.1 Temperature history for the basecase,

P-(8.85,0.9,0,54,0.5) .
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160 IBO 200 220 240

TIME(mi.)
Figure 10.2.2 Steam generator mass flow rate variation with mass

flow ratio, mHL/mSG, for p=(8.85,0.9,0.54,var).

Heating rate variation

Figures 10.2.3 through 10.2.5 show the temperature histories for
various values of heating rate. The mass flow ratio is unity for

these figures. Beyond the obvious increase in temperatures with

heating rate, the figures also show that the difference between inlet

and outlet SG temperatures increases with r. At t-240 min, these

temperature differences were roughly 90, 160 and 330 K for heating
rates of 5.5, 8.85, and 16.2 kelvins/min, respectively. The

temperature difference was about proportional to the heating rate.

The variation in SG mass flow rate with heating rate is shown in

Figure 10.2.6. The maximum mass flow rate increased with heating

rate, however, the mass flow rate decreased more rapidly with time for

larger heating rates. This effect was due to the temperature

dependent steam properties, in particular, the decrease of steam

density and increase in steam viscosity with temperature. Generally,

as the heating rate was increased, the average steam temperatures also

increased. Hence, higher r initially increased the flow rate in the

early transient, but as the entire gas volume was hotter, and
therefore more viscous, the flow rate decreased as the drag increased

with viscosity and the vapor density decreased with temperature. This

is the reason for the flow rate decrease with time that is apparent in

all mass flow rate histories
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Figure 10.2.6 Steam generator flow rate variation with heating

rate, P=(var,0 9,0.54,1.0)
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The temperature history of the secondary side steam volume is shown in

Figure 10.2.7 for various values of heating rate. The secondary side

temperature increased in proportion to the heating rate.

Profiles of steam temperature variation with distance along the tubes

for t=240 min are shown in Figure 10.2.8 The figure shows that the

secondary side cooling rate was high enough to cool the gas to a

uniform value in the rising leg of the forward-running tubes (x=ll m).

The temperature is uniform thereafter. Also, the temperature gradient

was more localized to the entrance region as the heating rate

increased. All plots show Tg(2L)=Tp(2L)
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Figure 10.2.7 Secondary side steam temperature history for

various heating rates, P-(var,0.9,0.54,1.0).
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Figure 10.2.8 Profiles of steam temperature for various heating
rates, P=(var,O.9,0.54,1.0).

Mixing fraction variation

The variation of SC mass flow rate with mixing fraction, fmlx, i_

shown in Figure 10.2.9. The SG thermosyphoning rate was not sensitive

to the mixing fraction, for this set of parameters.

Tube ratio variation

The variation in the SG mass flow rate with the ratio of the number of

forward flowing tubes to backward flowing tubes is shown in Figure

10.2.10 for nr - 0.25, .54 and 0.75, and for mr - 0.5. Only values of

nr < 1 were considered since all experiments have reported this range.

This was also expected since the forward flowing tubes provided most

of the bouyant head as shown in Figure I0.2.8, and thus less forward

flowing tubes than backward flowing tubes are required. Figure

10.2.10 shows that the tube ratio was not significant until nr is

approximately 0.25, i.e., the variation in flow rate between nr -- 0.75

and 0.54 is much less than between 0.54 and 0.25.
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Figure 10.2.9 Variation of steam generator mass flow rate history
with mixing fraction, P-(8.85,var,O.54,1.O).
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Mass flow ratio variation

Figure 10.2.11 shows the temperature history for P=(8.85,0.9,0.54,2).

A comparison of Figures i0.2.1 and i0.2.4, shows that steam

temperatures increased with increasing mass flow ratio. This is

because more hot gases are cycled through the inlet plenum, thereby

raising the average temperature therein. Values obtained with mr=0.5

match best with the values computed with COMMIX. One might expect mr

< I since SG thermosyphoning should be the driving force to general
recirculation.

The circulation rate in the SG was shown earlier in Figure 10.2.2.

The figure showed moderate variation with mr. The maximum flow rate

increased with increasing mr, however, the reverse was true at t=240

min. This latter effect was due to viscosity variations with

temperature as discussed earlier.

Influence of loss coefficients

" The analysis using SCDAP/RELAP5 [2] specified a large loss coefficient

for the hot leg and steam generator piping. Apparently, this was done

to match the heat transfer rates reported in Reference 3 using COMMIX.

It is also of interest here to determine the possible influence of

such a specification in the present model. As we stated earlier, the

thermosyphon model predicted a similar flow rate history in the SG to

that calculated by SCDAP/RELAP5. These flow rates were substantially

higher than produced by the simulation of the TMLB' scenario using

COMMIX, the simulation of which was used by Bayless [2] to calibrate
his model.

The loss coefficient (K) was included in the present model by adding

an appropriate term to the original friction factor. Figure 10.2.12

shows the temperature history using a value of K = 20. This value was
used in MELCOR simulations of the TMLB' scenario discussed in Section

8. Comparing with Figure 10.2.1 for the same parameter set but

without a loss coefficient, the steam temperature exiting the SG is

closer to the COMMIX values with a loss coefficient. Furthermore,

while the overall steam temperatures were reduced with the loss

coefficient specified, the temperature difference between incoming and

exiting SG steam was only slightly larger than without a loss

coefficient, about 135 K in Figure 10.2.12.

The mass flow rate in the SG is compared in Figure 10.2.13 with and

without a loss coefficient specified. As might be expected, the loss

coefficient reduced the mass flow rate. The reduction amount depended

on time, but was roughly 10-25% less with K = 20.
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Influence of secondary heat transfer

As noted earlier, the calculations using COF_IIX assumed insulated SG

tubing. The SCDAP/RELAP5 model was calibrated using this simulation.

The specification of insulated SG tubing was also considered in this

model in order to investigate its effect. Figure 10.2.14 compares the

mass flow rate history with and without secondary side heat transfer

in the SG. The latter was accomplished simply by setting the

secondary side heat transfer coefficient to zero. Note, however, that

the steam still transfers heat to the tubes. The mass flow rate was

reduced by roughly 15-20%. The oscillations in the history for

insulated tubes denoted the time when the temperature pulse reached

the outlet plenum and then the inlet plenum. The mass flow rate with

insulated tubes was still considerably higher than COMMIX.

Figure 10.2.15 shows the temperature history with insulated SG tubes.

Comparison with Figure 10.2.1 shows that in the absence of secondary

side heat exchange, the circulating vapor was hotter overall but the

temperature difference across the SG was less, about i00 K compared to

125 K with secondary side heat transfer.
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Figure 10.2.14 Effect of secondary side heat transfer on steam
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Figure I0.2.15 Temperature history without secondary side heat
transfer, p=(8.85,0.9,0.54,0.5)•
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10.3 Conclusions

In this section, a model of the buoyancy-driven flow in a steam

generator was presented for a specified heating rate of gases entering

the inlet plenum. The motivation for this analysis was twofold: (I)

to provide an independent study of the relation between steam

temperatures in the inlet plenum and steam generator circulation rates

and (2) to provide a computationally efficient model to study the

effects of variation of key parameters affecting the circulation rate.

The key parameters include the heating rate of gases entering the

inlet plenum, r, the fraction of incoming gases which mix in the inlet

plenum before entering the steam generator tubes, fmix, the ratio of

forward flowing to backward flowing tubes in the steam generator, nr,

and the hot leg to steam generator mass flow rate, m r.

Using the same mixing parameters as SCDAP/RELAP5 (r = 8.85

Kelvin/min, fmix=0.9, n r = 0.54, and mr = .5), a similar mass flow rate

history for the steam generator was predicted. However, the heat

transfer rate from the circulating steam to the steam on the secondary

side was apparently much less than predicted by SCDAP/RELAP5.

Furthermore, the SCDAP/RELAP5 model predicted these mass flow rates by

the specification of artificially large loss coefficients in the hot-

leg/steam generator system. Since the problem is buoyancy-driven, the

inconsistent heat transfer rate indicates substantial uncertainty in

the simulation results. According to Reference 2, these loss

coefficients were specified to match heat transfer rates with the

COMMIX simulations. This study with loss coefficients did show a

modest increase in the temperature difference across the SG. However,

the introduction of a loss coefficient resulted in a 10-25% reduction

in mass flow rate. Thus, by increasing the loss coefficient, the

circulation rate given by COMMIX could eventually be matched, but not

the heat transfer rate. It should be re-emphasized that the COMMIX

simulation assumed insulated SG tubing. Hence, it is not surprising

that the heat transfer rates should differ. _'

This was perhaps the same dilemma faced by the_ SCDAP/RELAP5 modelers,

having the ability to match either the mass flow rate or the heat

transfer rate of COMMIX, but not both. Given that the COMMIX

simulation assumed insulated SG tubing, it is somewhat surprising to

choose to match heat transfer rates as opposed to SG circulation

rates. Since the thermosyphoning phenomena are buoyancy-driven, the

heat and momentum transport are intimately coupled. There would seem

to be a significant uncertainty between calculations which are in

agreement in either the mass or heat transfer rates, but not both.

As regards the sensitivity of the model to the various parameters, the

findings can be summarized as follows:
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• The temperature difference across the SG increased

proportionally with the heating rate. The steam was

cooled to its exiting temperature over the rising half

of the forward flowing tubes, and was uniform in

temperature thereafter.

• The mass flow rate in the SG initially increased with

heating rate, but ultimately decreased with increasing

heating rate.

• The SG mass flow rate was relatively insensitive to

either mixing fraction, fmIx or mass flow rate ratio

mHL/mSG. However, both increased mixing and increased

flow ratio tended to increase the temperature of the

circulating steam. The temperature difference across

the steam generator also increased with increasing mr.

• The SG mass flow rate was Sensitive to the tube ratio

only for nr below 0.54.

