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"% UNITED STATES
NUCLEAR REGULATORY COMMISSION

WASHINGTON. D. C. 20555

NRC Foreword

As part of the revised Severe Accident Research Program (SARP),.described in
NUREG-1365, the NRC identified as a programmatic element, initiation of a
Severe Accident Scaling Methodology (SASM) development program. Experimental
investigation of severe accident phenomena poses a serious challenge owing to
the fact that many processes involve a complex synergy of fluid flow, across
varied flow regimes, combined heat transfer modes and high temperature
material interactions and chemical reactions. Development and application of
a SASM, representing a structured methodology which is systematic,
comprehensive and scrutable provides the confidence that scaled experiments
faithfully reproduce the phenomena which will occur in a nuclear power plant.
Further, application of a SASM provides the basis for application of
analytical models validated against smaller scale experimental facilities to
full scale.

The work described in this report is the culmination of activities begun in
1989 involving individuals with the breadth and depth of expertise needed to
address these issues. The development program coordinated by the Brookhaven
National Laboratory was guided by the Technical Program Group (TPG), a group
composed of experts from universities, national laboratories and industry,
under the direction of Dr. Novak Zuber, since retired from the NRC.

To demonstrate, for clarity, application of the SASM to a severe accident
issue the TPG has as part of thii program addressed the scaling of direct
containment heating phenomena. Thus, a major portion of this report discusses
in detail the use of the SASM to guide the development of direct containment
heating experimental and analytical programs.

This report is being published as a NUREG/CR report in draft form to assist in
the broad review by the technical community. This published version consists
of a main body containing two parts; Part A - Integrated Structure For
Technical Issue Resolution, and Part B - An Application to Direct Containment
Heating for a PWR. Additionally, there are 16 appendices which describe in
greater detail the bases for information presented in the main report. At the
time of printing Appendix L, "Rate of Pressure Change" was not in manuscript
form. We conclude however, that the timely review and dissemination of this
report dictates that it be published in draft, albeit, incomplete form. It
should be noted that the main body of the report does contain the appropriate
information summarized from the work associated with Appendix L.

While the report provides discussion of a process for integrating experiments,
analyses and uncertainty quantification the impetus for undertaking this
program, as outlined in the SARP, was to formulate a scaling methodology which
may be applied to investigation of severe accident phenomena. Severe accident



issue resolution in the broader context involves a wide range of
considerations Including probabilistic estimates. Thus, it can be reasoned
that a wide range of views could be held as to how issue resolution can be
achieved. We are most interested in your review and comments regarding the
issues discussed above, particularly the development of a SASH and its
application to the DCH issue, i.e., identification and prioritization of
similarity groups which need to be preserved as well as assessment of scaling
distortions.

Please direct all comments on NUREG/CR-5809 to:

Chief, Regulatory Publications Branch
U.S. Nuclear Regulatory Commission
Washington, DC 20555

The period for comment extends through February 29, 1992.



ABSTRACT

Recognizing the central importance of severe accident scaling issues, the

United States Nuclear Regulatory Commission implemented a Severe Accident

Scaling Methodology development program involving a lead laboratory

contractor and a Technical Program Group to guide the development and to

demonstrate its practicality via a challenging application. The Technical
Program Group recognized that the Severe Accident Scaling Methodology was an

integral part of a larger structure for technical issue resolution and,

therefore, found the need to define and document this larger structure. The

Integrated Structure for Technical Issue Resolution objectives and process

are described in this document. The objectives of the Severe Accident

Scaling Methodology are to (a) provide a scaling 'methodology that is

systematic and practical, auditable, and traceable, (b) provide the scaling

rationale and similarity criteria, (c) provide a procedure for conducting

comprehensive reviews of facility design, test conditions, and results,
(d) ensure the prototypicality of the experimental data, and (e) quantify

biases due to scale distortions or due to non-prototypical test conditions.

The ability to provide similarity criteria that combine the system

(top-down) and process (bottom-up) view points is a key feature of the

Severe Accident Scaling Methodology. This hierarchical, two-tiered scaling

(H2TS) approach provides both sufficiency and efficiency. The Integrated

Structure for Technical Issue'Resolution and the Severe Accident Scaling

Methodology have been tested and demonstrated, by their application to a

postulated direct containment heating scenario. The Technical Program Group

believes the results demonstrate that the methodology satisfies the stated

objectives.
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EXECUTIVE SUMMARY

BACKGROUND

The NRC has developed the Severe Accident Research Program (SARP) to

provide confirmatory information and technical support to implement the

staff's Integration Plan for Closure of Severe Accident Issues. The SARP

addresses both: 1) near-term research directed at providing a technical

basis upon which decisions on important containment performance issues can

be made and, 2) long-term research needed to confirm and refine the current

understanding of severe accidents. Scaling has been identified as an

important element of the near-term research effort.

The need to examine very carefully and in some detail questions related to

scaling, in experimentation is predicated on the fact that all integral and

most separate effects tests are conducted in scaled-down test facilities.

Consequently, it is necessary: 1) to assure that the important processes of

interest are well scaled, and 2) to assess the effects of distortions (when

present) on processes and/or parameters of interest to a NPP accident

scenario or set of scenarios.

To address the scaling problem, the USNRC implemented a Severe Accident

Scaling Methodology (SASM) development program at the Brookhaven National

Laboratory (BNL). A Technical Program Group (TPG) was formed by the

contractor to guide the development of SASH and to demonstrate its

practicality by applying the methodology to the direct containment heating

problem.

As scaling is relevant not only to experimentation but also to analyses

based on code calculations, an efficient methodology for resolving technical

issues must integrate both applications. To this end, the TPG has developed

also the Integrated Structure for Technical Issue Resolution (ISTIR) of

which SASH is an element. ISTIR is a physically based methodology that

integrates experiments, analyses and uncertainty quantifications.

xi



In this report,'Part A presents a general overview of ISTIR and of SASH,

in their generic context. Lesson learned from the TPG activities, together

with a list of questions which should be answered during evaluations of

proposed experimental programs are also included in Part A. Part B presents

the application of the ISTIR and SASM to a postulated direct containment

heating scenario. Technical details and information in support of the

methodology development and application are presented in Appendices A

through Q.

0B3JECTIVES OF THE METHODOLOGY

ObJectives of ISTIR

To integrate experiments, analysis and uncertainty quantification by

means of a methodology that is systematic, comprehensive, auditable,

and practical.

" To ensure that special models or computer codes used to resolve a

safety issue have the capability to scale-up processes to NPP relevant

conditions.

" To provide a proper balance between experiments and analysis and assure

thereby a cost-effective and timely resolution of a safety issue.

ObJectives of SASM

• To provide a scaling methodology that is systematic and practical,

auditable, and traceable.

• To provide the scaling rationale and similarity criteria.

• To provide a procedure for conducting comprehensive reviews of facility

design, of test conditions and results.

" To ensure the prototypically of the experimental data, and

xii



* To quantify biases due to scale distortions or due to non-prototypical

conditions.

PROGRAM MANAGEMENT

Development and demonstration of the methodology was accomplished by a

Technical Program Group (TPG), the membership of which was composed of

knowledgeable individuals from the NRC, four national laboratories, four

universities and industry. The members of the TPG were:

* Dr. B. Boyack, Los Alamo4 National Laboratory

* Dr. A. Dukler, University of Houston

* Dr. P. Griffith, Massachusetts Institute of Technology

• Dr. J. Healzer; S. Levy, Inc.

" Dr. R. Henry, Fauske, & Associates, Inc.

* Dr. M. Ishii, Purdue University

* Dr. J. Lehner, Brookhaven National Laboratory

" Dr. S. Levy, S. Levy, Inc.
* Dr. F. Moody, General Electric Nuclear Energy
" Dr. M. Pilch, Sandia National Laboratory

" Dr. B. Sehgal, Electric Power Research Institute

* Dr. B. Spencer, Argonne National Laboratory

* Dr. T. Theofanous, University of California (Santa Barbara)

" Dr. J. Valente, Brookhaven National Laboratory

" Mr. G. Wilson, Idaho National Engineering Laboratory

" Dr. W. Wulff, Brookhaven National Laboratory

" Dr. N. Zuber, U.S. Nuclear Regulatory Commission.

Consistent and timely'program coordination and direction was accomplished

in nine scheduled meetings over a period of 20 months. Overall program

coordination was provided by Brookhaven National Laboratory (Dr. John

Lehner, Program Manager). Coordination and publication of the final report

was provided by Idaho National Engineering Laboratory (Mr. Gary Wilson,

Program Manager). Dr. Novak Zuber was chairman of the TPG.
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The Advisory Committee on Reactor Safeguards (ACRS) provided continued

oversight through the regular observation of TPG meetings by Drs. I. Catton

and 0. Houston, and through several ACRS and/or Subcommittee reviews.

RESULTS FOR PART A: METHODOLOGY DEVELOPMENT

Integrated Structure for Technical Issue Resolution (ISTIR)

The integrated experimental and analytical program structure for solving

technical issues consists of five components shown in Figure 1. The

integration is achieved by identifying safety issues and ranking

requirements to resolve an issue (Component I) and by expressing them in

terms of specifications for both experiments (Component II) and analysis

(Components III, IV, and V). Technical issue resolution is achieved by

means of special models (Component III) and their uncertainties or by code

calculations and their uncertainty quantification (Component V).

The ISTIR provides a proper balance (sufficiency) between experiments and

analysis to ensure a cost-effective (efficiency) and timely resolution of a

technical issue. To provide for sufficiency and efficiency, both

experiments and analysis include features of the inductive (top-down)

approach that considers the whole system, and of the deductive (bottom-up)

approach that focuses on the parts. The top-down approach assures that the

experimental and analytical methods used to resolve an issue are

comorehensive, systematic, auditable, and traceable. The bottom-up approach

assures that all Jmoortant features of an issue are fully addressed.

Section 2 in Part A and Appendix A, provide a more detailed discussion of

the five components.

As the task assigned to the TPG was to develop and demonstrate a scaling

methodology, the work and results presented in this report deal with

Components I and II of the ISTIR. Components III through V are discussed

only to the extent that illustrates how experiments, analysis and

uncertainty quantification are integrated in the ISTIR.
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Component I: Safety Issue. Accident Specification and Phenomena Evaluation

Component I is the foundation for the entire issue resolution process as

it specifies the phenomena space which must be considered in experiment and

analysis. It consists of thd five steps shown in Figure 2, that generate

the Process Identification and Ranking Tables (PIRT).

To establish such tables, the plant is divided into components and the

scenario in operationally characteristic time periods. For each component

and time period, physical processes and phenomena are identified and

differentiated as to their cause and effect. This physically based

decomposition of the scenario in a cause and effect sequence, insures that

all processes are identified and examined. Subsequent to identification,

the processes and/or phenomena are ranked according to their impact on the

parameter of primary interest. This ranking is designed to direct work to

those processes having the most significant effect on the questions of

concern.

Section 2, in Part A, provides the rationale and specifications for the

give component steps of Component I.

Component 11: Severe Accident Scaling MethodoloQy (SASM)

Component I1 consists of eleven steps shown In Figure 3, which are grouped

in three key elements:

Element 1: Specification of Experimental Requirements, in which the

experimental objectives are defined in terms of the technical

issues.

Element 2: Evaluation and Specification for Experiments and Testing, in

which the experimental objectives are reflected in terms of

scaling rationales that are necessary to insure both SET and

IET data are applicable to full scale reactors, and include

the phenomena important to the specified accident scenario.
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and Phenomena Evaluation.
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Element 3: Data Acoulsition and Documentation, in which the data base

appropriate to issue resolution is established and documented

for its subsequent use.

To perform scaling analyses (Steps 2 and 4 in Figure 3) which satisfy the

five objectives of SASH, a hierarchically based, two-tiered (H2TS) scaling

methodology was developed; Figure 4, shows the flow diagram. The complex

physicochemical progresses (that characterize severe accident scenarios) and

their associated synergetic effects, mandate a hierarchical approach to the

problem in order to make it tractable. Figure 5 shows how the two-tiered

scaling methodology (one tier based on the top-down or system approach, the

other on the bottom-up or process approach) satisfies the five objectives of

SASH.

It is shown that when applied to a LOCA scenario, the proposed methodology

(expressed by a scaling hierarchy of characteristic time ratios) yields the

power to volume scaling criterion, which ensured the prototypicality of test

data and was thereby, a key contributor to the resolution of the LOCA

issue. The methodology proposed in this report provides the capability to

scale a considerably broader and more complex set of physicochemical

processes.

Section 3 in Part A and Appendix 0, provide the details-of SASH.

Attributes of the Methodology

ISTIR provides two methods for ranking processes: One leads to the PIRT

of Component I; the other provides a scaling hierarchy based on the H2TS

approach of Component II. These two methods are complementary. PIRT

provides generality and ensures that all processes have been identified and

evaluated in a qualitative manner. Whereas the H2TS method yields

specificity and quantitative results; it provides thereby a technically

justifiable basis and rationale for performing experiments and analyses

(including code development, validation and calculations).
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TOP-DOWN/SYSTEM
SCALING ANALYSIS

SATISFIES OBJECTIVE NO. I:

Provides a methodology that is
comprehensive, systematic,
auditable and traceable

SATISFIES OBJECTIVE NO. 2:

Provides a scaling rationale
and similarity criteria

SATISFIES OBJECTIVE NO. 3:

Provides guidelines for
reviewing facility design and
test conditions

SATISFIES OBJECTIVE NO. 5:

Quantifies' effects of
distortions

PROVIDES:

Efficiency of the methodology

BOTTOM-UP/PROCESS
SCALING ANALYSIS

SATISFIES OBJECTIVE NO, 4:

Ensures prototypicality of
experimental data for
important processes

PROVIDES:

Sufficiency of the methodology

Ir
TWO-TIERED

SCALING ANALYSIS

PROVIDES:

A oralical and tehLnial•y.
juif lable scaling
methodology for complex
physIcochemical transfer
processes

Figure 5. Roles of scaling analyses.
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For experiments, the hierarchically based two-tiered scaling methodology:

1) generates and prioritizes similarity groups which should be

preserved to ensure the prototypicality of test data;

2) identifies for each similarity (pi) group, important control

parameters which must be considered in the design and operation of

a test facility;
3) provides a framework to identify and trace each assumption made in

the scaling analysis, and to evaluate its impact on the safety

parameter of interest; and

4) provides a framework to asses the effects of a test facility

design and operation on the primary parameters.

For analyses, the methodology:

5) identifies and prioritizes physical processes which should/must be

modeled in the code so as to ensure its capability to address a

specific scenario;
6) identifies test data' for use in the code validation process;

7) provides a technically justifiable rationale for demonstrating the

scale-up capability of a code; and

8) identifies the most important parameters for code sensitivity

calculations and for code uncertainty quantification.

These eight attributes of the methodology are demonstrated in its

application to the DCH scenario.

RESULTS FOR PART B: APPLICATION TO A DIRECT CONTAINMENT HEATING

SCENARIO

To test and demonstrate the methodology, Components I and II, of ISTIR

were applied to a DCH scenario. Note that Components III, IV, and V were

not included in this demonstration as the activities of these three

components were not included in the task assigned to the TPG.
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Application of Component I

The DCH application of Component I followed the five steps shown in Figure

2. Containment integrity, and therefore its pressure, was identified as the

safety issue. Station blackout at high pressure was selected for the

scenario, Zion for the NPP, and an accident path was specified

(see Figure 6). The plant was divided into four components, the scenario

into three characteristic phases (time periods) and a PIRT was generated

(see Table 1) which specifies the modeling requirements for the OCH

scenario.

Section 2 in Part B and Appendix E, discuss this application in more

detail.

Application of Comoonent II

Figure 7 shows the flow diagram and topics addressed in applying SASM to

DCH. Reactor pressure vessel failure conditions were examined to evaluate

the initial and boundary conditions. Scaled model laws were then derived

using the two-tiered scaling methodology. Figure 8 shows the flow diagram

and topics addressed in following the top-down or system approach; whereas

Figure 9 provides the same information for the bottom-up or process scaling

approach.

Section 3 in Part 8 and Appendices F through R provide the details of this

application.

Demonstration of Attributes

The eight attributes df the methodology were demonstrated in its

application to the DCH scenario, specifically:

1) The top-down/system scaling tier of the methodology generated seven

pi groups which scale processes that influence the rate of pressure

change in the cavity (See Part B, Sections 3.4.1.1 and 3.4.1.2).

The bottom-up/process scaling tier provided models and
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Table 1. Summary of Rankinga pf the importance of plausible phenomena
to containment loads during a DCH transient.

TPG Ranking by Transient Phase
Corium Multiphase Phase-1

Comoonent/Phenomena Discharge Discharqe Discharge
RPV:

Hole ablation H H --

Flow through hole H H H
Depressurization L ....
Gas blowthrough H ....
Oxidation reactions -- L --

Reactor Cavity:
Corium distribution H H H
Concrete ablation L ....
Concrete decomposition L M --

Oxidation reactions H H H
Debris/water HT H H H
Debris/gas HT L H H
Debris/structures HT M L L
Gas/structures HT L L L
Hydrogen combustion L L L

Containment Subcompartments:
Hydrogen mixing -- M M
Oxygen content -- M M
Hydrogen combustion -- H H
Other combustibles M- H M
3D dispersed flow H H H
Oxidation reactions -- H H
Debris/gas HT -- H H
Debris/structures HT -- H H
Debris/water HT -- H H
Concrete decomposition -- H H
Gas/structure HT -- H H

Upper Containment:
Hydrogen mixing & combustion -- H H
Other combustibles -- L I
Oxidation reactions -- L I
Debris/gas HT -- H H
Debris/structures HT -- L L
Gas/structures HT -- L L

a. With respect to containment loads, it is judged the impact of the
phenomena are:
L - Low importance M - Medium importance H = High importance
-- = Insignificant importance or not active during phase.
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information on specific processes accounted for in the p1 groups.