• Application of a loss coefficient (K = 20) reduced the

flow rate and decreased steam temperatures but only

mildly increased the temperature difference between

incoming and exiting steam.

• Neglect of secondary side heat exchange reduced the mass

flow rate in the SG, increased overall vapor

temperatures, but decreased the temperature difference
across the SG.
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Ii.0 MELCOR Simulatiou of a Pump Seal Leak

The above analyses have studied the effects of in-vessel and hot leg

countercurrent natural circulation flow in the Surry RCS which can

occur if the pump loop seals remain blocked by water. The third form

of natural circulation flow is complete loop flow and will occur if

the loop seals clear of liquid. The SCDAP/RELAP5 analysis [2] and

MELCOR analysis for the full plant calculation [25] did not predict

loop seal clearing. Instead, the results of such an event occurring

in the Surry Power Plant were postulated in Reference 2 from analyses

completed for the Babcock and Wilcox Bellefonte plant [14]. Though

this analysis was for a plant containing once-through steam

generators, it was thought that similar results should be expected for

a U-tube steam generator plant like Surry. This analysis showed that

complete loop circulation reduced the heatup rate of the core because

all of the piping in the RCS was available as a heat sink and thus

increased the thermosyphoning flow rate. The pipe temperatures lagged

behind the maximum fuel rod cladding temperatures by about I00 K.

These high temperatures in the loop structures would probably cause

the RCS pressure boundary to fail long before the fuel rods began to

relocate. The most likely failure point was predicted to be the steam

generator tubes since they are the thinnest structures.

Other independent analyses have shown that the loop seals may clear,

but well into the trallsient after major core relocation has occurred.

Reference 30 described an analysis of the Surry plant using the

integrated MELPROG/TRAC code. (This analysis is also summarized in

Appendix A.) Countercurrent flow in the hot leg was not considered in

this analysis. The seal was cleared by a pressure spike produced by

hot core debris falling into the water in the lower plenum, thereby

establishing loop circulation flow. However, the SCDAP/RELAP5

analyses of hot leg countercurrent flow circulation predicted failure

of the RCS piping well before major core relocation occurred, which

places skepticism on the probability of loop seal clearing from a

pressure pulse.

Whether or not the loop seal may clear due to core relocation, there

is another possible accident scenario which was not considered in the

SCDAP/RELAP5 [2] analyses. The pump seal leak scenario of a station

blackout accident (S3-TMLB') was analyzed using the MELPROG/TRAC code

[9]. This analysis assumed the pump seals began to leak when the

water in the loop seals reached saturation. The loop flow which

developed after the liquid level dropped caused the energy generated

in the core to quickly redistribute to the other portions of the RCS

and showed a high probability that surge line or hot leg failure would

ensue long before vessel failure.
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II.i MELCOR Model of the Pump Seal Leak Scenario

To study the effects of natural circulation flow through the coolant

loops (the third scenario), a MELCOR calculation of the pump seal leak

accident scenario (S3-TMLB') was performed. The basic MELCOR model,

described in detail in Section 8 and used as the basecase for the

sensitivity studies described in Section 9, was altered to include the

cold leg side of the primary coolant system as shown in Figure ii.I.I.

Two control volumes were added to represent the cold leg. As before,

all three loops were combined. Control volume 230 represents the pump

suction section of the cold leg from the outlet plenum of the steam

generator. The remainder of the cold leg from the pump suction to the

vessel is modeled by control volume 240. All geometrical dimensions

agree with the SCDAP/RELAP5 model [2]. Three flow paths were added to

join the cold leg control volumes as shown in Figure Ii.I.I. Seven

heat structures were added to model the cold leg and pump suction

piping sections. Insulated outside piping boundary conditions were

applied.

Figure Ii.i.I Nodalization of the reactor coolant system for the

Surry MELCOR calculations for the pump seal leak

scenario.
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The transient was started at 160 minutes at the same conditions as the

basecase calculation. The same decay heat and oxidation energy

histories were applied to the core fluid volume. The initial liquid

level of water at the pump seals was assumed to be below the elevation

of the cold leg piping returning to the vessel, 7.74 m, to inhibit

flow of water during the startup of the calculation. The pump seal

leak was modeled as a flow path as shown in Figure Ii.i.I. The area
of the leak was assumed to be 4 cm2 at 2 m below the center of the

cold leg pipe, 6.09 m. These dimensions were taken from the S3-TMLB'

analysis with the MELPROG/TRAC code [9] and based on NUREG-II50 [31]

expert opinion results. The leak began at 160 minutes when the RCS

was at saturation according to the assumptions of Reference 9 which

were based on experimental data [32].

The calculation was run initially without a seal leak. This was done

to insure that the addition of the cold leg to the model did not

adversely affect the previous solutions where the cold leg section of
the model was omitted. The results of this calculation were identical

to the basecase calculation shown in Section 8 The MELCOR code also

did not predict loop seal clearing during the course of this 90 minute

transient, which agrees with the SCDAP/RELAP5 analyses.

11.2 MELCOR Results of the Pump Seal Leak Simulation

The leak was initiated in the next calculation at 160 minutes. The

results of this analysis are presented in Figures 11.2.1 through

11.2.16. The pressure histories in the primary, secondary and

containment are shown in Figure 11.2.1. The small pump seal leak

caused a slow depressurization of the primary. By 250 minutes, the

primary pressure was reduced to the steam generator secondary

pressure. Note also that flow through the leak depressurized the

system sufficiently such that flow through the PORV valve discontinued

at approximately 183 minutes as shown in Figure 11.2.2. The actual

pump seal leak flow rate is shown in Figure 11.2.3. Initially the

liquid pool above the leak elevation leaked through the broken pump

seal at a mass flow rate of 22 kg/s. After the liquid level in the

pump seal section fell below the leak elevation, 6.09 m, (Figure

11.2.4) steam flowed through the seal leak and the primary system

began to depressurize more rapidly. The remaining liquid in the cold

leg pump suction presented in Figure 11.2.4 gradually evaporated due

to the increased flow of superheated steam in the cold leg.
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A comparison of the hot and cold leg flow rate histories is shown in

Figure 11.2.5. The hot leg top and bottom flows are countercurrent,

similar to the basecase results, until flow began in the cold leg at

approximately 185 minutes• At this time the bottom hot leg flow

decreased until 215 minutes when full loop circulation flow started in

the RCS. This occurred when the liquid water remaining in the bottom

of the cold leg pump suction dropped sufficiently to allow complete

steam flow throughout the coolant loop. Note that the bottom hot leg

flow reversed at this time. That is, both split sections of the hot

leg began flowing in the same direction toward the steam generator.

Summation of the hot leg top and bottom flow rates is equivalent to

the cold leg flow rate returning back to the vessel. Thus full

coolant flow through the RCS had been established at approximately 215
minutes into the transient.

Similar flow results are shown in the steam generator tubes (Figure

11.2.6). The countercurrent flow pattern established early in the

transient, similar to the basecase, was disrupted as full loop flow

developed. At 215 minutes the cold tube flow completely reversed and

flow through all the tubes was in the normal RCS coolant flow

direction, from the steam generator inlet plenum to the outlet plenum.
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Figure 11.2.5 Effect of the pump seal leak on the hot and cold

leg flow rates.
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The effect of the developed full coolant loop flow on the vapor

temperatures throughout the RCS are shown compared to the basecase

results in Figures 11.2.7 through 11.2.11. The core and upper plenum

vapor temperature (Figure 11.2.7) decreased as full coolant flow was

established due to the higher flow rate in the RCS and distribution of

more of the energy from the core to the entire piping system of the

coolant loop. The hot leg vapor temperatures are shown in Figure

11.2.8. Note that after full flow was established the hot leg top and

bottom temperatures reach the same values intermediate between the

original separate hot and cold countercurrent flow temperatures of the

basecase. The surge line vapor temperature (Figure 11.2.9) began to

diverge from the basecase at approximately 195 minutes since the flow

through the surge line diminished as the system began to depressurize.

The surge line vapor cooled considerably, almost to saturation, until

oxidation energy was added to the primary system. The vapor

temperature in the steam generator tubes increased as full coolant

flow developed as shown in Figure 11.2.10. The effect of mixing of

the cold and hot flows was lost which had kept the steam generator

vapor temperatures cooler in the natural circulation basecase. More

energy was also transferred to the steam generator secondary via the

tubes as shown by the higher secondary temperatures in Figure 11.2.11.

The resultant component temperature histories are presented in Figures

11.2.12 through 11.2.15. The reactor vessel upper plenum structures

(Figure 11.2.12) cooled slightly as the full coolant flow developed

until oxidation energy began to reheat them. The upper plenum

internal structures and CRD housings remained cooler by 200 to 250 K,

indicating that oxidation and melting of these structures, not modeled

in these calculations, may not be of concern with full loop flow

during a pump seal leak station blackout accident scenario. Figure

11.2.13 shows, however, that the hot leg piping temperature increased

as full loop flow was established because of the higher flow rate and

increased heat transfer to the hot leg piping. The top hot leg

temperature increased temporarily as loop flow was established and

then followed a similar temperature history as the basecase. The

bottom hot leg pipe, however, increased from the beginning of the flow

reversal throughout the remainder of the calculation. As expected,

with lack of flow through the surge line toward the PORV valves, the

surge line pipe temperature cooled considerable as shown in Figure

11.2.14. The surge line would not be a likely candidate for failure

in this scenario. Figure 11.2.15, however, shows the increased steam

generator tube temperature. The tubes are heated 50 to I00 K higher
than in the natural circulation case due to the enhanced heat transfer

of hotter fluid flowing through them.
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Steam Generator Flow Rate Comparison
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Figure 11.2.6 Effect of the pump seal leak on the steam generator
mass flow rates.
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Hot Leg Vapor Temperature Comparison
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Figure ii.2.8 Effect of the pump seal leak on the hot leg vapor

temperature history.
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Stm Gen Tube Vapor Temperature Comparison1.10
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Figure 11.2.10 Effect of the pump seal leak on the steam generator

• Ibe vapor temperature history.
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Figure 11.2.11 Effect of the pump seal leak on the steam generator

secondary vapor temperature history.
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Upper Plenum Structure Temperoture Comporllon
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Figure 11.2.12 Effect of the pump seal leak on the upper plenum

structure temperatures.

Hot Leg Piping Tomporoture Comporlmon1 .30

1. 25 - Look:Hot Log Top-1
----Ek--- Look:Hot Log Bottom-2

I .20
.... 0.. Boso:Hot Log Top-1

1 . 15 .... •.. Bose:Hot Log Bottom-2
Hll i . i. ii i

1.10

1 .05
S_

1.00
0

0.95 ...

0.90 ..e"

0.85
l,,-

0.80

0.75 ..... •..""'
0.70 .m""

0.65

0.60
160 180 200 220 240

Time (mln)

Figure Ii.2.13 Effect of the pump seal leak on the hot leg piping

temperatures.
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Surge Line Plph Temperature Comparison
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Figure 11.2.14 Effect of the pump seal leak on the surge line piping
temperature.
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Figure 11.2.15 Effect of the pump seal leak on the steam generator
tube temperatures.

104



A comparison of the vulnerable structural components in the RCS is

shown as a summary in Figure 11.2.16. The major differences from the

basecase natural circulation results are: (I) the surge line was

considerably cooler, and (2) the steam generator tubes were hotter.

Table 11.2.1 compares the structural component temperatures at the

time of RCS failure of the basecase (249.7 minutes).

TABLE 11.2.1 COMPARISON OF COMPONENT TEMPERATURES (K)

AT 249.7 MINUTES

Component Basecase Pump Seal Leak Scenario

UP Internals 1700 1343

Hot Leg 1212 1278

Surge Line 1219 743
Stm Gen Tubes 855 950

Primary System Temperature Comparison
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Figure 11.2.16 Comparison of critical component temperature histories

for the MELCOR pump seal leak calculation.
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The steam generator tubes were hotter by I00 K and the surge line was

cooler by over 475 K in the S3-TMLB' simulation. The hot leg was 66 K

hotter at the same time. These temperatures do not necessarily

indicate failure of the hot leg sooner for the S3-TMLB' scenario than

the basecase. The failure is dependent not only on temperature, but

also pressure and length of time at those conditions [28]. Since the

pressure at this time is on the order of 7 MPa, the components may be

capable of withstanding higher temperatures before creep rupture

failure would occur. The possible failure of the Inconel steam

generator tubes may be of greater concern, however, since the thin

Inconel tubes probably cannot withstand as high a temperature before

failure as the thick stainless steel hot leg pipe. The capability to
calculate mechanical failure of structures was not included in these

MELCOR calculations, although it could be incorporated by the use of

control functions. Therefore, a secondary analysis based on the

MELCOR-calculated pressure and temperature histories of the hot leg

and steam generator tubes, which are significantly hotter than the

basecase, is necessary to predict the failure time for full coolant

loop flow under pump seal leak conditions. This analysis, however,

did show that the hot leg or steam generator tubes will fail first,

well before the surge line.

11.3 Limitations of the Pump Seal Leak MELCOR Analysis

Several limitations existed in this analysis which are worthy of

mention. The intent was to merely show the differences in expected

results from the natural circulation calculations emphasized in the

MELCOR and SCDAP/RELAP5 analyses rather than complete a best estimate

calculation of the pump seal leak scenario.

First of all, the same oxidation energy assumptions were used in this

analysis as for the basecase. These assumptions do not represent the

real situation. The beginning of significant oxidation, and

consequently the addition of energy to the core depends on the surface

temperature history of the fuel rods and the steam flow. Since the

MELCOR model did not include detailed core modeling, the actual timing

and extent of oxidation could not be modeled accurately. As Figure

11.3.1 shows, the fuel rod surface temperature history at a typical

rod near the center of the core was quite different after full coolant

flow developed. The rods transferred more heat to the fluid which was

carried from the vessel to the other components in the RCS

Therefore, the large increase in oxidation energy, which started at

approximately 240 minutes, would actually be delayed. The piping

components, then, will inevitably heat up more slowly than shown by
this calculation.
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Secondly, the SCDAP/RELAP5 model upon which the MELCOR basecase was

built, assumed very large loss coefficients in the split hot leg and

steam generator piping components, presumably to match the low

pressure Westinghouse data and COMMIX results. The justification of

this choice has already been questioned considerably. However, the

question concerning this analysis that must be raised is: Are these

same high loss coefficients applicable to full coolant loop flow?

They were not modified in this analysis since MELCOR does not offer

the capability to do so during a calculation. Typically, RCS coolant

thermal/hydraulic analyses done with MELCOR and SCDAP/RELAP5 do not

use such artificial values. Determination of the correct values,

therefore, requires further examination.
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Figure 11.3.1 Effect of the pump seal leak on the MELCOR calculated

fuel rod surface temperature history.
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12.0 Summary of Findings

An independent review of the SCDAP/RELAP5 calcu].ations of natural

circulation in the Surry Power Plant during a station blackout

accident has been completed. The reports describing the relevant

analyses have been reviewed, including supporting analyses using the

COMMIX code as well as Westinghouse data reports. In addition, other

analyses have been reviewed and discussed.

The SCDAP/RELAP5 natural circulation analyses determined that primary

system depressurization from natural circulation-induced primary

system failure is more likely to occur than failure of the reactor

vessel due to severe core damage at high pressure. However, this

review has indicated several modeling assumptions, code limitations,

and analysis uncertainties of the SCDAP/RELAP5 calculations. These

uncertainties were grouped into two main categories: (I) core

modeling issues and (2) hot leg/steam generator countercurrent flow

modeling issues. Further, the results of this review indicated that

the two key parameters which determine the system response and

ultimate failure time and location, are: (i) the hot leg inlet vapor

temperature history and (2) the mass flow rate in the hot leg/steam

generator countercurrent flow loop. Accurate calculation, then, of

these parameters determines the heat transfer and hydraulic

characteristics as well as the system response.

The major uncertainties of the SCDAP/RELAP5 analysis were grouped in

terms of primarily influencing one of these two parameters. The

intent of the MELCOR code calculations was to assess these

uncertainties and determine how the key parameters were affected. The

MELCOR model was first adjusted to best match the results of the

SCDAP/RELAP5 analysis. The model used the same geometrical flow area

assumptions of the SCDAP/RELAP5 model as a basecase. Then,

sensitivity studies were performed on various modeling parameters

presumed to affect the two key parameters. The complicated core

modeling details were not addressed in these analyses. The inlet

vapor temperature history resulting from the complex core oxidation,

degradation, and relocation processes was the major focus, and was

examined in the MELCOR sensitivity studies by varying the decay heat

and oxidation energy developed in the core of the reactor vessel. The

effect of hydrogen generation during oxidation was also considered on

a separate effects basis. The hot legsteam generator flow rate

modeling was assessed by (I) varying ].oss coefficients, (2) including

radial conduction modeling between the top and bottom halves of the

split hot leg pipe model, (3) modeling heat and mass transfer between

the split hot leg countercurrent flows, and (4) modeling total loop

circulation which would occur if the pump seals leaked.

The major findings of these calculations that were previously

described in Section 9 will be summarized below. It is worthwhile to
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view these findings in light of the MELCOR model limitations. These
include:

i. The MELCOR model did not simulate core oxidation and

degradation processes in detail. In particular, the

oxidation heating was not coupled to the fuel rod

temperature history. A best estimate of the oxidation

heating, probably conservative, was used in the
calculations.

2. The hot leg/steam generator countercurrent flow model

assumptions were taken from the SCDAP/RELAP5 model

directly.

3. Modeling of water draining from the pressurizer was

neglected.

4. Oxidation of upper plenum structures was not modeled.

Note that assumptions (i) and (3) above are not MELCOR code

limitations. These input modeling assumptions were chosen to perform

these calculations in a timely manner.

The MELCOR basecase calculation compared well with the SCDAP/RELAP5

results despite the model simplifications used. The predicted failure

time of the surge line was within 3.4 minutes of the the SCDAP/RELAP5
results.

The results of the sensitivity studies are summarized in Table 12.0.1.

As shown in the table, the decay heat and oxidation variations had the

largest impact on the timing of results. Variations of 25% in decay
heat shifted the failure time within 20 to 25 minutes of the basecase

results. In most of these cases the failure location was the surge

line. The no oxidation heating case, however, predicted failure in

the hot leg to occur first. Case ii, the hydrogen addition case, only

showed the effect of steam and hydrogen mixture properties due to

hydrogen production during the oxidation transient on the course of

the scenario. Possible hydrogen stratification within various regions
of the RCS could not be simulated with MELCOR.