Following the (scale-down) approach well established in the

chemical process industry, these seven pi groups were evaluated in

terms of full scale NPP conditions.

The results (scaling hierarchy) demonstrate that only three

processes (debris to gas heat transfer, water vaporization in the

cavity, and zircaloy oxidation) are important (See Table 3.2 in

Part B Section 3.4.1.3). Consequently, the corresponding p1 groups
should be preserved if these processes are to have the same effects

in a small scale test facility as in the full scale NPP. (This

illustrates Attribute 1).

The results demonstrate also that each important process is scaled

by a single pi group having a si mple physical interpretation. Yet

each of the three pi groups includes all parameters important to

the particular process (See Part B, Section 3.4.1.4).

The smallness of the calculated pi groups indicates that for
conditions examined in this report, the transfer of energy to the

gas is not very significant during its transit time through the

cavity (See Part B, Section 3.4.1.3).

2) The results show that (only) two parameters have a dominant effect

on the transfer processes in the cavity (See Part B, Section

3.4.1.4). These two parameters were derived from small scale

simulant tests and need further validation. One is a control

parameter, that is, the pressure force ratio (break to cavity),
which is raised to the 4.6 power in the pi groups. The second is a

design parameter, that is, the length of the cavity, which is

raised to the second power. Consequently, the effects of these two

parameters must be considered in the design and operation of a test

facility. (This illustrates Attribute 2).
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3) The p1 groups were calculated for three drop sizes to evaluate

their effect on the safety parameters of interest (rate of pressure

rise). Drop diameters used for this purpose were those predicted

by presently available correlations. As these correlations are

based on experimental data on drop entrainment from flowing films,

two questions were raised and had to be addressed. One question

was concerned with the possibility of drops once entrained, to

undergo subsequent fragmentation due to the high velocity gas flow

through the cavity. The second question was concerned with the

impact of such fragmentations (if possible in the specific cavity)

on the primary parameter of interest. The calculations which were

performed to address these two questions (See Part B, Section

3.4.1.3), illustrate how the H2TS methodology provides a

framework: a) to identify and trace each assumption made in the

analysis and, b) to evaluate its impact. (This illustrates

Attribute 3).

4) The results show that unless the residence time is preserved, the

rate of pressure rise in a small scale test facility will differ

from that in a full scale NPP. Similarly, the results have

indicated that due to the finite time required for drop

fragmentation, short test facilities may have larger drops at the

exit than those observed in longer test facilities. (These two

examples illustrate Attribute 4).

5) The results show that the most important processes to be modeled by

a code are those at the break as they determine entrainment rates

and drop sizes in the cavity. (This illustrates Attribute 5).

6) Although in this report, the H2TS methodology was not used to

identify test data for code validation (Attribute 6), it is evident

that it provides both the framework and the procedure to carry out

such an activity.
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7) The results show that two parameters (pressure force ratio and

cavity length) have a dominant effect on transfer processes in the

cavity. This conclusion can be assessed in scaled experiments. If

confirmed, the results will provide a technically justifiable basis

for demonstrating the scale-up capability of a code. If not

confirmed, the H2TS methodology provides the framework for

assessing other correlations on entrainment rates, drop sizes,

etc. (This illustrates Attribute 7).

8) The H2TS methodology has identified sensitivity parameters for each

of the three pi groups (See Part B, Section 3.4.1.4). The results

show that for the three groups, the pressure force ratio is the

most important sensitivity parameter. (This illustrates Attribute

8).

This application of the hierarchically based two-tiered scaling

methodology to a DCH scenario has demonstrated quantitatively, the

importance of initial conditions at the break. However, it is important to

stress here, that only one idealized scenario (single phase melt flow

followed by single phase gas flow) was examined. Furthermore, only one set

of initial conditions (break size, pressure melt amount, water amount,

debris temperature, etc.) was used in calculating the pi groups.

Consequently, the conclusions and observations discussed above are limted

to this particular scenario, initial conditions and assumptions made in the

analysis. However, the same prbcedure can be easily applied and used to:

a) evaluate effects of various assumptions, and b) assess effects of

two-phase (melt-gas) discharge; of debris solid-melt discharge; of different

break sizes; of different amounts of water in the cavity, etc. It is

evident that additional experimental and analytical studies are needed to

establish a broader and more robust technical basis for resolving the DCH

problem.
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Nevertheless, this application to OCH has demonstrated that the

hierarchically based, two-tiered scaling (H2TS) procedure presented in this

report:

1) provides a physically based methodology that is comprehensive,

systematic yet practical, auditable and traceable, and

2) provides a physically based framework for resolving technical

issues by integrating experiments and analyses.

Conclusions with Resoect to DCH Related Phenomena

The evaluation of the pi groups required: a) an evaluation of initial and

boundary conditions for the scenario, and b) an evaluation of the processes

modeled by these groups.

To specify initial and boundary conditions, two studies were performed:

one dealt with Reactor Pressure Vessel (RPV) failure conditions; the other

with RPV discharge phenomena. Topics that were addressed in these studies

are listed in Figure 7; the analyses are presented in Part B, Sections 3.2

and 3.3, and in more detail in Appendices F through K.

To evaluate processes modeled in the pi groups, evaluation studies and/or

analyses were performed dealing with the topics shown in Figure 9. Section

3.4.3 of Part B deals with these bottom-up, studies; the details are

presented in Appendices N through R. In what follows we summarize these

results.

Amount-of Material Involved in ICH. A detailed evaluation (See Part B,

Section 3.2.2 and Appendix G)' of the data presently available on the amount

of material involved in direct containment heating during a pressurized

water reactor station blackout shows that:

* About 40 percent of the core weight will be ejected in a molten form.

* From 30 to 80 percent of the molten material could be in a metallic

form. If failure of the crust or flow blockage due to structural

weakness is considered more realistic than due to crust or flow
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blockage melting, about 30 to 50 percent of the molten material will be

in a metallic form.

A significant amount of solid debris (from one half to about equal to

the molten mass) will be present in the bottom head when the vessel

fails due to creep. The solid content will be small when an early

vessel penetration failure occurs and it will increase with delayed

pressure vessel failure.

Amount of Solid Debris Retained in the RPV. Based on experimental results

discussed in Part B, ,Section 3.3.1 and Appendix H:

" It may be concluded that the number of pellpts ejected from a nuclear

reactor pressure vessel, in the event of a melt down is primarily

dependent on the size and location of the hole. If the ratio of hole

diameter to pellet length is lower than the critical value of about 2,

the pellets will form a bridge over the hole, allowing the melt and

steam-hydrogen mixture to be released from the vessel, while

restricting the release of the fuel pellets into the containment area.

If the ratio is higher than the critical value, the amount of material

left in the vessel after blowdown, as well as the shape of the free

surface of the pellet drift can be predicted.

" It may be assumed that wherever the hole is located, the material

remaining in the vessel will be angled steadily upwards, away from the

hole at the natural angle of recline for the pellets at that

temperature. Based on the geometry of the drift of pellets, the amount

of material remaining in the vessel can be determined.

Furthermore, because the tendency of the pellets to flow out the hole

is not very strong and pellets at temperatures close to their melting

temperature have a tendency to sinter, there is a real possibility that

a large *clinker' of pellets will form and be left behind while the

liquid and gas will be ejected.
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Also, when a bridge forms, the liquid that is ejected does not form a
coherent 'jet, but rather leaves as a spray. This will probably reduce

the ablation of the hole and further reduce the amount of material
ejected.

Scaling of RPV Discharge Phenomena. RPV discharge phenomena addressed in

this study are shown in Figure 7. The analyses presented Part B, Sections

3.3.1 through 3.3.4 and Appendices I, J, and K, 'Indicate that:

0 Steam heating Is negligible during corium discharge.

* Steam heating is important during single phase steam discharge.

* Solid corium particles closely follow motion of the liquid.

" Steam blowthrough occurs during corium discharge.

" Single-phase steam discharge continues about twice as long as corium
discharge.

" Geometric similarity is required of the vessel shape where molten and
solid particle corium resides adjacent to the discharge hole. Also

required is geometric similarity of the corium particles.

* The ratio of vessel initial pressure to the initial liquid corium

hydrostatic head in the bottom of the vessel should be preserved.

" The initial volume ratio of molten corium and vessel steam should be
preserved so that the vessel pressure transient is representative of

full size. (The steam volume does not have to be geometrically similar

to full size since it is primarily a control volume with uniform,

time-dependent properties.)

" The combination of isothermal bulk vapor expansion with iso-thermal
break flow, representing intensive heating during slow depressurization

through small breaks produces the simplest results for pressure and

break mass and energy fluxes.
xxxiii



" The difference between the extremes of isentropic/isentropic processes

and isothermal/isothermal processes for bulk vapor expansion and break

flow, respectively, is small: the time for depressurization varies

less than 18%, the mass flow rates are nearly indistinguishable. Only

volumetric flow rates are strongly affected.

• It is recommended to use the isothermal processes for greatest

simplicity, in the analysis of direct containment heating.

" Isothermal processes can be obtained from isentropic processes, but not

by simply setting the expansion coefficient y - cp/cv - 1.

Instead, the limit -f 1 must be taken.

Corium Dispersion Process

A detailed analysis was performed to determine the size of debris

particles that can be entrained in a reactor cavity during DCH. To provide

drop size estimates, processes such as jet break-up, corium impingement and

spreading, flows in the cavity, etc., were examined together with presently

available experimental data and correlations. Specific topics that were

addressed are shown in Figure 9; the details are presented in Appendix N.

The parameters were evaluated for NPP conditions; the results are tabulated

in Part B, Section 3.4.2.2. As discussed in Appendix N, the results

indicate:

" A two-phase corium jet will disintegrate before reaching the floor of

the cavity.

" Impingement is inertia governed, thus both the coherent jet and/or

drops spread out upon impingement and form a corium liquid film rather

than bouncing back and forming a dispersed drop flow.

" For corium dispersion in the cavity, the entrainment from liquid films

is the most important mechanism. The dispersion of entrainment depends

on the liquid residence time in the cavity.
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" The most probable flow regime in thecavity is annular flow with

dispersed drops.

" As steam velocity in the cavity exceeds the velocity for the onset of

entrainment (88 m/s), drop entrainment from the film is to be expected.

" The characteristic time constants for film transport and drop

entrainment are of.the same order of magnitude.

* Less than one half of the molten corium can be expected to be entrained

by the streaming'gas; the remaining mass will be discharged from the

cavity to the lower compartment as a liquid film.

* The mean diameter of drops entrained from the corium film is

approximately 6.6 mm.

" Cavity pressure has a significant effect on entrainment. Thus,

increasing the pressure from 0.1 MPa to 0.3 MPa reduces the entrainment

rate by a factor of four.

Flow Regimes and Forces During the Clearing of the Reactor Cavity

The degree of dispersion of the melt when it is ejected from the cavity by

the steam-hydrogen mixture which follows the melt out the break in the

vessel is one of the keys to predicting how much direct containment heating

occurs. One aspect as to how finely dispersed the liquid is, is whether the

melt is entrained and swept out in the form of drops, or, whether it forms a

slug and is ejected as a great lump. The area for corium-gas heat transfer

is greatly different for these two cases. The experimental data and

analysis presented in Part B, Section 3.4.2.3 and Appendix Q indicate for

the liquid fractions of interest, that is 1-a 1 0.1, the regime in the

tunnel is always stratified,,annular or annular dispersed flow. The liquid

is, therefore, always carried out of the tunnel in the form of drops and

filaments Just as they are in the entrainment experiments described in

Appendix Q. The possible bridging of the liquid across' the tunnel does not

occur because there is not enough liquid present to cause
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this to happen. There is neither enough liquid in the tunnel to allow a

bridge to form nor enough to replenish that left behind even if a bridge did

form.

Initiations and Rates of Debris Entrainment in the Cavity

A detailed analysis concerned with the initiation and the rates of debris

entrainment in the cavity was'performed because of their relevance to the

processes of debris to gas heat transfer and oxidation. The analysis

presented in Part B, Section 3.4.2.4 and Appendix 0 shows that:

* A top-down approach can be combined with a bottom-up approach using a

modified two-phase flow entrainment correlation to get acceptable

predictions of simulant debris dispersal from reactor cavities during

OCH.

" Debris dispersal is dependent upon the blowdown gas Euler number, the

blowdown time, the grouping of debris properties, and a reactor cavity

constant, Kc. The constant Kc decreases as the hole size increases

and the blowdown gas density is reduced.

" The behavior of the blowdown gas boundary layer next to the reactor

cavity floor appears to be important and deserves further study. Also,

the-impact of high density simulants and increased blowdown gas

velocity needs further evaluation. A systematic variation in the

distance of the vessel hole to cavity floor and reservoir volume is

lacking and should be intluded in future simulant tests.

" Blowdown conditions required to initiate entrainment can be predicted

from the correlations developed herein. The values so determined for

constant gas flow rate approach the Kutateladze prediction when they

are adjusted for the actual blowdown gas velocity in the boundary layer

near the floor of the cavity. The Euler numbers for entrainment

inception decrease with orifice (vessel hole) size. For blowdown

tests, they increase with reduced gas and increased debris density.
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" The approach presented in this report could be expanded to deal with

the presence of internal structure and a pressure vessel hole which

varies with time.

" The results suggest that a more systematic approach to some test

variables would be desirable. Efforts should be made to standardize

upon a small number of debris volumes to be ejected, hole sizes, and
reservoir volumes, the types of fluid simulant and blowdown gases.

,Such efforts will ease the comparison of test results from various

facilities.

Single Debris Particle Heat Transfer and Oxidation

A detailed analysis of single debris particle heat transfer and oxidation

processes was performed because the scaling hierarchy had demonstrated that,

in absence of liquid water, debris to gas heat transfer is the dominant
contributor to the change of pressure. The analysis presented in Part B,

Section 3.4.2.5 and Appendix P shows that:

" Five scaling-groups govern the physicochemical processes of debris gas

interaction, which is described in terms of two scaled state variables

and two nondimensional gas properties. The state variables are the

normalized.temperature and particle diameter; the two properties are

the normalized gas radiative absorptance and the grayness number. The

scaling groups are defined in Part B, Section 3.4.2.5.

Radiative cooling is more important than convective cooling. The

combined convective and radiative cooling rates are initially eight
times higher than the heating rate from zirconium oxidation.

* There is no chemical excursion expected for debris temperatures up to

2$00 K and droplet diameters greater than 6 mm. For the debris
temperature of 2500 K, debris heating by oxidation is balanced by

convective and radiative cooling if the gas temperature is

approximately 2380 K. For higher and lower gas temperatures,

respectively, the debris temperature levels off above and below its

initial temperature.
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* Smaller debris particles heat up the gas faster. Small particles have

a large ratio of surface area to heat capacity and achieve, therefore,

faster equilibration wl*th the surrounding gas, than do large

'particles. In addition to the greater cooling rate, small particles

have a greater rate of heat generation from chemical reaction than the

large particles. For particles with diameters below 0.64 mm, chemical

heating exceeds convective and radiative cooling, and the particle will

burn up in a thermal excursion.

" Only 0.04%, 0.14% and 0.75% of the combined chemical and sensible

energies of 5.32 1•J/kg, contained in the suspended zirconium debris

droplets of 20, 6 and 1 mm diameter, respectively, are transferred to

the gas while the gas passes through the reactor cavity, under the

initial conditions in the cavity.

Time Constants for Drop Entrainment and Fragmentation

The entrainment of a drop from a film and its fragmentation in a high

velocity gas stream, are time dependent (rate) processes. To evaluate their

effect on the calculated values of the pi groups, a review was made of

experimental data and correlations presently available on these rate limited

processes. The results are summarized in Appendix R; their impact on the pi

groups is assessed in Part 8, Section 3.4.1.3. Briefly, as a result of

these processes, the length of a cavity may have an effect on the size of

drops leaving the cavity.

CLOSING REMARKS

It is important to stress here that the purpose of the DCH application was

to demonstrate the methodology, and not to provide a complete-technical

resolution of the problem. Some of the preceding conclusions are

preliminary, as they reflect analyses based on specific assumptions which

need to be examined in more detail by experiment and analysis.