The results were relatively insensitive to large variations in hot leg
flow rate in the studies in which the flow loss coefficients were

varied by orders of magnitude. The major limitation of this study was

that the effect of steam generator inlet plenum mixing versus hot leg
flow rate was not known and assumed to be unaffected. The failure

location changed from the surge line to hot leg for the higher flow

rate cases. The studies designed to more realistically model the

split hot leg countercurrent flow phenomena by including radial

conduction in the hot leg pipe and heat and mass transfer between the
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TABLE 12.0. i SUMMARY OF MELCOR SENSITIVITY STUDY RESULTS

Failure Time (mln) Failure

Descriptio_ Re!a_ve to Bas_c_se

i -25% Decay Heat +5.2 Surge Line

2 -i0% Decay Heat +2.0 Surge Line

3 +10% Decay Heat -1.2 Surge Line

4 +25% Decay Heat -4.2 Surge Line

5 -25% Decay Heat with

Oxidation Offset +23.5 Surge Line

6 -10% Decay Heat with

Oxidation Offset +9.1 Surge Line

7 +10% Decay Heat with

Oxidation Offset -8.0 Surge Line

8 +25% Decay Heat with

Oxidation Offset -20.4 Surge Llne

9 No Oxidation Heating +28 0 Hot Leg

I0 Double Oxidation Heating -2 6 Surge Line

ii Hydrogen Addition -i 8 Surge Line

12 Highest Flow Rate -3 7 Hot Leg

13 2nd Highest Flow Rate -0 2 Hot Leg

14 3rd Highest Flow Rate 0 0 Surge Line

15 Lowest Flow Rate -2 4 Surge Line

16 Radial Hot Leg Pipe Conduction 0 0 Surge Line

17 Heat Transfer Between Hot Leg

Countercurrent Flows +0.2 Surge Line

18 High Mixing Between Hot Leg

Countercurrent Flows -I0.7 Hot Leg

19 Medium Mixing Between Hot Leg

Countercurrent Flows -1.7 Hot Leg
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countercurrent flows had negligible effects also. Note, however, that

adequate treatment of mixing between countercurrent flow streams is

not available in lumped volume analysis codes llke SCDAP/RELAP5 and

MELCOR.

A simple model of the steam generator buoyancy driven thermosyphon

loop was also developed. The intent of this model was twofold: (i)

to provide an independent investigation of the relation between steam

temperatures in the inlet plenum and the steam generator circulation

rate, and (2) to provide a computationally efficient model to study

the effects of the two key parameters. Again the heat rate was varied

to assess the effect of inlet temperature history on the system

behavior. The parameters affecting the developing mass flow

circulation rate that were examined were (i) steam generator inlet

plenum mixing modeling, (2) ratio of forward to backward flowing steam

generator tubes, (3) hot leg to steam generator flow rate ratio, and

(4) loss coefficients. In addition, the influence of heat transfer to

the secondary side of the steam generator was addressed.

The base simple model calculation shed more uncertainty on the

SCDAP/RELAP5 results. The flow rate in the steam generator tubes

predicted by the simple model was in agreement with the SCDAP/RELAP5

results; however, the heat transfer to the secondary side of the steam

generator tubes was not well reproduced. COMMIX-predicted mass flow

rates and heat transfer characteristics were never duplicated with

this model even when adiabatic conditions to the secondary side, as

assumed in the COMMIX analysis, were simulated.

The sensitivity studies performed with the simple model indicated that

the parameters which most affect the circulation rate in the steam

generator tubes are:

i. Heating rate of the fluid entering the steam generator

tubes which is also a function of the decay heat and heat

transfer to the hot leg pipe.

2. Effect of secondary side b_at transfer. With less heat

transfer to the secondary side, the circulation flow rate

decreased.

3. Increasing the flow loss coefficients in the circulation

loop decreased the developed flow rate.

The flow rate and heat transfer characteristics were relatively

insensitive to the assumed mixing fraction in the inlet plena _f the

steam generators, the ratio between hot leg and steam generator flow

rates, and the ratio of tubes carrying flow from the inlet plena to

outlet plena versus the tubes carrying the fluid back to the inlet

plena (for ratios greater than 0.5). The SCDAP/RELAP5 analysis showed
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similar insensitivity of results to the inlet plenum mixing fraction
variations as documented in Reference 2.

Lastly, the pump seal leak analysis with the MELCOR code examined the

expected changes if full coolant loop flow was reestablished in the

Surry RCS. If the pump seals cleared by damaged seals when the water

reached saturation temperatures, the system began a slow

depressurization. Full loop flow was established and resulted in a

larger circulation flow rate than in the natural circulation case.

The surge line was cooled considerably in this scenario since flow of

hot gases to the PORV was eliminated by the pressure relief through

the leak. The surge line, in this case, was not the vulnerable

component. The hot leg response was similar to the natural

circulation results and was the hottest component during the

transient. The steam generator tubes, however, were heated 50 to I00

K higher than in the natural circulation cases. The tubes became much
more vulnerable in this scenario. If the tubes were the first to

fail, possible fission product release to the secondary side and

eventually the environment could result.
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13.0 Applicability of Results and Analyses to Full-Scale Plants

The limitations and uncertainties regarding each of the analyses, from

the SCDAP/RELAP5 analysis to the Westinghouse I/Tth scale experiments

have been enumerated in each relevant section. In this section, we

wish to combine some of these discussions to determine the

applicability of the results to the full-scale TMLB' accident. Also,

issues which have not yet been discussed will be raised.

First, the SCDAP/RELAP5 analysis relied on data obtained from the

COMMIX analysis which in turn relied to a point on data obtained from

the Westinghouse low pressure experiments. The limitations of the low

pressure data to the full-scale TMLB' accident scenario under study,

and there are some major ones, have already been pointed out. It is

this data that serves as a foundation for the other calculations. In

addition the MELCOR study presented in this report relied on the

SCDAP/RELAP5 study, especially in the area of flows in the hot leg and

steam generator.

Second, both SCDAP/RELAP5 and MELCOR create what are basically zero

dimensional models. A true continuum model of the Surry plant that

adhered to strict Courant limits would require a three-dimensional

finite-difference or finite-element model composed of at least tens of

thousands of nodes. The fact that these codes rely heavily on

empiricism is emphasized by the use of friction factors for fluids

phenomena and heat transfer coefficients for heat transfer phenomena.

True dimensional constructs do not require such artifacts but are not

feasible for many nuclear reactor safety analyses.

In various reports, investigators have attempted to quantify the

ability of SCDAP/RELAP5 and MELCOR to model certain phenomena. There

are two important characteristics of all codes that cannot be

quantified. First, the model must contain all of the pertinent

physics models. For the wide range of phenomena that SCDAP/RELAP5 and

MELCOR are expected to model, this is a difficult task. Unknown,

poorly understood, or CPU intensive models of certain events may not

be included in the code, or if included, may be coded improperly due

to a lack of model validation. Second, even if the model is included

properly in the code, the modeler may choose not to use it, or if

included, may use it improperly. Constructing a model that captures

all of the pertinent physics, and yet is practical in terms of

computer CPU time still must be considered an art.

Yet these models represent the state-of-the-art in performing nuclear

reactor safety analyses and they do reasonable jobs in simulating many

experiments. The MELCOR code did reasonably well in simulating the

four phases of the TMI-2 Standard Problem, and also the HDR Standard

Problem [23]. Continuing work towards improving models, efforts

towards validating these codes, and advancements in computational
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resources are why they model complex experiments as well as they do.

The sensitivity studies are especially useful, because even if the

basecase run was not completely accurate, the importance of various

phenomenon can be singled out (in general) and examined. Thus, the

effect of conduction in the hot leg piping and heat/mass transfer

between the counuercurrent flows in the hot leg were both found to be

minimal. On the other hand, th, magnitude of decay heat and oxidation

rate were found to be significant.

The major failing of the analyses to date is the very weak link

between well-performed experiments and the numerical work. The

uncertainty of actual flow and heat transfer rates in the hot

leg/steam generator assemblies is particularly disturbing, even though

the MELCOR flow loss coefficient sensitivity study showed the results

did not vary greatly when this parameter was varied. We believe that

the basecase should always represent the best possible effort to model

the event as closely as possible. The SCDAP/RELAP5 simulation was the

best that could be done at that time, but a greatly improved effort is

now possible. Our recommendations in consummating this effort are
addressed in Section 14.
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14.0 Conclusions and Recommendations

The review summarized in this report and the analyses completed and

described indicate the complexity of the natural circulation issue.

Modeling techniques are under development to simulate the important

physical phenomena involved in a reactor accident scenario such as the

Surry high pressure boiloff transient, but require further improvement

and assessment. Modeling of natural circulation regimes is very

difficult for system- level computer codes, yet very expensive for

detailed finite-element or finite-difference fluid dynamic codes. The
simulation of the SURRY TMLB' accident scenario included both levels

of analysis: system-level code analyses were completed with

SCDAP/RELAP5 and MELCOR, and a finite difference single phase fluid

dynamics analysis was performed with COMMIX. The use of experimental

data toward benchmarking these codes is also an indispensable part of

this code development and validation. Attempts were made at this

also, by incorporating Westinghouse experimental data into these

modeling efforts.

The uncertainties in these analyses have been emphasized several times

in the course of this discussion. The SCDAP/RELAP5 analyses supported

the conclusion that primary system depressurization can occur due to

primary system failure induced by natural circulation. It was a very

extensive analysis that was state-of-the-art for its time.

Nevertheless, certain underlying modeling assumptions have been shown

to place a great amount of uncertainty on the results.

First of all, the computational modeling effort to date relied on the

data from the low pressure experiments, the majority of which were

steady state. This was a useful exercise insofar as building

geometries of the reactor assembly, running the computational model

and getting a "feel" for the accuracy of the model compared to

experiment. However, based on the definition outlined in this

document, no low pressure baseline tests were available, while four

well-executed baseline high-pressure transient tests were later

performed. It is strongly recommended that the computational models

be validated against results of the greatly improved high pressure

test series, particularly the transient tests.