Consequently, additional experimental and analytical studies are needed to

establish a broader and more robust technical basis for resolving the DCH

problem.
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Nevertheless, this application to DCH has demonstrated that:

" The hierarchically based, two-tiered approach to scaling presented in
this report provides a physically based methodology that is
comprehensive, systematic yet practical, auditable and traceable, and

* The proposed methodology provides a technically justifiable scaling
rationale that generates and prioritizes similarity groups which should
be preserved to insure the prototypicality of test data. Consequently,
the methodology provides.a physically based framework for resolving
technical issues by integrating experiments and analyses.
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ACRONYMS
AHP analytic hierarchy process
ANL Argonne National Laboratory
ANS American Nuclear Society
ASME American Society of Mechanical Engineers
B&W Babcock & Wilcox
BE best estimate
BNL Brookhaven National Laboratory
BWR boiling water reactor
CCF counter current flow
CCTF Cylindrical Core Test Facility
CE Combustion Engineering
CHF critical heat flux
CSAU code scaling, applicability, and uncertainty
DCH direct containment heating
DNB departure from nucleate boiling
ECCS emergency core cooling system
EPRI Electric Power Research Institute
FAI Fauske and Associates, Inc.
GE General Electric
H2TS hierarchical two-tired scaling
HT heat transfer
IET integral effects test (facility)
INEL Idaho National Engineering Laboratory
ISTIR integrated structure for technical issue resolution
LANL Los Alamos National Laboratory
LBLOCA large break loss-of-coolant-accident
LOFT Loss of Fluid Test (facility)
LWR light water reactor
MC/QE models and correlations quality evaluation (document)
MIT Massachusetts Institute Of Technology
NPP nuclear power plant
NRC U.S. Nuclear Regulatory Commission
PCT peak cladding temperature
PIRT phenomena identification and ranking table
PORV power operated relief valve
PU Purdue University
PWR pressurized water reactor
RCB reactor containment building
RCS reactor coolant system'
SASM severe accident scaling methodology
SARP severe accident research plan
SBLOCA small break loss-of-coolant-accident
SCTF Slab Core Test Fadility
SET separate effects test (facility)
SLI Sal Levy, Inc.
SNL Sandia National Laboratory
UPTF Upper Plenum Test Facility
V Westinghouse
UCSB University of California, Santa Barbara
UH University of Houston
ZPSS Zion probabilistic safety study
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NOMENCLATURE

Ab break area
Af cross sectional area for flow in the cavity

At total transfer area

Acpg transfer area from geometrical configuration g, of phase p, of

constituent c

C mass fraction (concentration) of hydrogen

Czrc mass fraction (concentration) of zirconium

Cv specific heat at constant volume

C p specific heat at constant pressure

Cd specific heat of debris

d diameter of particle
ddmd,o diameter of debris melt drop for initial conditions

dwld,o diameter of water drop for initial conditions

0 hydraulic diameter

D diffusivity in Equation 7, Figure 3.15

Eu Euler number
hgs,o heat transfer coefficient, gas to structure for initial conditions

hdg,o heat transfer coefficient, debris to gas for initial conditions

hglo heat transfer coefficient, gas to water for initial conditions

H enthalpy
Ho initial enthalpy of steam at the break

Hf enthalpy of water liquid phase at saturation temperature

Hfg heat of vaporization of water

AHr heat of reaction
J; generalized flux for the "i" th transfer process

L length of cavity

Ls spatial scale
Lcpg specific spatial scale for geometry g, of phase p, of constituent c

IV mass transfer flux

H mass
P pressure
Po initial pressure at the break

Pc,o initial pressure in the cavity

xxxxiii



q" heat transfer flux
Q volumetric flow rate

Qdmd,o volumetric flow rate of entrained debris melt evaluated at initial
conditions

Qgc,o volumetric flow rate of the steam in the cavity evaluated at
initial conditions

R gas constant
Rm gas constant for the mixture
t time
T temperature
V volume

Vc volume occupied by constituent c
Vcp volume occupied by phase p, of constituent c
Vcpg volume occupied by geometrical configuration g, of phase p, of

constituent c
Vcv control volume
Vg volume occupied by the gas
W mass flow rate
Wo initial mass flow rate of steam at the break
Wd,e mass flow rate of entrained debris melt
Wwl,e mass flow rate of entrained water liquid
We Weber number

avolumetric fraction (concentration)
ac volumetric fraction occupied by constituent c
acpg volumetric fraction occupied by geometrical configuration g,

of phase p, of constituent c
8 film thickness
6clf thickness of liquid film of constituent c
61 initial film thickness of melt
Swl initial film thickness of water liquid in the cavity

1 ratio of specific heats

Im ratio of specific heats for mixture

1o ratio of specific heats for steam
generalized property (mass, momentum or internal energy) per unit
volume

p density
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pg viscosity of gas

Ad viscosity of debris melt

Awl viscosity of water liquid phase

a surface tension

rc residence time in the cavity

7cv residence time in control volume
0cpg specific frequency for process flux J"t, from geometry g,

of phase p, of constituent c

Wev time constant for evaporation of a water drop

'lox time constant for oxidation of a melt drop

"ht time constant for heat transfer from a melt drop

Subscripts

c cavity
cv control volume
ch chemical

d debris
dg debris to gas
dl debris to liquid
dm debris melt
dmd debris melt drop
d,o debris evaluated at initial conditions
dmd,o debris melt drop evaluated at initial conditions
dme,o debris melt entrained evaluated at initial conditions

9 gas
gc -gas in the cavity
gc,o gas in the cavity evaluated at initial conditions
gl gas to liquid
gl,o gas to liquid evaluated at initial conditions
gs gas to structure
gs,o gas to structure evaluated at initial conditions

h hydrogen
hc hydrogen concentration

m mixture

s structure
s,o structure evaluated at initial conditions

wg water gas phase
wl water liquid phase
wld,o water drop evaluated at initial conditions

zrc zirconium
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AN INTEGRATED STRUCTURE AND SCALING METHODOLOGY
FOR SEVERE ACCIDENT TECHNICAL ISSUE RESOLUTION

INTRODUCTION

The NRC has developed the Severe Accident Research Program (SARP) to

provide confirmatory information and technical support to implement the

staff's Integration Plan for Closure of Severe Accident Issues. The SARP

addresses both: 1) near-term research directed at providing a technical

basis upon which decisions on important containment performance issues can

be made and, 2) long-term research needed to confirm and refine the current

understanding of severe accidents. Scaling has been identified as an

important element of the near-term research effort.

The need to examine very carefully and in some detail questions related to

scaling, in experimentation is predicated on the fact that all integral and

most separate effects tests are conducted in scaled down test facilities.

Consequently, it is necessary: 1) to assure that the important processes of

interest are well scaled, and 2) to assess the effects of distortions (when

present) on processes and/or parameters of interest to a NPP accident

scenario or set of scenarios.

To address the scaling problem, the USNRC implemented a methodology

development program at the Brookhaven National Laboratory (BNL). A

Technical Program Group (TPG) was formed by the contractor to guide the

development and to demonstrate its practicality by applying the methodology

to the direct containment heating problem.

As scaling is relevant not only to experimentation but also to analyses

based on code calculations, an efficient methodology for resolving technical

issues must integrate both applications. To this end, the TPG has developed

the Integrated Structure for Technical Issue Resolution (ISTIR) in which a

Severe Accident Scaling Methodology (SASM) is a key element. ISTIR is a

physically based methodology that integrates experiments, analyses and

uncertainty quantifications.
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The specific objectives of ISTIR are:

1. To integrate experiments, analysis and uncertainty quantification by

means of a methodology that is systematic, comprehensive, auditable,

and practical.

2. To provide a proper balance between experiments and analysis and assure

thereby a cost-effective and timely resolution of a safety issue.

3. To ensure that special models or computer codes used to resolve a

safety issue have the capability to scale-up processes to NPP relevant

conditions.

Whereas, the specific objectives of SASM are:

1. To provide a scaling methodology that is systematic and Dractical,

auditable, and traceable.

2. To provide the scaling rationale and similarity criteria..

3. To provide a procedure for conducting comprehensive reviews of facility

design, of test conditions and results.

4. To ensure the prototypically of the experimental data, and

5. To quantify biases due to scale distortions or due to non-prototypical

conditions.

In this report, Part A provides a general overview of the ISTIR and SASM,

in their generic context. Lessons learned from the Technical Program

Group's activities are also included in Part A, together with a list of

questions whicb should be answered during evaluations of proposed

experimental programs. Part B .provides more specific details, together with

scaling criteria, which are associated with the example application to a

postulated direct containment heating scenario.
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Additional technical details and information supporting the methodology

development and application are presented in Appendices A through Q.
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PART A
INTEGRATED STRUCTURE FOR SEVERE ACCIDENT

TECHNICAL ISSUE RESOLUTION

1. INTRODUCTION
Scaling has been identified as an important-element of the Severe Accident

Research Program (SARP) (1-1, 1-2] because of its relevance not only to

experimentation, but also to analyses based on code calculations, or on

special models. A timely integration of scaling considerations in both

activities is, therefore, mandatory for efficient resolution of technical

issuesa.

To meet the requirement for efficiency of resolution, the Technical

Program Group (TPG) has developed a physically based methodology that

integrates experiments, analyses and uncertainties. The Integrated

Structure for Technical Issue Resolution consists of five components shown

in fig. 1.1.

The integration is achieved by identifying and ranking the requirements to

resolve an issue (Component I) and expressing them in terms of

specifications for both experiments (Component II) and analysis (Components

III, IV and V). Technical issue resolution is achieved by means of special

models (Component III)and their uncertainties, or code calculations and

their uncertainty quantification (Component V).

The ISTIR provides a proper balance (sufficiency) between experiments and

analysis to ensure a'cost-effective (efficiency) and timely resolution of a

technical issue. To provide for sufficiency and efficiency, both

experiments and analysis include features of theinductive (top-down)

a. The focus of this document' is limited to providing the "technical basis"

for issue resolution (i.e., technical issue resolution). The full process

of resolving an issue encompasses more than just providing this technical

basis, and is not necessarily included herein.
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Figure 1.1. Integrated structure for technical issue resolution (ISTIR).

approach that considers the whole system, and of the deductive (bottom-up)

approach that focuses on the parts. The top-down approach assures that the

experimental and analytical methods used to resolve an issue are

comprehensive, systematic, auditable, and traceable. The bottom-up approach

assures that all important features of an issue are fully addressed.

Component I provides the foundation for the entire issue resolution

process and is, accordingly, described in some depth in Section 2. The

primary topic of interest in this report is the SASH, Component II, which is

described in detail in Section 3 and summarized in Section 4. The remaining

components in the integrated structure for technical issue resolution are

described in Appendix A.
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2. SAFETY ISSUE ACCIDENT SPECIFICATION
AND PHENOMENA EVALUATION

Activities carried out in this component identify and rank the technical
requirements supporting issue resolution. The steps provide the foundation
for the total integrated structure.

The identification of plausible phenomena and their ranking provide the
phenomena space which must be considered, and the order in which this space
should be addressed in experiments and analysis, for sufficiency and
efficiency. It is recognized that the views held at any one time with
respect to plausible phenomena and their relative rank may be modified by
evidence arising subsequently from
experimentation, code development, or assessment, therefore appropriate
iteration is implied. Nevertheless, it is important that a structured
approach always be available as a foundation for the integration of the
research program.

Two distinct approaches can be proposed to address scaling, code
development, uncertainty quantification, etc.: bottom-up and top-down.

In the bottom-up method, each phenomenon/process is examined and assessed
in a uniform fashion. Although this method is rigorous, it is impractical
in view of the large number of phenomenon which have at least some
importance. It is also impractical in the context of subscale experimental
facility design in which it is never possible to achieve fully prototypical
scaling fidelity in any one facility.

In the top-down approach, one identifies significant phenomena which have
influence on the overall results for a scenario or a distinct class of
scenarios. The subsequent effort is then concentrated on only these items.
The top-down method is attractive in terms of minimal resource requirements.

The approach adopted in this work is a combination of the top-down and
bottom-up methods. In accordance with the top-down approach, a reduced
number of phenomena/processes are examined based upon their importance to

6



producing optimally scaled results. However, the method used here expands

on the top-down approach in three respects:

1. The processes are identified and ranked not only for the entire system,

but also for Its components,

2. System components are examined to determine whether or not scale

distortions (if present) have an effect on the important processes

identified and ranked above, and

3. Closure relationships associated with the important processes are

examined to determine their scale-up capabilities.

The consideration of each component separately is predicated by the fact

that the effects of scale distortion in a componint change as processes

evolve and change during a transient. Relating components to important

processes makes it possible to identify at what stage of the transient a

known distortion in a component can affect the results and subsequent

evolution of the transient. With this information available, questions

concerned with scaling distortions can be addressed.

The reason to numerically rank the processes is based on the need to

provide a systematic and consistent approach to scaling. Well defined

ranking of important phenomena/processes provides the technical basis for

prioritization of any scaling"compromises which may be necessary.

The five steps of this-component are illustrated (fig. 2.1) and discussed

below, with their rationale.

2.1 SPECIFY ISSUE AND SUCCESS CRITERIA

NRC policy is to conduct research in the context of safety issue

resolution, therefore a statement of the technical issue provides the focus

of the subsequent work. The criteria by which successful resolution of the

technical issue will be determined must also be given to insure the goal of

the research is clearly formulated and communicated.
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Figure 2.1. Flow diagram for Component I - Safety Issue Accident
Specification and Phenomena Evaluation.

2.2 SPECIFY SCENARIO

Physical processes and-safety parameters of interest may change from one

scenario to another. Consequently, it is necessary to specify the scenario

and parameters that need to be evaluated.

2.3 SPECIFY NUCLEAR POWER PLANT

The accident path is also dependent on the particular NPP (or class of

NPPs) in which the accident is postulated to occur. Consequently, it is

necessary to specify the NPP to be addressed.

2.4 SPECIFY ACCIDENT PATH

As general processes, the ISTIR, SASH and CSAU are general and generic.

However, in their application the methods are specific to each accident

class because physical processes important to one accident path may not have
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the same relevance to another path. Therefore, it is necessary to identify

the accident path specific to the scenario and NPP selected in Steps 2 and 3

above.

2.5 PROVIDE PHENOMENA IDENTIFICATION AND RANKING TABLE

An identification and ranking of processes is needed for both experiments

and codes. For experiments, a complete similitude between test facility and

full scale plant conditions cannot be achieved. Consequently, the design

and operation of a facility is based on maintaining the similitude of

specific processes identified as being important to the problem. For codes,

sensitivity calculations cannot be performed for all parameters because of

their large number. Consequently, for sufficiency and efficiency it is

necessary to identify and rank the processes important to the accident

path. In the Integrated methodology, plausible physical processes are first

identified (together with relevant plant components) and then ranked to

focus the experiments and codes toward those which are most important to'the

resolution of the safety issues. The identification and ranking should be

Justified and documented.

Identification of plausible phenomena and their ranking provide the

phenomena space which must be considered. To this end, the plant is divided

into-characteristic components, and the scenario into characteristic time

periods. For each component and time period, a physical decomposition of

the scenario in a cause and effect sequence, generates the Phenomena

Identification and Ranking Tables (PIRT) which specify the modeling

requirements.
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3. SEVERE ACCIDENT SCALING METHODOLOGY

The steps of this component are designed to:

1. Provide experimental data for the processes identified in Component 1,

as being important to the specified accident scenario.

2. Provide a scaling methodology that is systematic and practical,

auditable and traceable.

3. Provide the scaling rationale and similarity criteria.

4. Provide a procedure for conducting comprehensive reviews of facility

designs, and of test conditions and results.

5. Ensure the prototypicality of the experimental data.

6. Quantify biases due to scale distortions, or due to nonprototypical

conditions.

The SASH consists of three elements and eleven steps as shown in fig. 3.1

and described in the following sections.

3.1 EXPERIMENTAL REQUIREMENTS ELEMENT

This element consists of a single step whose purpose is to reflect the

technical issues in terms of the experimental objectives.

3.1.1 SPECIFY EXPERIMENTAL OBJECTIVES (STEP 1). The SASH focuses on
developing the experimental data base necessary to address issues important

to licensing and regulation. The objectives for the experimental program

and tests must be clearly identified and documented for an efficient and

successful use of the data, in the context of resolving important safety

issues.
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3.2 EVALUATION AND SPECIFICATION FOR EXPERIMENTS AND TESTING ELEMENT

This element consists of eight steps by which the experimental objectives

are reflected in terms of scaling rationales that are necessary to insure

both SET and IET data are applicable to full scale reactors, and include the

phenomena important to the specified accident scenario. Given the presence

of the correct phenomena, then the data will be applicable to the validation

or development of models and correlations.

3.2.1 PERFORM SCALING ANALYSES (STEP 2). Most experiments will be

conducted in subsize facilities. Scaling analyses must be conducted to

insure that the data, and models based on the data, will be applicable to

reactor safety analyses; that is, to safety analyses of full scale nuclear

power plants.

For complex physicochemical processes, which characterize severe accident

scenarios, an hierarchical, two-tiered scaling methodology that satisfies

the objectives of SASH, is presented in Sections 3.4 and in Appendix D.

3.2.2 PERFORM EXPLORATORY EXPERIMENT (STEP 3). Severe accident

analyses are at the current forefront of research. In some limited

conditions state-of-the-art scaling rationales may be restricted by an

insufficient understanding of the important phenomena. In such cases,

exploratory experiments may be necessary to develop the basic knowledge

needed to design subsequent, more comprehensive experimental facilities.

3.2.3 IDENTIFY SIMILARITY CRITERIA (STEP 4). Because of the large

number of processes and parameters, it is not possible to design and operate

a test facility which will preserve total similitude between subscale

experiments and NPP conditions. Consequently, based on the important

phenomena/processes identified in the PIRTs and confirmed by the scaling

hierarchy discussed in Section 3.4.10, the optimum similarity criteria

should be identified, and the associated scaling rationales developed for

designing and operating the facility.
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3.2.4 SPECIFY SEPARATE EFFECTS TEST FACILITY AND EXPERIMENTS

(STEP 5). Using similarity criteria from SASH Step 4, SET are designed

and performed to develop a data base for improving the understanding of a

specific important process or phenomenon, for addressing and resolving

technical issues, for developing models and/or for assessing code modeling

for scaleup capabilities.

3.2.5 DEVELOP MODELS AND/OR CLOSURE RELATIONS (STEP 6). Models or

closure relations that describe a specific process are developed using SET

data. This includes models which can be used in a stand alone mode or

correlations which can be incorporated in a computer code, given they meet

the scaleup capability requirements evaluated below.