Benchmarking the SCDAP/RELAP5 and COMMIX analyses to the non-

prototypic data results was the best that could be done at the time to

set appropriate model parameters in the code analyses, but was

definitely not an acceptable or reliable analysis technique. The

simple model development described in Section i0, which independently

analyzed the expected system response, contributes to the uncertainty

of these calculations. The parameters affecting the developing flow

rate in the system were dependent on the heating rate, secondary side

heat transfer, and frictional losses in the piping. Neither the

COMMIX nor Westinghouse experiment simulated the correct heat transfer
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and heating rate conditions, yet the SCDAP/RELAP5 model assumed that

similar natural circulation flow rates and heat transfer

characteristics would exist under the conditions of the TMLB'

transient. A basis for these assumptions was never established and is

necessary for a complete.analysis.

The SCDAP/RELAP5 uncertainties addressed by performing sensitivity

studies with the MELCOR code also supported the hypothesis that

primary system depressurization due to natural circulation failure of

the hot leg or surge line piping could occur before debris could fail

the lower head of the reactor vessel. This is not surprising,

however, since the MELCOR model was benchmarked co the SCDAP/RELAP5

model. It only confirms this hypothesis if the underlying modeling

technique is correct and has been shown to be consistent with all

available data and information. Unfortunately, this has not yet been

demonstrated.

It is highly recommended, therefore, that the following steps be taken

to provide more substantial evidence to support the natural

circulation depressurization scenario:

i. Model the high pressure transient Westinghouse

experiments with the SCDAP/RELAP5 code. Adjust flow and

heat transfer parameters appropriately.

2. Scale the model to the full-scale Surry reactor plant and

adjust empirical coefficients determined from (i) to the

full-scale conditions as necessary.

3. Recalculate the Surry TMLB' scenario of natural

circulation in the primary system vessel and hot leg

coolant loop when the loop seals are blocked.

4. Apply the revised model to full loop circulation as well,

such as the pump seal leak scenario previously modeled

with the MELPROG and MELCOR codes.

Completing this step-by-step analysis which incorporates as much

consistency as possible will aid in determining whether the results of

these studies completed with the SCDAP/RELAP5 and MELCOR codes are

still applicable. If the results are consistent, confidence in these

analyses can be justified and the conclusions reached by the MELCOR

analysis presented in this report can be believed and used as

complementary results to the SCDAP/RELAP5 analyses [2].

Furthermore, analyses concerning the uncertainties not examined by

this report should then be investigated. These include core

degradation modeling uncertainties and effects of fission product

transport during the transient. Other effects, such as hydrogen
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stratification also must be addressed by experiments and more detailed

finite element or finite difference code techniques.
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APPENDIX A

LITERATURE REVIEW

In an attempt to provide an overview of the work that has been done in

the area of natural circulation in reactor coolant systems, the

following literature review was done. The work discussed has been

grouped in terms of code analyses. Some analytical analyses and
experimental results are also discussed.

SCDAP/RELAP5

An analysis was done by Larson and Dimenna [A-l] to determine if
RELAP5 preserves similitude criteria for natural circulation in a
closed loop. They questioned whether phenomena observed at one scale
size are a reliable representation of the phenomena expected at some
other scale size. A scaling analysis was used to develop similitude
criteria for: (1) defining small-scale test facility design and

operation, (2) suggesting how to scale results, and (?) casting
experimental results in nondimensional form so results can be used at
various scales. There are three main methods used to examine

scalability. This paper focused on demonstrating the ability of the
code to preserve similitude criteria for simplified theoretical
problems.

The analysis method was as follows. Similitude criteria were

established using the work of Ishii and Kataoka [A-2]. Two different
scale size models of a natural circulation loop were generated, and
RELAP5 models were constructed for each. The same transient was

conducted with each model and the results were examined as scaled.

This procedure was then repeated adding boundary condition

perturbations to examine their overall influence on the scalability of
the results.

The scaled models geometrically represented a single-loop PWR

consisting of a vessel with a heat source, a single-pass, counter-flow

heat exchanger, and connecting piping. The similitude criteria used
were as follows. One-dimensional, area-averaged differential balance

equations were written. The momentum equation was integrated around

the loop to eliminate the pressure terms. The equations were
nondimensionalized with respect to reference parameters in the

reference component. Finally, the scaling criteria were derived by

requiring dimensionless groups to be equal for the two different scale

systems.

The two scaled models simulated small break, loss of coolant behavior

and used the same nodalization density, model philosophy and model
options. Wall heat transfer and stored energy were neglected, except

in the vessel heat source and the heat exchanger. The heat source

power was constant. The reference model had geometry similar to an
actual PWR with pressure of 10.4 MPa, power of 64 MW and leak size of

I0 cmz. The reduced scale model was sized with 1/3 the length of the
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reference model and 1/200 the area. The pressure was 10.4 MPa, the

power was 188 kW and the leak size was 2.887 x 10-2 cm2.

For slngle-loop natural circulation, the RELAP5 code calculated

qualitatively similar physical phenomena at very different geometric

scales. The kinematic and dynamic relationships between the phenomena

in the two different geometries were calculated to be generally as

expected based on simplified similarity criteria. The model-to-model

relationships in time, pressure drop, and velocity scales were in

basic accordance with the similitude requirements. Areas in which

scaling criteria were not appropriate for comparisons were identified,

especially during periods of countercurrent flow and nonequilibrlum

thermodynamic conditions in the hot leg. The scale model calculations

with an oversized break demonstrated the importance of maintaining

consistency between the system global and the local time scales to

preserve similarity of the thermohydraulic phenomena.

Chung, Lee and Kim [A-3] performed a RELAP5/MODI analysis of a station
blackout which occurred at KNU-I in Korea on June 9, 1981 and lasted

26 minutes. The analysis objectives were to confirm adequate core

cooling as maintained by natural circulation, to establish the

sequence of events, to assess the capability of RELAP5/MODI to predict
the transient and to verify the modeling technique.

Two RELAP5 cases were performed. Case I involved decay heat based on

infinitely long operation time, while Case 2 used 50% of the decay
heat of Case i. The analysis resulted in Case 2 yielding the more

realistic simulation. Natural circulation in the loop was fully

developed approximately 400 seconds into the transient. Adequate core

cooling and removal of decay heat followed the establishment of
natural circulation. The steam generator relief valves opened only in

Case I. The auxiliary feedwater supply was more than sufficient to

remove the decay heat in Case 2, and the steam generator pressure

decreased continuously. It was concluded that RELAP5 adequately

predicted the transient.

MELPROG

In addition to SCDAP/RELAP5 and COMMIX, another code which has been

used extensively on natural circulation/TMLB' scenarios is MELPROG.
Williams and Kelly [A-4] presented results for a base case TMLB'

accident and additional sensitivity cases. Each of the additional

cases had a change in a key variable from the conditions of the base
case. The variables were: nodalization (varied from 65 to 176 mesh

cells), radial core power distribution (a flat radial core profile was

used), and hydraulic resistance (K axial doubled and K radial

increased 1.5 times). They concluded that natural circulation is

insensitive to variations in these key uncertainties. It is felt that

this insensitivity can be attributed to the flow being driven by

large-scale bulk conditions.

Other main insights indicated by this work include that the likely

failure points after heating from natural convection flows are the hot

leg welds, pressurizer surge line connections and steam generator
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tubesheet welds. The sensitivity study which applied a flat radial

core power profile showed that the overall natural convective
transport of energy is not influenced by the assumed core power shape.

Also, the total energy exchange process showed little sensitivity to

an uncertainty in the hydraulic resistance model. A slightly
increased driving density (temperature) differential was seen to

compensate for the increased hydraulic resistance. Although upper

plenum voiding was influenced by changes in nodalization, the natural
convection behavior remained basically unchanged during the period of

core uncovery and heatup. During the first 1200 seconds of core

uncovery, the percentage of core energy transferred to the upper

plenum structures was 20-26% for all of the cases.

Henninger, Dearing and Kelly [A-5] integrated MELPROG with TRAC in an

analysis of a PWR station blackout. The integrated codes produced
results which included the occurrence of both in-vessel natural

circulation and loop seal clearing natural circulation. The modeled

plant was the Surry three loop Westinghouse PWR. The three loops were

combined into a single loop representation of the primary and a

portion of the secondary cooling systems.

This study was a largely mechanistic analysis of the entire reactor-

coolant system during a TMLB' accident. The calculations were

initiated at the start of the transient and continued through a late

recovery of cooling. This included a loss of feedwater and disruption
and relocation of the core. It was indicated that the primary relief

valve action did little to disturb flow and that the hot leg reached

failure temperature long before vessel failure. Vessel failure was

predicted to occur 14,700 seconds into the transient. After the core
debris had boiled off the water in the lower plenum, natural

convection flow around the loop was initiated by removing the water in

the loop seal. This resulted in an increased flow accompanied by a

large amount of energy removal (1,500 MJ) from the gas to the steam

generators. The SG-tubes increased in temperature from 650 to 800 K.

Approximately i00 seconds after the seal had cleared, the mixture of

steam and hydrogen had such a low density at the top of the SG-tubes

that it no longer could act as the driving force and the flow around

the loop ended. The authors concluded that although the potential for

removing large amounts of energy by loop flow natural circulation

exists, the flow around the loop will most likely be blocked either by

water in the loop seal or by the low density mixture of steam and

hydrogen in the SG-tubes. This study found that the event sequence
was the same with or without natural circulation, however the timings

were delayed when natural circulation was modeled.

Another integrated MELPROG/TRAC study was done by Heames and Smith [Ao

6]. Again, the Surry 3-1oop plant was represented by a single loop.
A two dimensional MELPROG model of the reactor vessel (with 3 core

rings and 5 axial core levels) and a one dimensional TRAC model of the
remainder of the coolant system were used. As neither MELPROG nor

TRAC are capable of analyzing counter-current flows, hot leg counter-
current flow natural circulation was not considered. Thus surge line

failure was not considered in these calculations. This work compared

MELPROG/TRAC runs of a base case TMLB' scenario with a TMLB'
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accompanied by a pump seal leak scenario (S3-TMLB'). It was found

that the latter extended the critical times in the event sequence and

eliminated high pressure melt ejection and the chance of direct

containment heating (DCH). Both the low pressure and the significant

oxidation of the Zircaloy would prevent the DCH phenomena.