3.2.6 EVALUATE SCALEUP CAPABILITY (STEP 7). Models or closure

relations developed from SET must be applicable to NPP conditions. Their

applicability is evaluated by performing SET at various scales. In the case

of poor scaleup capability (inadequate to meet the objectives of SASH Step

1) it will be necessary to return to SASH Step 2. An evaluation that leads

to the conclusion the code is adequate provides the technical basis to

proceed with designation of the SET data base applicable to the subsequent

issue resolution (SASM Step 10). As needed, the acceptable SET data may

also be used to help in design of the JET facilities and experiments (SASH

Step 8).

3.2.7. SPECIFY INTEGRAL EFFECTS TESTS FACILITY AND EXPERIMENTS

(STEP 8). The focus is to develop experiments for which the data base

will scale to the reactors. Using similarity criteria from SASH Step 4, lET

are designed and performed to provide data on synergistic effects as

processes evolve along a specific accident path. Data from such experiments

are used to assess code capabilities to model the important interactions

between the phenomena. While of low probability, it is possible that new

phenomena and/or coupling effects will become known as the IET are

performed. If these are Judged to be of significant importance and require

additional experimentation, then it may become necessary to recycle to SASH

Step 2.
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3.2.8. EVALUATE EFFECTS OF DISTORTIONS (STEP 9). Distortions in the

integral experimental data base may arise from scaling compromises (missing

and/or atypical phenomena) in subscale facilities and/or atypical initial

and boundary conditions in all facilities. The effects of the distortions

should be evaluated in the context of the experimental objectives

(SASH Step 1). If the effects are important (i.e., significant compromise

in satisfying the objectives) redesign of the IET facilities and tests are

in order by a return to SASH Step 8. Otherwise the technical basis to

proceed with designation of the IET data base applicable to issue resolution

(SASH Step 10) is available.

3.3 ESTABLISH AND DOCUMENT DATA BASE

This element consists of two steps in which the data base appropriate to

issue resolution is established and documented for its subsequent use.

3.3.1 ESTABLISH EXPERIMENTAL DATA BASE AND QUANTIFY ITS

UNCERTAINTIES (STEP 10). The preceding steps provide the data base which

is sufficiently prototypical to satisfy the requirements for issue

resolution. Thus, establishment of the data base most appropriate to issue

resolution is now technically justified. The data base uncertainties,

arising from such items as measurement errors, minor distortions, etc.

should be quantified.

3.3.2 PROVIDE DOCUMENTATION (STEP 11). The experimental data base is

subsequently used for direct issue resolution, code development, and to

establish the general applicability, scaling capability, and uncertainty of

the codes used to perform safety analyses. These efforts should be

performed with well documented experimental data bases. The documentation

includes not only test results, but also facility design criteria and test

specifications which are needed for demonstrating code scaleup capability

and for quantifying uncertainties to calculate the specific scenario.
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3.4 A HZERARCHICAL APPROACH To SCALmG

3.4.1 NEEDS AND OBJECTIVES. As was the case in studies of
loss-of-coolant accidents, analyses concerned with severe accidents are and

will be based on special models or on computer code calculations that are

supported and verified by experimental data obtained from scaled-down test

facilities. Implicit in this approach are two premises:

1) That the experimental data from such facilities are applicable and

relevant to nuclear power plant conditions, and

2) That special models or the computer codes have the capability to

scale-up processes from subscale test facilities to full scale plant

conditions.

Thus, both premises are concerned with the issue of scaling. To address

this issue, the USNRC implemented a Severe Accident Scaling M4thodology

(SASM) development program with the objectives to:

1) Provide a scaling methodology that is systematic, practical,

auditable, and traceable.

2) Provide the scaling rationale and similarity criteria.

3) Provide a procedure for conducting comprehensive reviews of facility

design, of test conditions and results.

4) Ensure the prototypicality of the experimental data, and

5) Quantify biases due to scale distortions or due to nonprototypical

conditions.

This section presents a scaling methodology that meets these objectives.
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3.4.2 OVERVIEW. To guide the reader through the development of the

scaling methodology, we start with an overview and discuss the rationale for

the steps and stages of the development.

Fig. 3.2, shows the flow diagram of the methodology based on a

hierarchical approach. As severe accident scenarios are characterized by

complex physiochemical interactions (discussed in Section 3.4.3), a

hierarchical approach is needed to make the problem tractable. Section

3.4.4 summarizes the important characteristics of hierarchies.

A physically based decomposition of the system is carried out in the first

element of the methodology which provides a system hierarchy. As discussed

in Section 3.4.5, three characteristic scales (measures) need to be

identified. The first specifies the amount of a given constituent, phase

and/or geometry in the system. The second specifies the transfer area for a

particular transfer process. The third specifies characteristic time

constants for various system components and various physiochemical

processes.

Hierarchies for the three characteristic scales, that is, scales for the

amount of material present, for the transfer area and for time constant are

provided in the second element of the methodology. They are discussed in

Sections 3.4.6, 3.4.7, and 3.4.8, respectively.

A hierarchical, two-tiered scaling analysis is carried out in the third

and fourth elements. The need for a hierarchical, two-tiered approach to

scaling, one based on the top-down or system approach, the other on the

bottom-up or process approach, is predicated by:

1. The need to minimize arbitrariness in deriving scaling criteria.

2. The need to develop a methodology that is comprehensive, systematic

yet practical, auditable, and traceable..
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3. The need to provide a technically justifiable basis for resolving

technical issues in a timely and cost-effective manner.

The top-down or system approach is used to derive scaling groups which are

expressed in terms of characteristic time ratios (discussed in

Section 3.4.9) that combine the process and system points of view. It is

shown that for each transfer process, the characteristic time ratio

incorporates the effects of the amount of material present in the system, of

geometry, and of time.

The characteristic time ratios are used to establish a scaling hierarchy

(discussed in Section 3.4.10) which has two important functions:

1. To provide a technically justifiable rationale for establishing the

order in which similarity between test and plant conditions should be

preserved, and

2. To identify important processes which need to be addressed in greater

detail by conducting a bottom-up or process scaling analysis.

As at each level of the scaling hierarchy, the function of each element

(transfer process) can be examined and assessed, the top-down or system

scaling approach provides for a methodology that is comprehensive,

systematic, auditable, and traceable. It also organizes the problem into

hierarchies, based on process importance, thereby providing the necessary

practicality.

The second tier of the proposed methodology, that is, the bottom-up or

process approach, focuses on the important processes. Conducting a detailed

analysis, assures that all important processes are fully addressed and,

thereby, ensures the prototypicality of test data.

Thus, the top-down/system approach provides the efficiency; whereas, the

bottom-up/process approach provides the sufficiency of the scaling
analysis. Together, the two approaches provide a methodology that is

practical and that yields technically justifiable results.
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In what follows-we present the salient aspects of the development;

additional details are given in Appendix 1.

3.4.3 CHARACTERISTICS OF SEVERE ACCIDENT SCENARIOS. Severe accidents

are characterized by transient processes associated with interacting and

reacting media, consisting of many constituents, of different phases

exchanging mass, momentum and energy. The amount and compositions of the

interacting constituents vary from one scenario to another.

To address the problem we note first that, although the various

interactions between the constituents appear to be complex and rather

chaotic, nevertheless, there are three parameters that characterize each

constituent and process.

One parameter is the mass of a constituent present in the system or

control volume. As we are dealing with a mixture of constituents and of

phases, we can express this parameter as a concentration of either mass or

of volume. For reasons that will become evident in Section 3.4.7, volume

concentration is preferable as it leads to the definition of spatial scale.

As each transfer process occurs across a transfer area and proceeds at a

given rate, the other two parameters are the spatial and temporal scales of

the process. Furthermore, each component of the system has its own

characteristic response time and geometry. Therefore, the problem under

consideration is one of multiple concentrations, spatial and temporal

scales.

To analyze such a problem, one could adopt a reductionist point of view,

that is, to analyze in detail each process separately. However, in view of

the complex physiochemical interactions and the associated synergetic

effects, such an approach may not lead to an efficient resolution of the

problem, or no resolution at all.
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The synergetic effects necessitate global considerations. This

requirement, together with the existence of multiple scales that

characterize each process, suggest a hierarchical approach to the problem to

make it tractable. In following such an approach, the goal is to establish

an organization, an order, among the complex interactions. This will be

done in Sections 3.4.5 through Section 3.4.8. However, we shall first

summarize the important characteristics of hierarchies.

3.4.4 A HIERARCHICAL POINT OF VIEW. The theory of hierarchical

systems was developed in the 1970s (see ref. 3-1), to analyze large scale,

complex systems. As noted in ref. 3-2, "It has repeatedly been observed

that virtually all complex systems that we recognize in the real world (that

is, models of the real world) have a tendency to organize hierarchically."

Both references present the theory of hierarchically organized systems

together with many applications. In what follows, we shall only summarize

the characteristic features of hierarchies that are pertinent to the problem

under consideration.

1. Central to the analyses of large, complex systems is the concept that

a hierarchy (organization) can be established from the differences in

temporal and spatial scales.

2. A hierarchical architecture of the system is generally accompanied

with a spatial, temporal, and energetic hierarchy.

3. Processes can be grouped into classes with similar scales. If

classes are sufficiently distinct, they can be decoupled one from

another, resulting in a hierarchical organization.

4. Levels in a hierarchy are isolated from each other because they

operate at different scales.

5. A lower level in the hierarchy communicates only its average to the

higher level (less detailed information is needed at higher levels).
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6. Larger characteristic spatial scales are associated with

characteristic longer time scales, and

7. Each lower level provides more detailed information (specificity).

To apply these ideas to scaling, we need to establish a system hierarchy

and develop hierarchies for the concentration, spatial and temporal scales.

This will be done in the four sections that follow.

3.4.5 SYSTEM DECOMPOSITION AND HIERARCHY. To establish a

hierarchical architecture for the system, we proceed with a physically based

decomposition described by a basic paradigm illustrated in fig. 3.3, that

is:

* Each system can be divided into (interacting) subsystems.

* Each subsystem can be divided into (interacting) modules.

* Each module can be divided into (interacting) constituents

(materials).

* Each constituent can be divided into (interacting) phases.

" Each phase can be characterized by one or more geometrical

configurations.

* Each geometrical configuration can be described by three field

equations, that is, by conservation equations for mass, energy, and

momentum.

* Each field can be characterized by several processes.

The need for such a decomposition is due to the fact that the importance

of a transfer process is determined by the rate of transfer (temporal

scale), as well as by the available transfer area (spatial scale). The

latter depends on the amount and on the geometry that characterizes the

presence of a given interacting constituent and/or phase.

21



SYSTEM

SUBSYSTEMS (SS)

MODULES (M)

CONSTITUENTS (C)

PHASES (P)

GEOMETRICAL
CONFIGURATIONS (G)

SYNTHESIS

ANALYSIS

FIELDS (F)

PROCESSES

Figure 3.3. System decomposition and hierarchy (Processes).
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For example, one fraction of the debris can be in solid form, the other

can be melted in the form of pools, films, and/or droplets; each of which

has a different transfer area, that is, a different spatial scale that must

be considered.

It was noted in the preceding section that three measures can be used to

characterize transfer processes associated with severe accident scenarios.

The volumetric concentration a, accounts for the volume occupied by a

given constituent or phase. The spatial scale L, accounts for the transfer

area of a particular process; whereas, the temporal scale r, accounts

for its rate. The architecture shown in fig. 3.3, can be used to establish

hierarchies for these three measures. This is illustrated in fig. 3.4.

At the lowest level, a specific transfer process from a specific geometry,

can be characterized by two scales only: one for space, the other for

time. At each higher level with the addition of complexity due to the

presence of other constituents, phases and/or geometries, the third measure,

that is, the volumetric concentration, must be taken into account.

Fig. 3.4, illustrates the fact that each hierarchical level is

characterized by the three basic measures (for mass or volume, for length

and for time), which vary from level to level. The task now is to establish

a hierarchical tree for each measure.

3.4.6 HIERARCHY FOR CHARACTERISTIC VOLUME FRACTIONS. The initial

amount of a given constituent and/or mass very often determines the path a

scenario will follow. Consequently, it becomes necessary to provide for

each constituent and phase, a measure that characterizes their presence in

the system. For interacting mixtures of various constituents and of phases,

such a measure is provided by concentrations which can be expressed either

in terms of mass or volume. For reasons discussed in more detail in the

section that follows, the volumetric concentration (fraction) a, appears

to be more useful as it can be used to determine also the spatial scale.
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To establish a hierarchical tree for volume fractions e, we use the
architecture shown in fig. 3.5.

Consider several interacting constituents that occupy a control volume

VCV. The volume Vc, occupied by a particular constituent C, is
a fraction ac, of the control Volume Vcv (see fig. 3.5).

The composition of this particular constituent can be either single-phase
or two-phase. In the latter case, consider the volume Vcp, occupied
by phase P, it is a fraction ocp, of the volume Vc, occupied
by constituent C (see fig. 3.5).

A solid or liquid phase, if present, can have different geometrical
shapes. For example, a liquid can be in the form of pools, films, drops,

etc. Each geometrical shape has its own characteristic transfer area which
must be accounted for. Therefore, let Vcg, be the volume occupied by

a particular geometry G, of phase P, of constituent C. This volume occupies
a fraction tcpg, of the volume Vcp, occupied by phase P, of
constituent C (see fig. 3.5).

This last step establishes the hierarchical tree for evaluating the
volumetric concentration of a specific geometry. To determine its effect on

the control volume (system) we synthesize the results by proceeding up the

hierarchical levels. It can be seen in fig. 3.5, that the volumetric
concentration of a specific geometry is a product of three concentrations,
that is, fractions, each of which has a value less than unity. Thus, the

effect due to the presence of a specific geometrical configuration,
decreases at each higher level. This observation is in agreement with the

general characteristics of hierarchies noted in Section 3.4.4.

3.4.7 HIERARCHY FOR CHARACTERISTIC SPATIAL SCALES. We proceed to

evaluate the characteristic spatial scale for a transfer process and to

establish its hierarchical tree.
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Figure 3.5. Hierarchy for volume fractions of geometric configuration G
in control volume VCV.
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First, we note that a transfer process to or from a volume occurs across a

specific area. The volume is a measure of the capacitance; whereas, the

transfer area is a measure for the intensity of the process. Consequently,

the spatial scale that characterizes a transfer process to or from a

specific geometry, is the transfer area concentration, that is, the transfer

area to volume ratio.

For example, for a fluid flowing through a circular pipe of diameter D,

and length L, the area concentration for heat transfer is 4/D; whereas, the

area concentration for flow is I/L. For a sphere of diameter d, the

transfer area concentration is 6/d. For a film of thickness 6, the

transfer area concentration is 1/6, etc.

From these examples it can be concluded that, to every transfer process

and geometry, there corresponds a specific spatial scale (specific to the

process and geometry).

To extend this concept to several constituents and different phases

interacting in a control volume Vcv, we note first, that this control

volume is the capacitance of interest. Consider now a transfer process

across an area AcpG, to or from a geometrical configuration G, of

phase P, of constitute C, in control volume Vcv. For this process,

the spatial scale is given by the ratio AcP/Vcv.

To evaluate this ratio, we note that the geometrical configuration G

occupies a volume VCPG and that the scale specific to this transfer

process and geometry, is given by:

A cpG IP 1Eq. 3.4.1

VCPG LCPG

As illustrated by the examples above, for a specified transfer process,

the specific spatial scale depends only on the geometrical configuration.

The spatial scale for the specified transfer process can be now evaluated in

terms of Eq. 3.4.1 and of the volumetric concentration hierarchy discussed

in the preceding section, thus:
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1- c acp 12 Eq. 3.4.2

VCV CP6 TP

This is illustrated in fig. 3.6.

It is important to stress that the spatial scale AcpGVc,,

which characterizes a transfer process in the control volume, depends not

only on the specific spatial scale (that is, on geometry), but it is also a

function of three volumetric concentrations. These provide three scales

(measures) to account for the different amounts (of a constituent, of a

phase and of a geometrical configuration) that can be present in the control

volume. As each volumetric fraction is less than unity, fig. 3.6 shows how

the effect of a specific geometry decreases at higher levels.

The same procedure can be used to evaluate the spatial scale for a

transfer process that is characterized by two geometrical configurations.

Fig. 3.7 illustrates the case when the liquid phase L is in the form of

drops and films.

Note that the sum of the volumetric concentrations for the liquid, that

is, of aCLF (for films) and of aCLD (for drops) is equal

to unity. Consequently, the transfer area concentration is a function of

three volumetric fractions and of two specific spatial scales.

3.4.8 HIERARCHY FOR CHARACTERISTIC TEMPORAL SCALES. Two classes of

temporal scales should be differentiated: one is associated with system

response, the other with transfer processes.

For a given control volume V,,, and a volumetric flow rate Q, the

system response (identified here as the control volume) is characterized by

the residence time in the control volume, that is, by

V

T C -- -Eq. 3.4.3
Cv
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transfer process Ji, from geometric configuration G in

control volume VCV.
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Note that the reciprocal of the residence time is a frequency, which can

be interpreted as the number of control volumes changed per second. If we

consider Q, as a flow source at a boundary, then this frequency is a measure

of its strength.

As discussed in the preceding sections, each transfer process is

characterized by a rate and by a transfer area. The property being
transferred can be mass, momentum, energy, etc. To obtain a generalized
expression for the temporal scale associated with such a transfer, let

be a property per unit volume, that is:

- p, pv, pU, Eq. 3.4.4

where p is the density, and pv and pU are the momentum and

internal energy per unit volume.

Consider now a volume V, then OV is the total amount, (that is, the

measure) of the property 0, contained in V. Let Ji be a

particular flux of 0, to or from V, across a transfer area AT.

Then jIAT is the total transfer rate of 0 due to J1.

To obtain the temporal scal~e Tr, associated with the particular
flux we follow the rationale discussed in the preceding section and form the

ratio of transfer intensity to capacity (amount), thus:

J1AT I

- - = T1 . W t IEq . 3 .4 .5

The inverse of Tr, that is, the specific frequency wi
(specific to the transfer process and geometrical configuration) can be

interpreted as the number of times per second, the (reference or original)

amount of the property ý in volume V, is being changed due to the

transfer process JIAT.
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For example, consider a heat transfer to or from a sphere of diameter d,

the specific frequency is then:

( an 6 Eq. 3.4.6pU d

where pU, is the internal energy per unit volume of the sphere. For

heat transfer to or from a fluid (one constituent, single phase) in a pipe

of length L, and diameter D, the specific frequency is

g" 4 Eq. 3.4.7=pH D

where pH is the fluid reference enthalpy per unit volume.

Note that the heat flux q", (W/m2 ) will depend on the mode of heat

transfer, that is, whether it is by conduction, convection, radiation, etc.

These two examples illustrated the salient features of the specific

frequency defined by Eq. 3.4.5, that is, for a specified transfer process

and transfer area, it combines the effects of geometrical configuration

(specific spatial scale) with that of the transfer rate (time effect).

Thus, one measure, that combines the effects of two, characterizes

completely, the transfer process.

To extend this concept to several constituents and different phases

interacting in control volume Vcv, we follow the procedure developed

in Section 3.4.7.

Consider a field (mass, momentum or energy) in control volume Vcv.

We want to determine the effects that a particular transfer process

specified by the flux ji, (across an area Acps, to or from a

geometrical configuration G, of phase P, of constituent Vc), has on

this field. That is, we want to evaluate the ratio Ji AcpG /OVcv"
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We note that for this process flux and geometrical configuration, the

specific frequency is given by:

JCP=G jC I Eq. 3.4.8

The characteristic frequency of the transfer process in the control volume

Vcv, that is,

L= V Eq. 3.4.9

can be evaluated in terms of Eq. 3.4.8 and the volumetric concentration

hierarchy of Section 3.4.6, thus

- t 1

I % paCGWp Eq. 3.4.10i t 't 'CP %PG L LCpG C' %1P *CPG "CPG E.341

This is illustrated in fig. 3.8.

As expected, Eq. 3.4.10 clearly demonstrates that the effect of a

particular transfer process on a field contained in control volume

Vv, depends not only on its rate and geometrical configuration, but

it depends also on three volumetric concentrations. Consequently, a proper

scaling analysis cannot be performed without considering the amounts (of a

constituent, of a phase, and of a geometrical configuration) that can be

present in the control volume.

3.4.9 CHARACTERISTIC TIME RATIOS. In the preceding sections we have

developed hierarchical trees for the three measures (of mass or volume, of

length and of rate/time) that characterize a transfer process. It was shown

that these three measures can be combined into one, that is, in the

characteristic frequency which characterizes completely, the effect that a

particular transfer process has on a field contained in the control volume.
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In this section, we shall use the characteristic frequency to establish a

dimensionless (scaling) group appropriate to the particular process. In the

section that follows these groups will be used to develop a scaling

hierarchy.

There are several methods for establishing dimensionless groups (see, for

example, refs. 3-3 and 3-4). In what follows we shall establish them in

terms of time ratios, a concept used previously in refs. 3-5,.3-6 and 3-7,

among others. As noted in these references, the advantage of using time

ratios stems from the fact that all transfer processes (of mass, momentum

and energy) can be evaluated in terms of one parameter (measure) only, that

is, in terms of time.

As we are interested in evaluating (scaling) the effects that various

transfer processes have on the system (control volume), we shall use the

system response time Tcv, as the normalizing parameter for all

processes. Recalling that the frequency w,, characterizes the

process, the time ratio of interest is then given by:

Hi = c"C . Eq. 3.4.11

which can be expressed also in terms of Eq. 3.4.3 and 3.4.10, thus

v T w % CPG ý LeCPG Q *CCCP*CPG CP6 v Eq. 3.4.12

As a simple example, consider heat transfer to a (single constituent,

single-phase) fluid flowing through a pipe of length L, and diameter D. For

a given heat flux q", the characteristic time ratio is then given by:

ll= - = _A s- .Vcv vcv g" [IDL . 4L Eq. 3.4.13" pH D Q pH Vcv Q " WH "pOH D
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where W is the mass flow rate (kg/sec) and 0, is the velocity. It can
be seen that this characteristic time ratio is the product of two well known

groups, that is, of the Stanton number and of the geometric group 4L/D.

This should not come as a surprise, because it is well known that these two

dimensionless groups scale this particular transfer process. Although for

this simple example, no advantage was gained by expressing the dimensionless

groups in terms of a time ratio, an application to interacting media will

clearly demonstrate the usefulness of this approach.

The characteristic time rate defined by Eq. 3.4.11, combines the system

and process points of view. The first is accounted for by the residence

time in the system (control volume), the latter by the characteristic

frequency w,, of the process. We recall that this frequency

defined by Eq. 3.4.10, specifies how many times per second the reference

amount of a property 0, (mass, momentum, energy) contained in the

control volume Vcv, is being changed due to a particular transfer

process. Consequently, the characteristic time ratio represents the total

change of the reference amount (*Vcv) during the residence time

Tcv, brought about by a specific transfer process. It provides,

therefore, a measure for the relevance of this process. The larger the

ratio, the more important is the transfer process.

It follows therefore, that the characteristic time ratio must be preserved

if a process is to have the same effect in two facilities of different

dimensions.

To illustrate and validate this statement, we shall use the characteristic

time ratio, Eq. 3.4.11, to derive the power to volume scaling criterion

which was used to design and operate all LOCA integral test facilities.

Consider a heat flux q", heat transfer area AT, control volume

Vcv, enthalpy per unit volume pH, and residence time

TCV.

The characteristic time ratio is preserved when, for the model (m) and for

the prototype (p):
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All LOCA integral test facilities were designed to operate at prototypical

pressure, with the same fluid (water), and to preserve time (requirement of

isochronicity) between facility and plant. For these conditions, the

requirement of preserving the characteristic time ratio reduces to:

LV C n LV p

which is the power to volume scaling criterion that ensured the

prototvDicality of test data, and was thereby, a key contrivutor to the

resolution of the LOCA issue. 'It is evident that the characteristic time

ratios, given in Eqs. 3.4.11 and 3.4.12, provide a method to scale a

considerably broader and more complex set of physicochemical transfer

processes.

It can be seen from Eq. 3.4.11, that one singl'e group, that is, the

characteristic time ratio, takes into account the spatial and temporal

(rate) scales of the process and of the system, as well as the effect of

volume concentrations (amounts of interacting media) that are present in the

system. Thus, all important measures (of mass or volume, of space and of

time) for the process and for the system are combined in a single

dimensionless group.

It was noted already, that to each process there corresponds a

characteristic frequency. Consequently, by using the same (system) measure,

that is, the residence time Tcv, to evaluate each process,

characteristic time ratios can be used to establish the relative importance

of each transfer process in the system. This important result will be used

in the section that follows to establish a scaling hierarchy.
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3.4.10 HIERARCHICAL, Two-TIERED SCALING ANALYSIS. In a test program,

scaling is a technique whereby a designer tries to maintain geometric,

kinematic, and dynamic similarity between physical processes occurring at

full scale and those taking place in a scaled-down test facility.

Generally, an exact similitude cannot be achieved; see Kline (ref. 3-4). In

such a circumstance, the designer attempts to optimize the similitude for

processes of greatest interest. This may lead to distortions of other

processes of lesser importance.

The ability to optimize the similitude for important processes is

predicated by the ability to rank processes according to their importance on

the system. This is not a difficult task for simple problems such as the

flow of a single-phase, nonreadting fluid. However, for interacting and

reacting media, consisting of many constituents, of different phases,

exchanging mass, momentum and energy, this becomes indeed a rather difficult

problem.

One of the reasons for this difficulty stems from the procedure used in

obtaining similarity groups. Most often, these groups are derived from

conservation equations by expressing them in a nondimensional form. Thus,

the mass conservation equation yields criteria in terms of mass flow ratios;

the momentum equation in terms of force ratios; and the energy equation in

terms of energy transfer ratios. Consequently, it becomes difficult to

compare similarity groups obtained from different equations. As discussed

in refs. 3-6 and 3-7, among others, this difficulty is removed when the

similarity groups are expressed in terms of time ratios; in which case, all

processes can be evaluated in terms of the same measure, that is, in terms

of time.

In the preceding section, a characteristic time ratio (characteristic of a

particular transfer process) was derived by using the system response, that

is, the residence time to normalize each transfer process. This derivation

was based on physical arguments in order to illustrate the role and origins

of each parameter as well as to provide a physical interpretation of this

ratio.
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It is shown in Appendix D, that the same characteristic time ratio can be
derived from the generalized balance equation for a control volume, if the

equation is normalized by the convected term. This statement was adumbrated

already by Eq. 3.4.13, which shows the relation between the characteristic

time ratio and the convected enthalpy term. Consequently, all processes,

modeled by conservation equations (for mass, for momentum and for energy)

for each constituent, each phase and geometrical configuration, can be

ranked according to their importance on the system. Thus, an analysis based

on control volume conservation equations, that is, on the top-down or system

approach, provides a method for establishing a scaling hierarchy.

Such a scaling hierarchy has two important functions:

1. To provide a technically justifiable rationale for establishing

the order in which similarity betweentest and plant conditions

should be preserved, and

2. To identify important processes which need to be addressed in

greater detail by conducting a bottom-up or process scaling

analysis.

At each level of the scaling hierarchy, the function of each element

(transfer process) can be examined and assessed; consequently, the top-down

or system scaling approach provides a methodology that is comprehensive,

systematic, auditable and traceable.

As noted above, the scaling hierarchy also identifies important processes

which need to be addressed in greater detail. This leads to the second tier

of the proposed methodology, that is, to the bottom-up or process scaling

analysis which ensures that the important processes have been properly

addressed.

Thus, in the proposed two-tiered scaling methodology, the top-down or

system approach provides the efficiency; whereas, the bottom-up or process

approach provides the sufficiency of the scaling analysis. Together, the

two approaches provide a methodology that is practical and that yields

technically justifiable results.
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3.4.11 EFFECTS OF SCALE DiSTORTIONS. In studies of complex

processes, a designer attempts to optimize the similitude for processes of

greatest interest. Most often, this leads to distortions of less important

processes and the need to evaluate their effects on the evolution of a

transient. The characteristic time ratio derived in Section 3.4.9, can be

used to quantify the effects of such distortions.

We recall that the characteristic time ratio given by Eq. 3.4.9 represents

the total change of a reference quantity (say energy) in the control volume,

during the residence time Tcv, brought about by a specific

transfer process (say heat transfer by convection). Denoting by subscript

i, a specific transfer process we have for the prototype (plant):

[iH 1] = [ Eq. 3.4.14

and for the model (test facility):

[Hl I [Wi('d M Eq. 3.4.15

If this specific transfer process is to have the same effects in the

prototype and the model, then the characteristic time ratio must be

preserved, thus

[H I = pi]iP Eq. 3.4.16

The effect of a distortion in the model can then be evaluated (quantified)

from:

[II] - [Oi]
D = [H Eq. 3.4.17

This ratio represents the percent difference a specific transfer process

changes the reference quantity during the transit (residence) time in the

prototype and the model.
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3.4.12 DISCUSSION AND CONCLUSIONS. As noted in Section 3.4.1, the

objectives of the Severe Accident Scaling Methodology (SASM) program were

to:

1. Provide a scaling methodology that is comprehensive, systematic yet

practical, auditable and traceable.

2. Provide a scaling rationale and similarity criteria.

3. Provide a procedure for conducting comprehensive reviews of facility

design, of test conditions and results.

4. Ensure the prototypicality of the experimental data.

5. Quantify biases due to scale distortions or due to nonprototypical

conditions.

The hierarchical, two-tiered scaling approach discussed in Section 3.4.10

and illustrated in fig. 3.2, provides a methodology that meets these

objectives (see fig. 3.9).

The top-down or system scaling analysis performed on conservation

equations (for control volumes) yields a dimensionless group for each

transfer process between the interacting media (constituents, phases,

fields, etc.). This provides the comprehensiveness of the methodology.

By expressing these dimensionless groups as characteristic time ratios,

that is, process to system response ratios, various transfer processes (of

mass, of momentum and of energy) can be compared one to another; evaluated

(ranked) in terms of their relevance to system behavior; and used to

establish a scaling hierarchy. As each element (transfer process) of this

hierarchy can be examined and assessed, the top-down or system scaling

approach, provides a methodology that is systematic, auditable and

traceable. This satisfies the first objective.
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TOP-DOWN/SYSTEM

SCALING ANALYSIS

SATISFIFS OBJECTIVE NO. 1:

Provides a methodology that is
comprehensive, systematic,
auditable and traceable

SATISFIES OBJECTIVE NO. 2:

Provides a scaling rationale
and similarity criteria

SATISFIES OBJECTIF NO. 3:

Provides guidelines for
reviewing facility design and
test conditions

SATISFIES OBJECTIVE NO. 5:

Quantifies effects of
distortions

PROVIDES:

Efficiency of the methodology

BOTTOM-UP/PROCESS
SCALING ANALYSIS

SATISFIES OBJECTIVE NO. 4:

Ensures prototypicality of
experimental data for
important processes

PROffiDES:

Surfficiency of the methodology

TWO-TIERED
SCALING ANALYSIS

PROVIDES:

A iwactical and ticall.
Jjustifiable scaling
methodology for complex
physicochemical transfer
processes

Figure 3.9. Roles of scaling analyses.
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For each transfer process, a single dimensionless group, the

characteristic time ratio that combines the process/system point of view,

accounts for the effects of the three important measures, that is, of mass

or volume, of space and of rate (time effect). Consequently, if a transfer

process is to have the same effect in two facilities, the characteristic

time ratio must be preserved. For different processes, this identifies the

similarity criteria and satisfies (part of) the second objective.

The other part of the second objective is satisfied by the scaling

hierarchy which provides a technically justifiable rationale for specifying

the order in which similarities between test and plant conditions should be

preserved.

The third objective is also satisfied by the scaling hierarchy which can

be used as a guide for conducting comprehensive reviews of facility design

and of test conditions.

The scaling hierarchy also identifies important processes which need to be

addressed in greater detail, by conducting a bottom-up or process scaling

analysis. Thus, this s~cond tier of the methodology ensures the

prototypicality of the experimental data for the important processes. This

satisfies the fourth objective.

The last objective is met by using characteristic time ratios to quantify

the effects of any distortion that may be present in the facility or in test

conditions.

In the proposed hierarchical based, two-tiered methodology, the top-down

or system approach provides the efficiency; whereas, the bottom-up or

process approach provides the sufficiency of the scaling analysis.

Together, they provide a practical methodology to scale complex

physicochemical transfer processes between interacting media. This

satisfies the last requirement of the first objective.

Part B of this report demonstrates the proposed scaling methodology by

applying it to the DCH problem.
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3.5 SUCCESS CRITERIA FOR SASM APPLICATION

In the course of demonstrating the SASH through its application to a DCH

scenario (Part B of this report) information relating to the success of

such applications became evident. That criteria is summarized here as an

aid to future applications and/or their evaluations by the NRC staff.

The general foundation for issue resolution, and specifically for the

application of the SASH, is contained in the problem specification

outlined in fig. 2.1. Accordingly, a successful application of the SASH

will be founded in:

A complete description of the specific safety issue being addressed,

including identification of the criteria by which successful resolution

of the technical issue will be judged.

A complete specification of the scenario, the NPP, and the subsequent

accident path germane to the issue under investigation.

Identification of the plausible phenomena which may be exhibited in the

accident in the specified scenario and NPP, followed by determination of

the important phenomena which will dominate the plant response. That

is, ranking of the phenomena with respect to their influence on the

parameters by which the safety of the plant will be judged.

Given the proper foundation, as described above, a successful

application of the SASH will provide the following documented evidence.

Experimental Requirements Element - The experimental objectives will be

specified showing a clear basis in, and support to the resolution of the

safety issues.
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Evaluation and Specification for Experiments Element - The effects of

scale on the experimental data base and models and/or closure relations

will be addressed by:

The conduct of scaling analyses directed toward insuring the data and

models are applicable to full scale plant safety.

When necessary,the conduct of exploratory experiments to develop basic

design criteria for more comprehensive experimental facilities.

Specification of the optimum similarity criteria and associated scaling

rationales for design of the experimental facilities.

SET design, hardware and operational specifications which reflect the

above similarity criteria and scaling rationales.

Documentation of the models and/or closure relations developed from the

SETs, and their evaluations for scale-up capability.

IET design, hardware and operational specifications which reflect the

above similarity criteria and scaling rationales.

Documentation of the evaluation of distortion in the IETs.

Establish and Document Data Base Element - The experimental data base

which has proven to be applicable to full scale safety issue resolution

will be identified, including its accuracy. The documentation of this

data base will include: 1) The facility design requirements and

specifications, 2) The test specifications and results, and 3) The

experimental data itself.
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3.6 SYNOPSIS OF LESSONS LEARNED

The lessons learned, which might be useful to the conduct of future TPGs

and to severe accident research are documented in this section. The

presentation is opened with a statement of the objectives of the section,

followed by a synopsis of the lessons learned. Essentially verbatim

transcription of the sources used to develop the synopsis is provided in

Appendix B with cross referencing.