For these calculations, it was assumed that when the steam generator

secondary side heat sink is lost, the entire RCS (including the liquid

in the pumps) heats to saturation. The timing of seal failure when

RCS temperature reached saturation was based on experimental data.

Also, although a high probability of surge line or hot leg failure was

predicted, it was assumed that these would not occur and calculations

were continued through vessel failure. As an aside, it should be

noted that in MELPROG the energy distribution in major structural

components is calculated using actual shapes of the components and not

generalized lumped mass heat structures which are used in TRAC and
SCDAP.

In the two events considered, the end conditions were markedly

different. The basic TMLB' resulted in high pressure vessel failure

approximately four hours into the accident. The addition of a 12.5 mm

hole in each pump seal (S3-TMLB') caused the water in the loop seal to

clear and led to lower pressure at vessel failure, which occurred ten
hours into the accident. The two cases initially diverge at about I00

minutes when the seals fail. The timing of all subsequent events is

severely changed from this alteration in the cold side component

boundary condition. The loop seal clearance established full loop

natural circulation providing enough steam cooling to arrest the core

temperature excursion before serious core degradation (which occurred
before 200 minutes in the basic, no loop circulation TMLB' scenario)

could result. This had the effect of adding more than three hours to

the time in which the reactor could be recovered if power returned or
additional water sources became available for the S3-TMLB' scenario

and of lowering the pressure at vessel failure from 16 to 0.27 MPa.

The sizing of the pump seal leak was based on NUREG-II50 expert

opinion results. The 12.5 mm size, under constant operating

conditions, would discharge over half of the RCS liquid in less than
one hour. Flow areas of less than half the size chosen would not be

expected to induce loop seal clearing. As the total fluid mass

discharged from the two scenarios was the same, and in the S3-TMLB'
scenario fluid was removed from the cold leg components, the TMLB'

case must have removed more fluid from the hot components and vessel

upper plenum.

OTHER CODES

Dosanjh [A-7] described a 2-D model of melt progression, oxidation,

and natural convection in a severely damaged reactor core. Vapor

(steam-Hz), melt and the solid phase were modeled. The simulation
began when the core was partially degraded, there was a significant

loss of geometry, and relocation to the lower plenum had begun.
Natural convection in the molten pools was neglected. Additionally,
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eutectic reactions of Fe-Zr and U-Zr-O and H2 diffusion in steam were
modeled.

The base case results included temperature and velocity gradients in
the core. Natural convection was evidenced in the debris bed as were

solid blockage formation effects. The natural convection was driven

by radial gradients in density caused by spatial variations in

temperature as well as non-uniform gas concentrations. Sensitivity

cases were also run to determine the effect of changes in boundary

conditions, oxidation, decay heat, pressure, particle diameter and the
addition of Fe.

Several key observations resulted from this study. The gas velocity
increased rapidly at the onset of oxidation and decreased when the bed
became steam starved. Natural convection flows were seen to be

sensitive to radial variation in decay heat. Raising the bed and

upper plenum pressure increased the amount of steam available for
oxidation and led to much higher temperatures and gas velocities. A

reduction in the average particle diameter decreased the permeability

and lowered gas velocities. Small amounts of Fe were seen to

significantly alter melt progression behavior due to low temperature

Fe-Zr interactions. Finally, the solutions achieved were found to be
sensitive to conditions in the upper plenum.

Plys, Vanover, Paik, Asleford, Kenton, and Hammersley [A-8] used the
MAAP code to examine the phenomena which control accident sequence

progression and fission product release for a SBO for a large, dry
containment design. The model was based on the Zion reactor. Three

sensitivity cases were run to determine the effects of primary system

natural circulation. These were: a base case, a seals clear case,

and a PORV open case.

The base case resulted in an occurrence of in-vessel circulation after

core uncovery, between overheated core nodes and the upper plenum.

Counter-current flow between the upper plenum and the steam generators

and the steam generator inlet plenum and outlet plenum through the

steam generator tubes was also observed.

The second case assumed that either cycling of safety valves can allow

clearing of the water seal in pump bowls or no water seal exists by

design. The clearing allowed enhanced primary system natural

circulation prior to vessel failure, affecting the distribution and

revaporization of fission products. Unidirectional circulation

through the hot leg, steam generator, cold leg and downcomer occurred

and circulation was greater than for the base case.

It was assumed for the final case (PORV open), that operator action

was taken to open pressurizer relief valves when core temperature

reached 920 K. The lower primary system pressure reduced natural

circulation prior to vessel failure and limited debris dispersal

outside the cavity following vessel failure. Larger releases of Csl

and Sr were seen in the containment compared to the base case, but

releases to the environment were approximately the same because long-
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term release of Csl due to revaporization dominates the ultimate
release to the environment.

The conclusions of this report included that the distribution of core

debris between the primary system and the containment has a strong

influence on fission product release from debris. The seals clear

case was found to have the highest in-vessel circulation, the highest

average gas temperature in the primary system, the lowest mass of H2
produced and the longest time to vessel failure. After the seals

clear case, in these categories, came the base case and finally the

PORV open case. The base case had the highest release of fission

products to the environment, and the seals clear.had the lowest.

Bieniarz and Deem [A-9] made code modifications to the Risk Management
Associates, Inc. (RMA) code suite to enhance STCP predictions to

include in-vessel natural circulation and long-term fission product

behavior phenomena in the source term calculation. The MCT2 code,

which is used to analyze fission product transport, modeled natural

convection using a I-D approximation in a lumped parameter approach.
The natural convection velocity was determined, for two volumes

located one above the other, from Bernoulli's equation with a buoyancy

term and the ideal gas law. The volumes were assumed to be at the

same pressure so the upward flow of gases must be balanced by an

approximately equal downward flow. No natural circulation was modeled

between the hot leg and the surge line. It was found that MCT2 could
overpredict the heat transfer between control volumes by a factor of

three at temperature differences of interest for vertical geometries,

but much less of an overprediction resulted for horizontal geometries

(like the hot leg nozzle to vessel connection). It was assumed that

the overprediction would be acceptable.

The code was used to analyze a PWR-TMLB' accident scenario. Results

indicated that natural circulation established a mixed gas temperature

in the reactor vessel which approximated the core exit gas

temperature, though flow out cf the core was much less than natural
circulation flow. The natural circulation caused more severe

temperature gradients in the heat structures, and volatiles which
condensed on the structures were more likely to revolatilize. A

drastic drop in the retention of Csl and CsOH species was seen. The

higher gas temperatures resulted in very little condensation onto

aerosols, except during the higher flow-through periods at the

beginning of the transient. Most of the removal of volatiles was by
condensation onto structure walls. The basic conclusion of this work

was that natural circulation flow plays an important role in the

redistributing of fission products to cooler volumes.

Nourbakhsh, Lee, Chien-Hsiung and Theofanous [A-IO] presented a

simplified analysis to deteLmine the order of magnitude of various

effects. Then they performed simple natural circulation experiments

within a partially heated porous medium.

A simple, 3-mass, lumped parameter model was developed to model the

geometry and mass of a Westinghouse 4-1oop plant with a pressure of

2300 psia and decay power of 42 MW. Each mass was characterized by a

A-8



uniform temperature, and the fluid leaving the mass was assumed to be

in thermal equilibrium with it. The coolant flow was controlled by

the permeability and the available heat due to temperature and density
differences. Two cases were run. Case i simulated loop circulation

and assumed that the loop seals cleared and opened a flow path. Case

2 modeled in-vessel recirculation for cases where the loop seals do

not clear. From these scoping studies, it was concluded that primary

system boundary failure prior to core melting and slumping is

expected. It was noted that the effects of clad ballooning,
oxidation, melting, and relocation could alter the predictions.

For experimental illustration, a numerical model was developed and

validated against Purdue's Large Scale Debris Bed Coolability
Simulation Facility. The model was a distributed parameter model

where the adiabatic vessel was modeled as being occupied by a porous

medium with only the core portion heated. Friction was governed by

Darcy's law and the density variations were handled in a Boussinesq

approximation. The model and the experiment showed good agreement and
had results similar to the 3-mass model.

It was concluded that high pressure steam natural circulation

phenomena was responsible for redistributing core decay power to all

the primary system components accessible to form circulating loops

with the core region. The RCS boundary was expected to fail prior to

core melting.

GENERAL REVIEW

A general review of the work that has been done on natural circulation

was presented by Berta, Boyack and Wilson [A-Ill. The paper divided
the natural circulation work into two periods of interest: pre-1986

and post-1986. Several experiments and results were listed and a

comparison was made of how TRAC and RELAP5 model single phase, double

phase and reflux natural circulation. The authors stated that new
research reconfirms the conclusion that natural circulation is a

viable means of heat removal. Additionally, the new research was said

to complete the acquisition of an appropriate experimental data base

and the development of system codes to permit the design of valid

plant recovery procedures. It was also concluded that both TRAC and

RELAP5 produce reflux condensation, however, the fidelity to the test

data is generally less for this mode than for the other two. This

decrease in simulation quality was believed to be strongly associated

with the degree of detail used in modeling the SG-tubes.

EXPERIMENTATION

Experiments on natural circulation flow in a scale model PWR reactor

during postulated accidents were presented by Stewart, Pieczynski and
Srinivas (at Westinghouse Electric Corporation) in two papers [A-12

and A-13]. The main objectives of the first paper were to determine
the flow distribution and natural circulation velocities in the core

and upper plenum and to characterize the effect of forced flow from

water boiling in the core and the stratified flow from the hot legs to

the steam generators. Similitude was discussed based on flow
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resistances, Reynolds number versus geometry, heat transfer and time
scale. It was concluded that SF6 at a pressure of I atm gives values

for the Re and Gr numbers similar to those for liquid water but

different from those for high pressure steam.