3.6.1. OBJECTIVE. In the course of its activities, the TPG has noted

a number of "lessons learned", which are considered to be important to

future NRC research, both within the SASM program and other similar work.

It is the purpose of this section to record the lessons learned so that they

will be readily available for future reference. For convenience the

information is organized into three general categories:

Lessons learned related to enhanced operation of TPGs (Section 3.6.2),

Lessons learned related to enhanced severe accident experimentation in

general (Section 3.6.3), and

Lessons learned specifically related to DCH experimentation

(Section 3.6.4).

Each of these are summarized in the sections indicated above. The sources

consulted to formulate the summaries are given in the three tables of

Appendix B. Cross-referencing between the summaries and the individual

sources is provided by the coding shown in (parenthesis) where typically,

82.3 designates Appendix B, table 2, comment 3.

3.6.2. LESSONS LEARNED FOR ENHANCED TPG OPERATION

3.6.2.1 EFFICIENT APPROACH TO PROBLEM SOLVING (B1.1, B1.2, B1.3).

For the purpose of illustration, problem solving (general or specific

topics) can be organized into three steps:
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Formulation, in which potential ideas relating to the goals, general

attack, boundaries, etc. are developed,

Supoorting Study, in which detailed information needed to solve the

problem is developed, and

Problem Resolution, in which the problem solution is achieved and

demonstrated.

It is the experience of this TPG that the first and third steps are best

performed with the TPG acting collectively (as a body); with the second step

being performed individually by specified TPG members and/or NRC

contractors. The "free thinking" and "cross-fertilization" desired during

the formulation stage is achieved as the TPG trade ideas together. Likewise

a full problem solution, which is most likely to stand-up to further review,

is best achieved by the collective group. The detailed information needed

for problem solution (second phase) is best developed by assigning specific

studies to individual TPG members and/or the NRC contractors. A certain

amount of iteration between the three steps is to be expected with the

collective TPG identifying the necessary recycles.

3.6.2.2 TEAM ATTITUDE (BI.4, B1.5, BI.6). The degree to which a

TPG is successful is a direct function of the degree of collective team

spirit achieved. The individual members must adopt the objectives and goals

of the group and support the needs and strategy of the sponsoring

organization. While it is unlikely the desired cohesiveness will be

achieved immediately, certain procedures and ground rules can be applied

from the beginning which will help to develop the desired attitude. These

include:

The sponsoring organization should clearly state that the TPG will act and

speak in a unified manner. Of particular importance is the policy that

each member has a responsibility to freely give his best ideas, that these

ideas once expressed belong to the group, and that these ideas will be

placed in the public domain by the TPG, not by individuals. This policy

does not prohibit minority opinion; however, it does demand such

information be coordinated by the collective body.
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Each TPG member and his institution should understand the member's first

obligation is to the group, when involved in the group charter. It is

possible TPG goals may, on occasion, be adverse to goals of a member's

institution. The organization sponsoring the TPG should insure that

institutions providing TPG members understand the possibility of

divergence of interest and agree each member owes allegiance to the TPG

process if programmatic conflicts arise.

3.6.2.3 TIMELY COMPLETION OF PROGRA4 (B1.7 through B1.11). When

working to develop state-of-the-art research with experts having a wide

diversity of interests it is easy to become snared in discussions and other

activities which at conclusion turn out to be of little or no real

importance. This condition can be avoided or minimized by maintaining a

sense of urgency throughout the program. This attitude coupled with a

specific drive to quickly get through the process once will help ensure

success. Once the important factors in the research are placed in

perspective the most fruitful refinements to the process can be easily

effected.

3.6.3. LESSONS LEARNED FOR ENHANCED SEVERE ACCIDENT EXPERIMENTATION

3.6.3.1 INITIATION OF RESEARCH (B2.1 through B2.5). The research

needed to resolve an issue should not be initiated until the sponsoring

institution has ensured that a plan outlining the objectives and strategy to

deal with the major needs has been developed. This plan must necessarily

receive input and review from institutions which will be affected by the

research; however the sponsoring institution must accept ownership and

answer for the objectives and strategy. It is paramount the sponsoring

institution be clear and united in communicating to contracting

organizations its needs and objectives, and the strategy it intends to

pursue to satisfy those objectives. Once this top level plan (i. e., at the

strategy level) is in place it may be possible to initiate exploratory

research; however, such research should be limited to that which is required

to formulate an approach in which the several areas of research needed to

resolve the issue are defined. This process is a "living effort" requiring

continued recycling as information becomes available to answer questions.
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Having proceeded in a "top down" manner to define the need, objective,

strategy and approach, the sponsoring institution is then in a position to

provide clear and documented objectives for each of the several areas of

research needed for issue resolution. Again the sponsoring institution must

accept ownership, insuring that the subservient research programs

(experimentation, code development, safety analysis, etc.) each clearly

demonstrate they optimally serve each higher level of strategy and objective

satisfaction, and are well integrated with the overall research.

In summary, the sponsoring institution must clearly define the issue(s),

need(s), strategy and objective(s) of the research. It is equally important

that the sponsoring institution also define the success criteria by which

the research will be measured, and the lines of responsibility assigned

within its organization, and to the subservient institutions.

3.6.3.2 INITIATION OF EXPERIMENTAL PROGRAMS (B2.2, B2.3, B2.5,

through B2.10). The planning of experiments should follow the general

process used to plan the overall research program just given.. Clear and

documented objectives should.be prepared for each experiment. The

objectives should be driven by the needs, objectives, strategy, and approach

defined for the overall research program. Clearly, the objectives of

several experiments should optimally integrate one with another. Again, the

sponsoring organization should accept ownership of the objectives and be

willing to defend these in open forums and to peer and appointed review

boards. The final product, and the success criteria by which it will be

judged, should be established in advance of performance of the tests. The

approach that will be used to design the experiments should be determined.

Specific areas which should be covered in the approach include:

Definition of the role the experiment will play in the global plan for

issue resolution, Including the integration with the other research

activities both analytical (pode development and use) and experimental,

Definition of acceptable risk in the context that testing might lead to

destruction of the facility which should or should not have implications

as to the behavior of NPPs,
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Definition of the means of oversight of the experiment as it is developed

and executed,

Definition of the type of experiment: scoping to identify phenomena and

trends, SET to focus on key phenomena, or IET to address combined effects,

Definition of the scaling rationales, boundary conditions,

instrumentation, and counterpart tests.

Several of the above items are further expanded in subsequent sections.

3.6.3.3 DESIGN OF EXPERIMENTAL PROGRAMS. (B2.11 through B2.14).

All experiments should have significant initial study to determine that they

will produce data prototypical to the operating conditions of NPPs even

though any one experiment may only address a selected part of the total NPP

operating space. Initial and boundary conditions, and the dominant NPP

phenomena are of particular importance. Scaling studies are of paramount

importance for subscale facilities. It is generally concluded a top-down

approach to identify globally important system response, followed by a

bottom-up investigation of the most important phenomena will provide the
most efficient and sufficient design study. Significant scoping studies

using both bounding and BE analyses are recommended to provide the technical

basis for defining initial and boundary conditions, the likely phenomena to

be simulated, and to support'well done scaling studies. The scaling studies

must demonstrate the prototypicality of the test facility, or a technically

sound rationale for projecting the experimental results to full scale.

Distortions which will be imbedded in the facility must be identified, and

those that are significant addressed with other means of resolution or

consciously accepted.

3.6.3.4 CONDUCT OF EXPERIMENTAL PROGRAMS (B2.15 through B2.19).
The creation of effective test programs can be fostered by the creation of a

Test Program Group (TPG). Although not mentioned above, the effectivity of

a TPG is enhanced if it is formed early (experimental planning phase), and

subsequently conducts regular reviews of progress to the end of the

experimental program. At a minimum the membership of the TAG includes those
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organizations having a vested interest in the data (sponsor, experimental

organization and ultimate users of the data). However, to be fully

effective, particularly in defense of the experimental program, the TAG

should include members who have no or insignificant vested interest other

than a desire to see the sponsoring organization succeed in its research

and/or regulation role. It is necessary that the TPG membership be

carefully selected to provide knowledgeable representatives across a

spectrum of interests. Further, it is suggested the sponsoring institution

can enhance its communication with various oversight agencies by encouraging

continued observation (not participation) in the TPG meetings by the

oversight agency members or assignees.

3.6.3.5 ANALYSIS OF EXPERIMENTAL DATA (B2.6 and B2.20). The

analysis of experimental data should include, as a first priority, an

evaluation of how it satisfies the scaling and phenomenological simulation

requirements. This may include data to code comparisons, but should not be

limited to these, nor have such comparisons as the only objective of the

analysis. Limitation of the analysis to data to code comparisons, more

often than not, leads to failure to identify phenomenological cause and

effect and thereby the priority of the phenomena in the behavior of the

experimental response.

3.6.4. LESSONS LEARNED SPECIFICALLY RELATED TO DCH EXPERIMENTATION.

The TPG does not necessarily conclude the DCH experimental work accomplished

through the end of CY-1989 is without value. However, there is a general

consensus that the program suffers deficiencies in most of the desirable

features previously summarized in Section 3.6.3 and detailed in table B2 of

Appendix B. Integrated planning and scaling rational development are of

particularly concern.

The lessons learned specifically related to the DCH experimental program

are summarized as follows:

3.6.4.1 INITIATION OF THE DCH EXPERIMENTAL PROGRAM (B3.1, B3.2 and

B3.3). There was insufficient up-front planning of the program,

particularly with respect to the items described within Section 3.6.3.2.
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3.6.4.2 CONDUCT OF THE DCH EXPERIMENTAL PROGRAM (B3.3 through

B3.6). There has been insufficient peer review during the execution of the

experiments (this is also true of the planning effort).

3.7. EVALUATION QUESTIONS FOR PROPOSED SEVERE ACCIDENT

EXPERIMENTAL PROGRAMS

Questions which would provide a sufficient framework for the evaluation of

proposed severe accident experiments are documented in this section. The

presentation is opened with a statement of the objectives of the section,

followed by sections describing the intent of the questions and the

questions themselves. Essentially verbatim transcriptions of the questions

provided by the individual TPG members are given in Appendix C.

3.7.1. OBJECTIVE. During the development of the SASH, and demonstration

of the methodology with a DCH scenario, the TPG conducted significant

reviews of existing and planned experiments. An understanding of the

strengths and weaknesses of these programs, coupled with the SASH

objectives, provided the TPG with an excellent basis to formulate a body of

questions, which would provide a sufficient evaluation of other experiments

that might be proposed to support issue resolution. It is the purpose of

this section to record these questions so that they will be readily

available for future reference. For convenience the information is

organized into three general categories:

The role of the proposed experiments in the overall technical issue

resolution (Section 3.7.2),

Experimental design considerations (Section 33.3),

Post test data analysis and use (Section 3.7.4).

Each of these are summarized in the sections indicated above. Each section

describes the general objective of the questions followed by a table

itemizing the appropriate questions.
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Regarding the way in which the questions were partitioned into the above

categories, it is recognized there are no clear boundaries between the

categories. The way in which a question is posed often influences where it

may be placed. For example, the question "what are the boundary conditions

required" might go into the first category, while "what boundary conditions

are used in this experiment" might be better placed in the second category.

Generally, the questions placed in the first category (Section 3.7.2) relate

to requirements posed on the experiment, and those placed in category 2

(Section 3.7.3) relate to how the experiment was designed to meet its

requirements. There has been no significant effort to insure that for every

requirement question there is a design question, or vice versa. However,

that implication should be assumed to apply in any experiment evaluation.

The subject of test data analysis and use is considered to be sufficiently

distinct from requirements and design questions addressed above to warrant

separate treatment as evidenced in Section 3.7.4. In this section no

distinction between requirements and design questions is made, and the

questions may be mixed between the two types.

It is recognized there is a fourth type of question which address the

specifics of operation of the~experimental facility. Examples might be:

what safety procedures are used during operations?, etc. Questions of this

nature are important, but were not considered to be germane to the

objectives of the SASM and are not included herein.

The sources consulted to formulate the summarles are referenced in the

three tables summarizing the questions by cross-referencing to the

individual sources listed in the fourth table. The original questions

provided by the individual TPG members are given in Appendix C, using the

same source code used in the fourth table in this section. The original

questions are considered an important source of information in amplification

of the questions provided in tables 3.1, 3.2 and 3.3 and should be consulted

during any review of a proposed experiment.

3.7.2. QUESTIONS RELATED TO THE ROLE OF THE PROPOSED EXPERIMENTS

IN THE OVERALL ISSUE RESOLUTION. The general objective of the questions
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posed in this section is to establish a frame work with which to judge that

the proposed experiment meets the requirements of:

a. The overall strategic plan (top level) for issue resolution,

b. The experimental needs and objectives within the strategic plan,

c. The experimental approach imposed by the above needs and objectives in

the context of how the experiment:

1) Integrates with existing, in progress, or planned experiments

2) Integrates with the analytical efforts (i.e., code development,

etc.), and

3) Addresses prototypical NPP behavior.

The specific questions related to this category are given in table 3.1 and

amplified in Appendix C. In the table certain entries may have an alternate

form shown in (parentheses). The first form in which the questions are

posed presumes the requirements noted above have been identified by the

sponsor. Should this not be the case, because exploratory research is

required to define the requirements, then the alternate form is posed in

terms of how the proposed experiment helps identify the requirements. For

Table 3.1. Questions related to the role of the proposed experiments in the

overall issue resolution.

QUESTIONS SOURCE CODEa

1. How does the proposed experiment generally comply with the strategic plan for 1-6, 9-11
issue resolution?

2. How does the proposed experiment meet the experimental needs and objectives 1-7, 9-11
defined in the strategic plan? (ALTb: How does the proposed experiment
help define experimental needs and objectives for the strategic plan?)

3. How does the proposed experiment integrate with exi'sting. in progress, or 1. 3. 6, 9,
planned experiments? 11

4. How does the proposed experiment integrate with existing, in progress, or 1, 3. 6, 9.
planned analytical efforts? 11

5. How does the proposed experiment generally simulate prototypical NPP behavior? 1-5, 11
(ALT: How does the proposed experiment help define prototypical NPP behavior?)

a. Identifies the sources used to formulate the question by the numbers shown in table 3.4.
b. Alternate form of the question used when the experiment is intended to help establish basic

requirements.

54



example, should some basic aspect of prototypical NPP behavior be unknown

then questions would be formulated in terms of how the proposed experiment

will help define such behavior.

3.7.3. QUESTIONS RELATED TO THE EXPERIMENTAL DESIGN

CONSIDERATIONS. The general objective of the questions posed in this

section is to establish a frame work with which to judge the design features

of a proposed experiment will meet the requirements imposed by the strategic

plan through the identified experimental needs and objectives. Or

alternatively, will help establish these. Typically these questions are

related to:

a. Reproduction of prototypical NPP behavior in the context of scaling

rationales, distortions, boundary and initial conditions,

b. Boundaries of the experiment in the context of what part of the NPP

phenomenological space is explored, and

c. Adequacy of measurements with respect to the intended use of the data.

The specific questions for this category are listed in table 3.2 and

amplified in Appendix C.

3.7.4. QUESTIONS RELATED TO THE POST TEST EXPERIMENTAL

DATA ANALYSIS AND USE. The general objective of the questions posed in

this section is to establish a frame work with which to judge that the

proposed experiment meets the needs of the data user. These questions

generally relate to the sufficiency and accuracy of the data in the context

of their use to resolve issues directly, or to provide data bases for the

development or assessment of analytical tools. Alternately, the questions

can be posed in terms of the role of the data in revealing basic phenomena,

including their effect on initial and boundary conditions necessary to

successful experimentation.

The specific questions related to this category are given in table 3.3 and

amplified in Appendix C.
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Table 3.2. Questions related to the design of the proposed experiments.

QUESTIONS SOURCE CODE

1. What phenomena and parameters, in the experiment, are directly prototypical to NPP 1-11
behavior, including boundary and initial conditions?

2. What experimental phenomena and parameters are determined to be prototypical 1-11
to NPP behavior via scaling arguments, including boundary and initial conditions?

3. What phenomena and parameters are determined to be nonprototypical to NPP behavior 1-11
via scaling arguments, including boundary and initial conditions (i.e., distortions)?

4. What similarity criteria, scaling rationales and similarity groups were used to 1-11
determine'the answers to 2 and 3, above?

5. How does the experimental phenom~nological space determined in 1. 2 and 3 above 1-11
relate to the NPP phenomenological space?

6. How can the experiment be used directly to resolve the issue(s) of concern? 10

7. How does the data measurement system support directly or through analytical tools 1-11

issue(s) resolution, in the context of what is measured, where is it measured, how
how accurate is it measured, and is there sufficient redundancy?

8. What provisions have been made for peer review of the experimental design? 2. 9. 10

9. Is the experiment the most cost effective means to develop the desired data in the 6, 7, 10
context of the stated needs and objectives for experimentation?

Table 3.3. Questions related to post test data analysis and use.

QUESTIONS SOURCE CODE

1. What are the intended uses of the experimental data? How has unforeseen use of 1, 5-8
the data been considered, both in terms of acceptable and unacceptable
extrapolations?

2. How is the use of the data fully considered in procedures for data qualification 10. 11, 12
in the context of sufficiency, accuracy, availability and timeliness of the
processing?

3. Have the data qualification procedures and schedules, and data transmission 12
(to user) been peer reviewed?
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Table 3.4. Sources for questions in tables 3.1, 3.2 and 3.3.

All sources are letters to Dr. Novak Zuber, with the indicated date.

SOURCEaCODE

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.

AUTHOR

B. Boyack
P. Griffith
J. M. Healzer
'R. E. Henry
M Ishii
J. R. Lehner
F. S. Moody
H. P Nourbakhsh
M. Pilch
B. R. Sehgal
W. Wulff
G. E. Wilson

ORG.

LANL
MIT
SLI
FAI
PU

'BNL
GE
BNL
SNL
EPRI
BNL
INEL

DATE

November 14, 198S
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4. SUMMARY OF THE ISTIR AND SASM CAPABILITIES

The ISTIR was developed-by the TPG to provide a technically justifiable

basis for resolving technical issues in a timely and cost-effective manner.

It is a physically based structure designed to meet three specific

objectives to:

1. Integrate experiments, analyses and uncertainty quantification by means

of a methodology that is systematic, comprehensive, auditable and

practical.

2. Provide a proper balance between experiments and analyses and, thereby,

assure a cost-effective and timely resolution of a safety issue.

3. Ensure that special models or computer codes, used to resolve a safety

issue, have the capability to scaleup processes to NPP relevant

conditions.

The integrated structure, that is ISTIR, consists of five components that

provide a proper balance (sufficiency) between experiments and analyses to

ensure a cost-effective (efficiency) and timely resolution of a technical

issue. To provide sufficiency and efficiency, both experiments and analyses

include features of the inductive (top-down) approach that considers the

whole system, and of the deductive (bottom-up) approach that focuses on the

parts. The top-down approach assures that the experimental and analytical

methods, used to resolve an issue, are comprehensive, systematic, auditable

and traceable. The bottom-up approach assures that all important features

of an issue are fully addressed.

The objectives of the SASM (Component II of ISTIR) are to:

1. Provide a scaling methodology that is comprehensive, systematic yet

practical, auditable and traceable.
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2. Provide a scaling rationale and similarity criteria.

3. Provide a procedure for conducting comprehensive reviews of facility

designs, and of test conditions and results.

4. Ensure the prototypicality of experimental data.

5. Quantify biases due to scale distortions, or due to nonprototypical

conditions.

The hierarchically based, two-tiered scaling approach presented in this

document provides a methodology that meets these objectives. Specifically:

1. The top-down, or system, scaling analysis performed on conservation

equations (for control volumes) yields a dimensionless group for each

transfer process between the interacting media (constituents, phases,

fields, etc.). This provides the comprehensiveness of the methodology.

2. For each transfer process, a single dimensionless group, the

characteristic time ratio, accounts for the effects of the three

important measures, that is, of mass or volume, of space, and of rate

(time effect). Consequently, if a transfer process is to have the same

effect in two facilities, the characteristic time ratio must be

preserved. For different processes, this identifies the similarity

criteria and satisfies (partially) the second objective.

The other part of the second objective is satisfied by the scaling

hierarchy which provides a technically justifiable rationale for

specifying the order in which similarities between test and plant

conditions should be preserved.

3. The third objective is also satisfied by the scaling hierarchy which

can be used as a guide for conducting comprehensive reviews of facility

designs, and of test conditions.
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4. The scaling hierarchy identifies also important processes which need to

be addressed in greater detail, by conducting a bottom-up, or process,

scaling analysis. Thus, this second tier of the methodology ensures

the prototypicality of the experimental data for the important

processes. This satisfies the fourth objective.

5. The last objective is met by using characteristic time ratios to

quantify the effects of any distortion that may be present in the

facility, or in test conditions.

In the hierarchical, two-tiered methodology, the top-down, or system,

approach provides the efficiency; whereas, the bottom-up, or process,

approach provides the sufficiency of the scaling analysis. Together, they

provide a practical methodology to scale complex physicochemical transfer

processes between interacting media. This satisfies the last requirement of

the first objective.

In summary, for experiments, the hierarchically based two-tiered scaling

methodology:

1) generates and prioritizes similarity groups which should be

preserved to ensure the prototypicality of test data;

2) identifies for each similarity (pi) group, important control

parameters which must be considered in the design and operation of

a test facility;

3) provides a framework to identify and trace each assumption made in

the scaling analysis, and to evaluate its impact on the safety

parameter of interest; and

4) provides a framework to asses the effects of a test facility

design and operation on the primary parameters.

For analyses, the methodology:

5) identifies and prioritizes physical processes which should/must be

modeled in the code so as to ensure its capability to address a

specific scenario;
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6) identifies test data for use in the code validation process;

7) provides a technically justifiable rationale for demonstrating the

scale-up capability of a code; and

8) identifies the most important parameters for code sensitivity

calculations and for code uncertainty quantification.

These eight attributes of the methodology are demonstrated, by its

application to the DCH scenario, in Part B of this report.
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PART B

AN APPLICATION OF SASM TO DIRECT CONTAINMENT

HEATING EXPERIMENT FOR A PWR

1. INTRODUCTION

The ISTIR methodology was described, in its generic context, in Part A of

this document. Fig. 1.1, shows the five components of the integrated

structure.

17
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Figure 1.1. Integrated structure for technical issue resolution (ISTIR).
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To test and demonstrate the methodology, ISTIR was applied to a

postulated DCH (Direct Containment Heating) scenario for a PWR (Pressurized

Water Reactor). Part B presents the results of this application.

Specifically, the application of Component I, Safety Issue Accident

Specification and Phenomena Identification, is discussed in Section 2.

Whereas, the results obtained by applying Component 1I, SASH and

Experimentation, are presented in Section 3. Technical details and

additional information are discussed in Appendices E through F.

Components III, IV and V of the ISTIR were not included in this

demonstration because the primary task assigned to the TPG was to develop

and demonstrate a scaling methodology applicable to severe accident

scenarios.
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2. COMPONENT I - DCH SAFETY ISSUE ACCIDENT SPECIFICATION

AND PHENOMENA EVALUATION

2.1 INTRODUCTION

The five steps of Component I are shown in fig. 2.1; the need for each

step and their rationale were discussed in Part A. In the sections that

follow (Sections 2.2 through 2.6), each of the five steps will be applied

to a DCH scenario.

-- --- 1

ISEIY ,ISSUE & , SPECIFY ,,

SUCCESS - SPECIFY SPECIFY ACCIDENT, PROVIDE
I CRITERIA 1 SCENARIO 2 NPP 3 PATH 4 PIRT 5

SASM & CODE ISSUE RESOLUTION WITH
EXPERIMENTATION DEVELOPMENT FROZEN CODE & CSAU
(COMPONENT II) (COMPONENT IV) (COMPONENT V)

Figure 2.1. Flow diagram for Component I - Safety Issue Accident
Specification and Phenomena Evaluation.

2.2 SPECIFY ISSUE AND CRITERIA FOR TECHNICAL RESOLUTION

The phenomenon of DCH has been postulated to occur during certain severe

accident sequences in Light Water Reactors when the reactor cooling system

is at high pressure at the time of vessel breach. The DCH process may

involve the rapid ejection of finely dispersed molten fuel into the

containment atmosphere. A rapid increase in containment pressure and

temperature can result due to sensible and latent heat transfer from the

debris, the exothermic oxidation of iron and zirconium contained in the
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the possible combustion of hydrogen produced during this and previous
oxidation processes. The safety issue related to DCH must consider what

impact the events associated with DCH can have on containment integrity.

While safety issue resolution falls into the domain of the licensing and

regulatory efforts of the NRC, technical resolution is a key part of the

overall safety issue resolution. The criteria by which successful

technical resolution can be accomplished involve the following:

(1) Establish the key accident and plant parameters which influence

DCH.

(2) Define the range of values of these parameters for which DCH can

be expected to occur.

(3) Determine the relationship among these parameters and how they

affect containment pressure and temperature.

One way to meet these criteria is by application of the ISTIR discussed

in Part A of this report.

2.3 SPECIFY SCENARIO

As indicated above, for DCH to occur the reactor cooling system must be

at high pressure at the time of vessel breach. Since PWRs operate at

higher pressures than Boiling Water Reactors (BWRs) and since BWRs have

automatic depressurization systems, DCH related experiments and

calculations have focussed on PWRs.

A number of accident sequences have been postulated which could

eventually result in a high pressure melt ejection and the phenomena

associated with DCH. A possible scenario in a PWR leading to DCH is one

initiated by a loss of offsite power resulting in a turbine trip and a

reactor scram. If the diesel generators fail to respond and cannot provide

backup power a station blackout results. Without ac power the reactor

coolant pump and the main feedwater pump are inoperative. Neither

emergency core cooling or containment cooling systems are available. The

steam driven train of the auxiliary feedwater system can provide cooling to

the secondary side of the steam generators only until the batteries are
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depleted. Unless electric power is recovered, the secondary side water

will boil off and the steam generators will dry out. Reactor coolant

system pressure will rise until the relief valves open and primary system

coolant escapes through the Power Operated Relief Valves (PORVs).

Continued primary coolant boil-off will eventually lead to core uncovery.

The fuel will overheat, causing core damage, including melting and

relocation of at least a part of the fuel and core structure. A portion of

this melt may flow down into the lower vessel plenum. Alternatively, the

molten materials may initially be contained within a crust and supported by

still solid parts of the core region, as occurred at the Three Mile Island

reactor. Eventually the crust will fail and a portion of the melt may pour

into the lower plenum. A series of such pours may occur. In either case,

ultimately the vessel bottom head will be in direct prolonged contact with

molten core material and therefore will fail at the contact location either

via a creep rupture or a penetration failure. If no deliberate

depressurization by the operators has occurred, the reactor coolant pump

seals have remained intact, and the primary system has not previously

failed at another location, vessel pressure will still be at the relief

valve set point and a high pressure melt ejection through the vessel breach

site will occur.

The above scenario (or variations of it) can lead to a spectrum of melt

ejections involving different amounts of material, timing, initial

pressures, and failure modes.

2.4 SPECIFY NUCLEAR POWER PLANT

The evolution of the accident leading.to DCH as well as the DCH phenomena

itself, will be affected by plant specific parameters such as plant

geometry, primary system design, and the type and availability of safety

systems. In applying the Severe Accident Scaling Methodology to DCH,

actual nuclear power plant parameters need to be referred to for purposes

of illustration. In the subsequent sections and appendices of this report

the plant most often chosen as a paradigm is the Zion power station.

The Zion Generating Unit 1, located about 64 miles north of Chicago,

Illinois, has received extensive scrutiny from the reactor safety community

in the past. The possibility of direct containment heating was first

identified in the Zion Probabilistic Safety Study (ZPSS) [2-1] of 1981.
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DCH was considered to have a very low probability for causing containment

failure in that study. However Zion has been the subject of many safety

studies after the ZPSS, the most recent being NUREG-1150 [2-2]. Since

accident progression in this plant has been extensively studied, and since

information on various plant parameters is readily available, Zion is a

convenient choice for an example plant.

Zion Generating Unit 1 is one of two 1050-MWe (3250-MW thermal) units,

each with a four loop Westinghouse PWR steam supply system. Pertinent

primary system characteristics are:

Water Volume 360 m3

Steam Volume 20 m3

Mass of U02 in Core 98,250 kg

Mass of Steel in Core 9,526 kg

Mass of Zr in Core 20,185 kg

Mass of Bottom Head 39,463 kg

Bottom Head Diameter 4.389 m

Bottom Head Thickness 0.137 m

The containment building housing the reactor system is a post tensioned

concrete shell with a 0.64 cm thick steel liner. The containment has a

free volume of 77,000 m3 and a design pressure of 427 kPa. Normal

operating pressure is 103 kPa and operating temperature is 490 C.

Fig. 2.2 shows a schematic of the Zion containment. Figs. 2.3 and 2.4 show

additional details of the cavity region. (These figures have been

reproduced from ref. [2-3]). Limestone concrete was used for construction.

The accumulator tanks contain 5,890 kg of water, at an initial pressure

of 4.585 MPa. The refueling water storage tank contains 1.31x10 6 kg of

water.

It is important to note that there is considerable diversity in the

design of PWR plants and their containments. Some of the variation, but

not necessarily the full range of variability, in some of the plant

parameters likely to be significant for DCH is indicated in table 2.1 and

illustrated in fig. 2.5. A survey of the different reactor cavity

geometries found in domestic PWRs, was carried out by IDCOR and can be

found in ref. [2-4].
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Figure 2.2. Schematic view of Zion reactor containment building.
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Figure 2.3. Plan view and typical dimensions (meter) of Zion reactor

cavity.

69



46'-6"-

THIMBLE GUIDE

LADDER

REACTOR

Figure 2.4. Details of Zion reactor cavity region.

70



Type A (Zion) lower reactor cavity
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Type F (Calvert Cliffs) lower reactor cavity

Figure 2.5. Schematic views of several reactor cavity regions.
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In addition there are ten U.S. nuclear plants which use ice condenser

containments. All of theie use the four loop Westinghouse steam supply

system. The thermal power for eight of these plants is 3411 MW, while the

other two are at 3250 MW thermal. Because of the pressure suppression

capability of the ice condenser system during design basis accidents, these

containments have smaller volumes, about 34,000 m3 , and lower design

pressures, ranging from 184 kPa to 205 kPa, than dry containments.

2.5 SPECIFY ACCIDENT PATH

To apply the methodology of Part A, a particular accident path through

the above described scenario and consistent with the above nuclear plant

description needs to be established. Fig. 2.6 indicates the events

postulated to occur along this accident path. The accident initiator is a

station blackout transient, where:

o The Reactor Cooling System (RCS) is not depressurized by the

operators.

o No inadvertent depressurization of the RCS such as could

result from pump seal failure or surge line failure has

occurred.

o The vessel has not failed due to a rapid pressure excursion.

o The failure mode of the bottom head is assumed to be a

penetration failure, i.e. a failure of an instrument tube

penetrating the lower head. A typical diameter of such a tube

is about 4 cm but ablation during the blowdown will increase

the size of the failure.

o It is further assumed that no water remains in the lower

plenum at vessel breach. All the water has been vaporized by

the time the vessel fails.

o The case of a liquid only melt as well as that of a

liquid-solid melt will be investigated.

o Consistent with the station blackout scenario, containment

sprays are assumed inoperable at vessel breach.
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o A wet cavity is postulated.

o For the subcompartment region two cases, one with water in the

compartments, and one without water will be investigated.

The above steps specify the general accident path. Additional details on

initial conditions, such as the amount and composition of the melt, the

containment pressure and temperature at vessel breach, etc. are provided in

Section 3.2.

2.6 PROVIDE PHENOMENA IDENTIFICATION AND RANKING

A critical task in the application of the ISITR is to insure that all

processes/phenomena that are important to the issue are identified and

included in later analyses. To this end, the system is decomposed into

components and the scenario into operationally characteristic time

periods. For each period, for each component, physical processes and

phenomena are identified, and differentiated as to their cause and their

effects. This physically based decomposition of the scenario in a cause

and effect sequence, insures that all aspects are considered and examined

(albeit qualitatively). Subsequent to identification of the plausible

phenomena, a ranktng procedure is used since it is neither practical nor

necessary to evaluate all phenomena in detail. The ranking technique is

designed to direct subsequent work to those phenomena having the most

significant effect on the questions of concern. The desired PIRTs are

founded inman understanding of the accident scenario(s) and involved

systems.

2.6.1 IDENTIFICATION OF PLAUSIBLE PHENOMENA AND INITIAL

RANKING. As described in Section 2.2 the issue of interest is the

likelihood of significant overload of the containment (overpressure,

excessively high temperature, etc.) in a DCH'transient. In accordance with

the scenario related specifications of Sections 2.3 and 2.5, the DCH

scenario was partitioned into three distinct phases:
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1. Corium Discharge--The time during which molten (and perhaps some

solid) corium is forcibly driven through a hole in the lower head into

the reactor cavity. This phase is initiated with a breach of the

lower head and ends when significant gas discharge begins.

2. Multiphase Discharge--The time during which both corium and steam are

being forcibly discharged from the RPV into the reactor cavity. This

intermediate phase begins with the onset of gas discharge and ends

when corium discharge is essentially complete.

3. Single-Phase Discharge--The time during which steam is predominately

discharged from the RPV into the reactor cavity.

The phenomena identification was further facilitated by partitioning the

system into four components:

1. Reactor Pressure Vessel (RPV)--The whole of the reactor coolant system

upstream of the penetration through the lower head of the RPV.

2. Reactor Cavity--The cavity region immediately below the RPV that

normally communicates with the containment subcompartments and allows

incore instrument guidb tubes to pass from the RPV to the seal table

room.

3. Containment Subcompartments--Those relatively restricted regions of

the containment that are outside the reactor cavity but generally lie

below the operating floor of the containment. The containment

subcompartments are generally home for the steam generators, reactor

coolant pumps, and a host of plumbing.

4. Upper Containment--The large open space or dome that lies generally

above the operating floor of the containment.

Four sources of information were used by the TPG to determine plausible

phenomena, and to subsequently judge their relative rank:
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1. Technology transfer from related fields,

2. Experience of the DCH research community,

3. A review of exploratory experiments, and

4. A review of sensitivity studies using existing codes.

The results of the phenomenological review are illustrated in figs. 2.7,

2.8 and 2.9. These figures show the foundation for the PIRTS in a

hierarchical format of transient phase, system component and plausible

phenomena. The reasons for using a hierarchical organization will become

evident in a following discussion.

Using the cited information base the TPG examined the potential

importance of each of the phenomenon to overload of the containment, and by

consensus judgment arrived at the relative ranks summarized in table 2.2.

Three ranking categories were utilized for this screening:

1. Low--Experience and judgment strongly indicate that the phenomenon in

question does not have significant impact on containment loads.