The geometry of the experimental apparatus was a half section of a 1/7

scale reactor vessel (modeled after the Indian Point II plant). The

model had an acrylic front and a core composed of 193 fuel assemblies

each modeled by a single 1/2 inch diameter tube. Power equaled 35 KW

with radial distributions of I14%, 80% and 55%. The lower plenum was

not completely modeled but fluid could be added to somewhat simulate

steaming upflow in the core. The upper plenum structure housed 1/7

scale control rod guide tubes and support columns which were cooled.

The upper head contained cooled tubes to model the guide tube flow

path between the upper plenum and the upper head. The steam generator
was not to scale but was cooled to duplicate the thermal storage

capacity equivalent to the prototype tube bundle and other internal
structures. The two hot legs were composed of glass. One hot leg

included a valve to simulate the surge line tee.

Most of the experiments conducted were steady state and included the

heating of the core and the cooling of the control rod tubes, the

upper plenum wall, the upper head and the steam generator. Eleven

water tests and nine SF6 tests were run. The following were varied:

the blocking of hot legs, the cooling rates in steam generator, the

cooling of the upper head, steaming upflow and the rate of core

heating.

A large amount of upper plenum mixing was observed. The Reynold's
number seemed to have minimal influence on the core loss coefficient.

The hot leg flows were well stratified, displaying a sloping interface

and little mixing. Additionally, the simulated steaming upflow caused
the core recirculation zone to move upward. Perhaps the most

important conclusion was that all similitude requirements were not
met.

The second of these Westinghouse sets of experiments set out to

properly model flow behavior in the experimental apparatus regarding

hot leg flow, steam generator bundle flow and inlet plenum mixing. It

was assumed that the loop seals would never clear, so the cold leg was
not modeled. Also, the fraction of mixed flow entering the steam

generator tubes from the SG-plenum was assumed to equal the mixed flow

entering the SG-plenum from the SG-tubes.

The test apparatus was composed of 49 acrylic tubes. The number of

active tubes was variable and the outside of the tubes was cooled by
chilled water or air. The bundle flow was selected to be two times

higher than laminar flow in a scaled 3260 tube generator. Again,

water or SF6 at i atm. pressure was the working fluid.

The experimental results showed a stratified hot leg flow with a small

amount of mixing at the interface near the pipe ends. Some heat

exchange did take place between the hot and cold streams. Initially
fewer steam generator tubes were needed to dissipate heat. As the
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tubes heated up, mo1'e were needed. Seventy percent of the returning

tube flow to the stuam generator inlet plenum mixed before returning

to the vessel through the bottom of the hot leg. Less than 1/4 of the

tubes were seen to carry flow from the inlet plenum to the outlet

plenum. It was concluded that recirculation single phase flow rapidly

develops in the steam generator.

Sehgal, Stewart and Sha presented a third paper on the Westinghouse

experiments [A-14]. In addition to the objectives discussed for the

previous two papers, this paper studied the effect of rapid PORV

venting on natural circulation, the effect of H2 generation, and the
effect of core blockage due to the debris bed. The experimental

conditions for these additional objectives were achieved as follows.

The venting was done in single and periodic cycles. The H2 generation
was simulated by rapidly withdrawing SF 6 and injecting H2 for an

exchange of 40%. Beds of spheres were used to block the center of
fuel assemblies to simulate core blockage.

The single venting resulted in hot upflow in the core periphery next
to the hot leg with the vent. The original flow pattern reestablished

soon after the vent closed and very little temperature change was seen

away from the hot leg. Periodic venting caused the steam generator

heat transfer to increase by 50-75% since a forced alternating flow

through the tube bundle and the plena was produced.. The H2 tests

caused a temporary stratification in the upper plenum. The H2 mixed

quickly and the natural circulation flow fields reestablished quickly.

Core blockages affected only local temperatures.

COMMIX version I-A was used as a comparison to the above experimental

results. The steady state velocities and temperatures compared quite

well. Venting calculations predicted higher steam generator heat
removal than was seen experimentally. Blockage calculations were in

reasonably good agreement with the temperature data.

Creep rupture failure of the hot leg nozzle during a TMLB' accident

was studied by Harris, Shah and Korth [A-15]. Using stress theory

applications they determined that the hot leg is likely to fail before
the vessel lower head. This would lead to a low pressure accident.

Design curves showed that the rupture time is very dependent on

temperature. The critical time or permissible duration of loading at

a given temperature is decreased considerably if temperatures are
increased even slightly. Also, if high primary stresses are present,

the components will fail by creep rupture at temperatures much lower

than the melting temperatures. Therefore, an accurate thermal

analysis is required to accurately predict rupture times.

An analytical method based on the application of the Larson-Miller

parameter was used to determine the creep rupture time. Uniaxial

creep rupture material properties were used to predict multiaxial

creep rupture behavior. Also, stresses were approximated using thin

shell theory and the dimensions of the nozzle tip near the safe end.

Creep rupture testing was performed to obtain the creep rupture

material properties of A-508, Class 2 carbon steel at high
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temperatures. The authors warn that aging effects (prior creep

damage) and consideration of weldment creep rupture properties have
been neglected in this study and that their consideration could

decrease the rupture time. Additionally, it was assumed that the

rupture times would not be strongly affected by the difference in
oxidation of the nozzle in air and the reactor steam environment.

The size of the rupture must be considered important as the leakage

rate may not be sufficient to reduce the pressure significantly in the

vessel. A sensitivity analysis showed that altering the temperature

history or the creep rupture properties (within reasonable limits) had

little effect on the order of rupture seen.

Results of the MOD°2, Semiscale experimental program were reported by

Larson and Loomis [A-16]. It is pointed out that the results should

not be directly extrapolated to PWR scale because of recognized
compromises in the scaling of small experimental facilities and other

small-scale system effects. In this work they found that although

timing may be in error due to scaling distortions such as heat loss

and primary to secondary heat transfer, the severe consequences of a

power loss (core rod heatup) should occur on the order of I0,000

seconds following power loss in a PWR.

J
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Appendix B

Analysis of Thermosyphoning in a Steam Generator Model

B.1 Introduction

An analysis of thermosyphoning in a steam generator model is presented. The moti-
vation for developing the thermosyphon model was twofold: l) to provide an independent
investigation of the relation between steam temperatures in the inlet plenum and the
steam generator circulation rate, and 2) to provide a computationally efficient model to
study the effects of variation of key parameters affecting the circulation rate. The first
item was itself motivated by the disagreement in the steam generator circulation rates
predicted by SCDAP/RELAP5 and COMMIX.

A prominent feature in the simulation of the TMLB' scenario is the postulated
development of natural circulation of superheated steam in the steam generators once
the core has been uncovered. Because the return cold leg does not clear, a natural
circulation pattern is assumed to develop in which steam enters the top of the hot leg
from the vessel, flows along the top of the hot leg to the inlet plenum where it mixes, flows
through some fraction of the steam generator tubing to the outlet plenum, returns to the
inlet plenum via the remaining tubes and returns to the vessel through the lower half of
the hot leg. An important aspect of simulating this phenomena is proper modeling of the
circulation rate and the heat transfer rates in the steam generator, since heat removal in
the steam generator is the source of bouyancy driving the natural circulation phenomena.

The governing equations which model the thermosyphoning phenomena in the steam
generator are developed from a mass, momentum and energy balance on the system. Mo-
mentum conservation includes a balance of the rate of change of momentum with buoy-
ancy and viscous forces in a typical tube. The buoyancy is treated via the Boussinesq
approximation. The pressure drop over forward- and backward-flowing tubes is elimi-
nated by an appropriate summation of these respective equations. The energy balances
include storage, convection and heat exchange between the flowing vapor and the tub-
ing. Heat exchange to the secondary-side in the steam generator is modeled by treating
the secondary-side steam as a lumped volume. The resulting coupled system of equa-
tions is solved numerically for the steam generator circulation rate, the vapor and tubing
temperature distributions along the length of U-tubes, and the secondary-side steam
temperature.

The model is applied to simulate thermosyphoning in a steam generator representa-
tive of one of three such generators in a 3-Loop Westinghouse Pressurized Water Reactor

(PWR). Only the thermosyphoning phenomena is considered in this model. The vessel
and hot and cold legs which comprise the primary components in a PWR are not modeled
explicitly. Their effect in producing and transporting steam vapor to the steam generator
is modeled by specifying the heating rate of gases entering the inlet plenum from the top
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of the hot leg. Heating rate values are varied about values predicted with large systems
codes which have been employed to model the entire PWR under the TMLB' transient.

To reiterate, the objective of this analysis was to provide an independent analy-

sis, that is apart from those performed with the systems codes SCDAP/RELAP5 and
MELCOR, of the circulation rate in the steam generator during the TMLB' transient.
Furthermore, the resulting model is much less CPU intensive than the systems codes and
sensitivity studies can be permformed in a much more cost effective manner.

B.2 Steam Generator Model

In this work only the buoyancy-driven flow in the steam generator tubing is modeled
in some detail. Mixing of gases in the plena and the counter-current flow in the hot leg
are not treated explicitly. These effects are modeled by use of a thermodynamic mixing
model developed by Stewart et. al [B-8], which contains various mixing parameters whose
influence is to be determined. The objective of this study was to develop a model which
contains the essential mechanisms which generate the circulation in the steam generator,
and not to address the complex flow that arises in the plena.

Assumptions and Approximations

There are several assumptions and approximations that were invoked in developing
the model; these are enumerated below:

1. Temperature and velocity are assumed to depend only on dista_ce along tubes, x,
and on time, t, i.e., equations are area-averaged.

2. Boussinesq approximation is invoked.

3. Streamwise heat conduction is small compared to convection and is not included
in gas energy balance.

4. Heat conduction along the piping is also neglected. This invokes the small Biot

number assumption since the pipe walls are thin compared to their length.

5. Pipe bend is neglected.

6. Tube sheet is not modeled. The tube sheet acts as a heat sink for the plenum gases
and its effect will be considered to be lumped in with the mixing parameters.

7. Temperature dependent properties are based on average temperatures, Tg = (Tg(0, t)+
Tg(2L, t))/2, and G = (Tv(0, t) + Tv(2L, t))/2, where Tg denotes the vapor temper-
ature and Tp is the steam generator tube temperature.
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Thermosyphon Equations

A schematic of the steam generator is shown in Figure 10.2.1 of the main report.
This schematic shows only one forward and one backward flowing tube, however, the

steam generator modeled below includes a total of 3348 inverted U-shaped tubes. It is
assumed that n! tubes carry steam from the inlet plenum to the outlet plenum, and that
the remaining nb tubes carry the same total mass flow from outlet plenum back to the
inlet plenum. The mass and momentum equations governing the buoyancy-driven flow
in the steam generator are displayed below.

Mass:

r _ (B.1)= v(t), ,i sc = njpvd, = nbpou_di ,
P

Momentum:

p.L(1 + --)-_ = pgg3 T.dx- T.dx + T.dx- T.dx?lb /2 JL L/2

2L
- 2C1pov _, (B.2)

where C! is the integrated friction coefficient,

C f = f(v)+ \'zb f(u).

The mass balance equation states that the velocity depends only on time, however, the

molnentum equation couples the velocity to the temperature distribution over the entire
length of tubing. In these equations, Pa is gas density, di is the tubing inner diameter
in the steam generator, v is the velocity in a forward flowing tube, u is the velocity in a
backward flowing tube,/3 is the coefficient of thermal expansion, and L is the length of an
inverted U-tube. The forward flowing and backward flowing momentum equations llave
been summed to eliminate the pressure drop from inlet to outlet plena, resulting in Eqn.
(B.2). The forward-to-backward flowing tube ratio enters in this process by elimination

of u according to n]v = nbu, given in Eqn. (B.1).

Energy balances for the steam flowing in the tubing and for the tubing material itself
are shown below.

Steam Energy Balance:

poC_,, + = -4_- (T0 - T,), 0 < x < L, (B.3)

and,

P°CPg --_ + nbV_J = -4_ (To- Tv), L<z_<2L, (B.4)
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Pipe Energy Balance:

OTp hi hod° (Tv_ T,) 0<x<2L, (B5)
ppCpp--_ = 4 6(2 + b/d,) (7_ - Tp) - 4 d_° _d-----_ 2 , _ .

where hi and ho are heat transfer coefficients for the inner and outer surface of the tubing,

respectively, 6 = do -d_ is the tube thickness, do is the outer tube diameter and Ts is
the steam temperature on the secondary side of the steam generator. As noted above,
streamwise heat conduction is neglected compared to convection for the steam and is also
neglected for the piping. This latter approximation is essentially a small Blot number
assumption based on the thin piping relative to the length of piping (see Table B.1).

Heat transfer from the tubes to steam on the secondary side is assumed to be entirely
due to natural convection. The steam on the secondary side of the steam generator is

modeled as a lumped volume. The energy balance reads,

p,C, sIS--_-i- = rdo n I ho(Tv - T,)dx + nb ho(Tp- Ts)dx. (B.6)

Note that in the current model ho = func(]Pp- T_), and so is independent of pathlength.
Secondary side steam properties were evaluated at 350 C and 7.5 Mpa (properties taken

from Kays and Crawford [B-6]).

These equations are subject to the following initial conditions;

v(t=0) =v °, (B.7)

Tg(x, O) = Tp(x, O) = T °, (B.8)

and to the boundary condition

Th(t) = T O+ i't, (B.9)

where Th denotes the steam temperature entering the inlet plenum from the top of the

hot leg. The values of heating rate (.) considered are 5.5, 8.85, and 16.2 KeIvin/min. The
nominal value, taken to be 8.85 Kelvins/min, roughly matches the results of Bayless [B-I]
using SCDAP/RELAP5. The lower values is from calculations done with COMMIX [B-
3], and match the temperature history of gases into the steam generator tubes. The upper
value is also from COMMIX, and represent the temperature history of steam entering
the top of the hot leg at the reactor vessel.

The inlet plenum mixing model, to be discussed shortly, provides the coupling with
Th. This boundary condition specifies an assumed heating rate for the steam entering the

inlet plenum. The model computes the resulting steam temperatures exiting the steam
generator tubes after flowing to the exit plenum and returning to the inlet plenum.
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In these simulations we used T O= 620 K, v° = 0. The system pressure was assumed
constant at 16 Mpa, the set point for pressure-operated relief valves in the system. This
initial temperature corresponds to average temperatures in the steam generators as pre-
dicted by Bayless [B-l] at 160 minutes into the simulation of the TMLB' transient.

Inlet Plenum Mixing Model

Flow in the inlet and outlet plena is a complicated three-dimensional flow [B-2] which
is not explicitly modeled here. Instead, the thermodynamic mixing model proposed and
verified by Stewart et. al [B.8] is employed:

T,,, = (B.10)

m-n_- (1msc - 2.fmi_)]

Tg(O,t) = (i - fmi_)Th + f,,,i,Tm, (B.11)

[(1-f,_i_)Yg(2L,t)+(m_-(1-f,_i_))Tm]
Tc = ,_sz (B.12)mnL

m SG

In this model, fmix represents the fraction of hot gas (Th) that mixes in the inlet plenum_
the remainder 1 - fmix goes directly to the steam generator tubes. Tm represents the
"mixing cup temperature" for the mixed gases in the inlet plenum. Tc is the fluid tem-
perature entering the bottom of the hot leg after mixing in the inlet plenum. This model
also allows for a different flow rate in the steam generator than in the hot leg.

Friction and Heat Transfer Correlations

Standard correlations for frictional losses and heat transfer were employed in the
model. The friction factor was specified as

2r_ _ f 16/Re, Re, _<1209
f(v) (B.13)

pgv2 - _ O.078/Re_/4 Re. > 1209

where r_ is the wall shear and Re. = pgvdi/#9. The expression for f(u) is similar,
obtained by replacing v with u in the above.

The heat transfer rate from the flowing steam to the piping is specified according
to_
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hidi _ { 4 Re < 667 (B.I4)Nui- kg 0.022Re 4/s Re > 667

where the Reynolds number based on v and u is used for the forward and backward

flowing tubes, respectively. The heat transfer from the tubing to the secondary side is
assumed to be by natural convection. Hence, the Nusselt number is specified with respect

to a Rayleigh number,

Nuo = h°d----2-°= 0.59Ra 1/4 (B.15)
G(T,)

where Ra = gfl(Tp - Ts)La_/vg%. Thermophysical properties for steam at 7.5 MPa and
620 K were used in this expression. Normally, the characteristic length, Lc, would be the
height of the tubes at the U-bend. However, this would assume an unimpeded boundary
layer development about each tube. Owing to the close packing of tubes in the steam
generator, boundary layer interference from adjacent tubes is likely. Depending oil the
degree of interference, the characteristic length may lie somewhere between the length of
tubes and the distance between adjacent tubes. Due to lack of data on natural convection

heat transfer characteristics in steam generators for this configuration, the characteristic
length was set to one meter. We find that this value is sufficiently large to result in very
effective heat transfer from the flowing steam to the secondary side. In order to address
the uncertainty in this value, we also considered a simulation with completely insulated

steam generator tubing, as discussed in the main text.

Thermophysical Properties and Dimensions

The temperature variation of steam density, kinematic viscosity and thermal expan-
sion coefficient at 16 Mpa was specified as follows:

pg[kg/m 3] = 53610/T- 13.41,

v[m2/s] = 4.406 x 10-7 + 2.309 x 10-9(T- 700),

/3[K-_] = 1.733 x 10-3- 1.775 x 10-6(T- 850).

The temperature is specified in Kelvins. The fact that the viscosity of steam (and
all gases) increases with temperature will impact the mass flow rates that are predicted.

Table B.1 gives the remaining properties and dimensions that were specified to model
the 3-Loc,p Westinghouse PWR.
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Table B.1. Thermophysical properties and dimensions.

Parameter Value Dimensions
Steam

kg 0.0998 W/m/K
Secondary Side Steam

p_ 29 kg/m 3

Cps 0.3129× 104 J/kg/K
ks 0.0606 W/m/K

Steam Generator Tubing

ppCvv 0.3502x 107 J/m3/K,

Dimensions
....

V_ 166 m 3

L 22 m

di 0.01968 m
do - di 0.001215 m

B.3 Numerical Treatment and Code Testing

The thermosyphoning phenomena are described by Eqns (B.2)-(B.6), together with
initial and boundary conditions. This system is solved numerically by the so-called
Method-of-Lines (MOL), see reference [B-5]. The technique is suitable for parabolic or
hyperbolic systems, as we have here. The method simply involves discretizing the spatial
dimensions by finite differences, resulting in a system of coupled nonlinear ordinary dif-
ferential equations (ODEs). The ODEs are integrated in time by use of the stiff backward
difference solver DEBDF [B-7] available in the SLATEC mathematics library [S-4].

Based on a convergence study, it was determined that discretizing the spatial deriva-
tives in the energy equations into 80 finite difference volumes was sufficient to obtain an
accurate solution. Typical CPU requirements were about 4 seconds per simulation on
the CRAY-YMP.
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