2. Medium--Experience and Judgment indicate that the phenomenon in

question probably has at least a measurable impact on containment

loads.

3. High--Experience and judgment strongly indicate that the phenomenon in

question could have a significant impact on containment loads.

The rationale for the ranks of import~ance are summarized in table 2.3,

including descriptions of the phenomena in the context of their

conceptualization by the TPG. Those processes ranked high in importance

will form the primary basis for scaling priorities in designing

experiments, and the subsequent modeling with analytical tools. The

processes of medium importance cannot be ignored; however, in case of

scaling compromise these effects are given second priority relative to the

high ranked phenomena. Those processes ranked low in importance ire given

third order consideration and may not be retained in more detailed scaling

analyses.
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PHASE: CORIUM DISCHARGE

COMPONENTS

REACTOR
PRESSURE
VESSEL

REACTOR
CAVITY

1CONTAINMENT
SUBCOMPARTMENTS

PHENOMENA

HOLE ABLATION
FLOW THROUGH HOLE
DEPRESSURIZATION
GAS BLOWTHROUGH

CORIUM DISTRIBUTION
CONCRETE ABLATION
CONCRETE DECOMPOSITION
OXIDATION REACTIONS
DEBRIS TO WATER HEAT TRANSFER
DEBRIS TO'GAS HEAT TRANSFER
DEBRIS TO STRUCTURE HEAT TRANSFER
GAS TO STRUCTURE HEAT TRANSFER
HYDROGEN COMBUSTION

3-D DISPERSED FLOW

1 UPPER
CONTAINMENT

Figure 2.7. Plausible phenomena, by component, during corium discharge.
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PHASE: MULTIPHASE DISCHARGE

COMPONENTS

- REACTOR
PRJSSUREVESSEL

- REACTOR
CAVITY

- CONTAINMENT
SUBCOMPARTMENTS

- UPPER
CONTAINMENT

PHENOMENA

HOLE ABLATION
FLOW THROUGH HOLE
OXIDATION REACTIONS

CORIUM DISTRIBUTION
HYDROGEN COMBUSTION
CONCRETE DECOMPOSITION
OXIDATION REACTIONS
DEBRIS TO WATER HEAT TRANSFER
DEBRIS TO GAS HEAT TRANSFER
DEBRIS TO STRUCTURE HEAT TRANSFER
GAS TO STRUCTURE HEAT TRANSFER

3-D DISPERSED FLOW
HYDROGEN MIXING
HYDROGEN COMBUSTION
OXYGEN CONTENT
OTHER COMBUSTIBLES
OXIDATION REACTIONS
DEBRIS TO GAS HEAT TRANSFER
DEBRIS TO STRUCTURE HEAT TRANSFER

EBRIS TO WATER HEAT TRANSFER
AS TO STRUCTURE HEAT TRANSFER

CONCRETE DECOMPOSITION

HYDROGEN COMBUSTION AND MIXING
OTHER COMBUSTIBLES
OXIDATION REACTIONS
DEBRIS TO GAS HEAT TRANSFER
DEBRIS TO STRUCTURE HEAT TRANSFER
GAS TO STRUCTURE HEAT TRANSFER

Figure 2.8. Plausible phenomena, by component, during multiphase
discharge.

79



PHASE:- SINGLE-PHASE DISCHARGE

COMPONENTS PHENOMENA

- REACTOR. FLOW THROUGH HOLE
PRESSURE
VESSEL

- REACTOR
CAVITY

- CONTAINMENT
SUBCOMPARTMENTS

- UPPER
CONTAINMENT

CORIUM DISTRIBUTION
HYDROGEN COMBUSTION
OXIDATION REACTIONS
DEBRIS TO WATER HEAT TRANSFER
DEBRIS TO GAS HEAT TRANSFER
DEBRIS TO STRUCTURE HEAT TRANSFER
GAS TO STRUCTURE HEAT TRANSFER

3-D DISPERSED FLOW
HYDROGEN MIXING
HYDROGEN COMBUSTION
OXYGEN CONTENT
OTHER COMBUSTIBLES
OXIDATION REACTIONS
DEBRIS TO GAS HEAT TRANSFER
DEBRIS TO STRUCTURE HEAT TRANSFER
DEBRIS TO WATER HEAT TRANSFER
GAS TO STRUCTURE HEAT TRANSFER
CONCRETE DECOMPOSITION

HYDROGEN MIXING AND COMBUSTION
OTHER COMBUSTIBLES
OXIDATION REACTIONS
DEBRIS TO GAS HEAT TRANSFER
DEBRIS TO STRUCTURE HEAT TRANSFER
GAS TO STRUCTURE HEAT TRANSFER

Figure 2.9. Plausible phenomena, by component, during single-phase
discharge.
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Table 2.2 Summary of Rankinga of the importance of plausible phenomena
to containment loads during a DCH transient

Initial TPG Ranking by Transient Phase
Corium Multiphase Phase-I

Discharge Discharge DischaraeComponent/Phenomena
RPV:

Hole ablation
Flow through hole
Depressurization
Gas blowthrough
Oxidation reactions

Reactor Cavity:
Corium distribution
Concrete ablation
Concrete decomposition
Oxidation reactions
Debris/water HT
Debris/gas HT
Debris/structures HT
Gas/structures HT
Hydrogen combustion

Containment Subcompartments:
Hydrogen mixing
Oxygen content
Hydrogen combustion
Other combustibles
3D dispersed flow
Oxidation reactions
Debris/gas HT
Debris/structures HT
Debris/water HT
Concrete decomposition
Gas/structure HT

Upper Containment:
Hydrogen mixing & combustion
Other combustibles
Oxidation reactions
Debris/gas HT
Debris/structures HT
Gas/structures HT

H
H
L
H

H
L
L
HH
L
H
L
L

H

H
H

L

H

H
H
HH
L
L
L

H

H

H
H
H
L
L
L

MH
M
M
H
H
H
H
H
H
M

H
L
L
H
L
L

M
M
MH
H
H
H
H
H
H
H

H
L
H
H
L
L

a. L - Low importance H = Medium importance H - High importance

-- - Insignificant importance or not active during phase.
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Table 2.3 Phenomena/processes descriptions and ranking rationale.

REACTOR PRESSURE VESSEL

Hole Ablation: Ranking (H.H.-)a

The size of the breach in the RPV governs the vigor with which blowdown gases sweep through the
reactor cavity, which in turn Is the driving mechanism for debris fragmentation and dispersal that
determine the rate and magnitude of the OCH event.

In the event of a single penetration type failure of the RPV, hole ablation is a necesspry process in
order to achieve a hole size sufficient to lead to significant DCH initiated consequences. Multiple
penetrations (as might occur, by simultaneous ejection of several incore guide tubes) coupled with
ablation of each hole during melt discharge will likely result in a larger flow area for the subsequent
gas discharge [2-5].

Model calculations demonstrate that a signi1~icant enlargement of the hole may be predicted for the
discharge of a molten corium mixture corresponding to half the core inventory together with below-vessel
structure [2-6, 7]. Significant erosions were also indicated earlier in the Zion Probabilistic Safety
Study [2-1]. The timescale for melt dispersal from the reactor cavity, as well as the extent of melt
retention because of the frozen steel structure, are calculated to be strongly dependent upon the area
through which the gas flow occurs (2-8].

Hole ablation occurs only when molten core material is being forcibly ejected from the RPV [2-6];
accordingly, the TPG assigned a high importance to the first two phases of the transient. Single-phase
gas discharge does not lead to hole ablation, so no importance ranking was assigned.

Flow Through The Hole: Ranking (H,HH)
To first order, the possible magnitude of DCH is directly proportional to the amount of core debris

that is forcibly ejected into the cavity. Processes that could cause core debris to be retained in the
vessel or that could influence the hole ablation process are judged to be of high importance. The
influence of solid phases in the core debris is one example that could influence debris flow through the
hole during the first two phases.

Depressurization induced dissolution and growth of hydrogen bubbles in the metallic phase of the melt
could disrupt the single-phase corium jet after ejection from the RPV [ANL, 7]. Following gas
blowthrough, pneumatic atomization of the melt during two-phase discharge could greatly enhance the
fragmentation of melt [2-6]. These processes are Judged important because they could strongly influence
the corium particle size in the reactor cavity.

The dynamic pressure of blowdown gases in the reactor cavity is an important mechanism leading to
debris fragmentation and dispersal. The dynamic pressure, which is proportional to the square of the
gas flow rate through the cavity, is sensitive to the choking mechanisms at the breach in the RPV;
consequently, the flow of gases through the breach is judged to be of high importance.

The melt ejection and gas blowdown processes can be accompanied by or followed by the ejection of
water into the containment. This water could be residual water in the RCS at the time of vessel failure

or it could come from the discharge of the accumulators when the RCS pressure drops sufficiently. Water
in the containment is judged important to the DCH event. The relative timing of melt discharge, gas
blowdown, and water ejection is Judged of high importance. The location and size of the holes (on the
bottom versus on the side) are also judged to be important.

Depressurization: Ranking (L,-,-)
The pressure in the RCS decreases during the corium discharge phase as the RCS gas expands to fill the

volume vacated by the ejected core 'debris. The volume of the RCS is typically about 300 m3 , while the
volume occupied by 100 m of core debris is about 12 m3 ; consequently, the decrease in the RCS pressure
during the discharge of core debrip is Judged to be negligible.

a. Ranking by phases and scale described in table 2.2
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Gas Blowthrough: Ranking (H.-.-)

Gas blowthrough marks the beginning of two-phase discharge through the breach in the RPV [2-6]. The

mechanisms of gas blowthrough are closely coupled to the flow rate of gases and core material through

the breach during the two-phase discharge, which are Judged to be highly important; consequently, gas

blowthrough is Judged to be highly important also. The effect of gas blowthrough is expected to be more

important for larger hole sizes. The effects of the vessel hole and distance from the cavity floor are

also important. The effects of solid material on gas blowthrough is not known.

To first order, the possible magnitude of DCH is directly proportional to the amount of core debris

that is forcibly ejected into the cavity. Gas blowthrough has been suggested as a mechanism that could

lead to melt retention in the RPV until completion of the gas blowdown phase; however, calculations

[2-6] indicate that the remaining melt is rapidly co-ejected into the cavity during the two-phase

discharge period. On the other hand, the resulting fragmentation of the melt by pneumatic atomization

[2-6] could enhance debris dispersal from the cavity, enhance the oxidation of metal components by

steam, and enhance debris gas heat transfer in the cavity. Consequently. gas blowthrough is judged to

be highly important.

Oxidation Reactions: Ranking (-.L.-)

The metal/steam reactions during the corium discharge phase (prior to gas blowthrough) are Judged to

be insignificant because of the small interfacial area associated with the stratified geometry.

Pneumatic atomization of melt by steam during two-phase discharge [2-6] marks the beginning of

metal/steam reactions that produce hydrogen. The TPG Judged this process to be of low importance

because the transport rate of debris through the lower head was thought to be large compared to the

potential metal/steam reaction rates in the breach.

REACTOR CAVITY

Corium Distribution: Ranking (HHH)
The distribution of corium in the cavity was Judged to be highly important during all three phases of

the transient. The TPG felt that the distribution of corium in the cavity would strongly influence the

way in which blowdown gas would interact with the debris, thus influencing debris fragmentation (hence.

debris gas heat transfer and metal/steam reactions) and debris dispersal.

The TPG also felt that the corium distribution could have a strong influence on how much melt

potentially could be dispersed through alternate paths from the cavity such as manways or the annular

gap around the RPV [2-9]. The latter dispersal route is important because debris could be dispersed

directly into the upper dome of thecontainment. In the ice condenser plants, debris dispersal through

the seal table opening could allow large quantities of debris to directly contact the free-standing

steel liner of the pontainment leading to its possible failure by thermal attack [2-2. 10].

The time dependent distribution of melt resulting from interactions with gas has been observed and

recorded photographically in a simulated experiment employing scale models of reactor cavities [2-11,

12, 13, 14, 15). Time-dependent observations have also been made in reactor material experiments using

a flash x-ray motion picture system [2-16, 17, 18, 19. 20]. Flash x-ray systems have also been used to

examine iron/alumina melts during the dispersal process from scaled models of the Zion reactor [2-21].

Low temperature experiments employing mock-ups of the Zion. Surry. and Watts Bar reactor cavities

[2-22. 23] have shown essentially complete sweepout for sufficiently high gas flow rates. These

observations have also been made for the Zion [2-9, 11, 12, 21] and the Surry reactor cavity (2-24.

Dispersal of molten material through the annular gap around the RPV has been observed in 1:10 scaled

experiments of the Zion plant [2-9]. The co-dispersal of guide tubes has been observed in a 1:10 scaled

mock-up of the Surry cavity using a molten iron/alumina melt as the corium simulant [2-24]. Existing

models and correlations are only partially successful at describing the fraction dispersed, entrainment

rate, and particle size [2-11, 15, 22, 23. 25. 26. 27].
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Concrete Decomposition/Ablation: Ranking (L.M,-)
Concrete decomposition/ablation is potentially important from the standpoint of basemat penetration,

as a heat sink and diluent for the core debris, and as a source of combustible and noncombustible gases
for the containment. Concrete decomposition or ablation can occur during the corium discharge phase at
the stagnation point of the corium jet under the RPV where the heat transfer rates are highest.
Significant concrete erosion has not been observed in 1:20 and 1:10 scale experiments [2-9. 21. 28).
Model calculations support experiment observations that significant decomposition or ablation is not
expected at either experiment scale or reactor scale [2-3). However, other model calculations have
shown that if the melt jet flowing from the RCS does not break up due to the dissolution of RCS gas or
interactions with the gas in the cavity, then significant reductions in the melt temperature may be
predicted as a result of the effects of melt jet impingement heat transfer upon the concrete basemat
(2-29].

This process was judged to be of low importance, because experience and calculations indicate that an
insignificant amount of concrete could be decomposed or ablated during the -5 or lOs of corium
discharge, and because a coherent corium jet is not expected.

The TP6 concluded that concrete decomposition/ablation assumes limited importance during the two-phase
discharge, where it can occur at all surfaces within the cavity. The decomposition is considered during
this phase, not because the quantity of decomposed concrete is large, but because decomposition prevents
melt from freezing and adhering to the surface of the cavity [2-21].

Oxidation Reactions: Ranking (M,H,H)
Metal/oxygen reactions are judged to be of low importance in the reactor cavity during all phases of

the transient because the limited amount of oxygen initially present could support only an insignificant
amount of reaction and because the oxygen is thought to be quickly displaced from the cavity by steam.

Metal/steam reactions in the cavity are potentially important because they are primarily a source of
hydrogen that is easily transported throughout the containment and could subsequently combust.
Preexisting water in the reactor cavity, which is plant and accident specific, is the potential steam

source during the corium discharge phase. The TPG Judged oxidation reactions during this phase to be of
medium importance, because only a portion of the melt with a relatively small surface area interacts
with the water before gas blowthrough, and because the melt/water interaction is expected to separate
much of the melt from much of the wAter.

Blowdown gases from the RPV are a dominant source of steam for metal reactions during the last two
phases of the transient. Other potential sources of oxidant for hydrogen producing metal reactions are
the ejection of residual RCS water or accumulator water into the cavity. The mixing and fragmention of
melt during the gas blowdown phases is expected to homogenize the composition and temperature of the
melt in the cavity. One effect might be to shield some of the metal from oxidation [2-30. 32. 33] by
diluting metal droplets with oxide material; however, the vigorous mixing of core materials within the
cavity could offset this effect.

Calculations using the CONTAIN code (2-33] and the HARDCORE code (2-25] have shown that over most of
the duration of the sweepout, essentially most of the steam may be predicted to be converted to hydrogen
with the extent of reaction limited only by thermodynamic considerations. Extensive hydrogen production
was detected in an experiment where an iron/alumina melt was dispersed with steam [2-24]. However, it
has been suggested that extensive production of low molecular weight hydrogen could diminish the
dispersal process [2-22, 23]. Calculations with the PARSEC code for selected SURTSEY and CWTI
experiments have demonstrated that oxidation enhanced vaporization of melt constituents may be
calculated to provide a mechanism for aerosol formation. In addition, oxidation enhanced vaporization
has been observed in the SURTSEY experiment [2-34). For these reasons, the TPG judged oxidation
reactions during the last two phases to be of high importance.
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Debris/Water Heat Transfer: Ranking (M,H,H)
Debris/water heat transfer is potentially important in the reactor cavity during all phases of the

transient because water vaporization is a heat sink for debris energy, because water vaporization is a

source of steam for metal oxidation reactions [2-35]. because debris/water interactions affect the

corium distribution prior to dispersal and may be partially responsible for some dispersal, and because

explosive interactions have been observed in SNL experiments that had water in the cavity [2-35]. These

effects are potentially more important after the onset of gas blowdown into the cavity, which will

enhance heat transfer by fragmenting the debris.

Debris/Gas Heat Transfer: Ranking (L,H,H)
Debris/gas heat transfer during the corium discharge phase is Judged to be of low importance because

there is an insignificant amount of gas initially present in the cavity. During the latter two phases.

debris exchanges energy predominantly with the blowdown gas. Calculations with the CONTAIN code [2-36]

and the HARDCORE code [2-25] indicate that the blowdown gas is rapidly heated to the debris temperature

within the cavity. This debris/gas heat transfer is Judged to be highly important because it

accelerates the gas (increasing its dynamic pressure), which could greatly enhance debris fragmentation

and the extent of dispersal.

Debris/Structure Heat Transfer: Ranking (M,L,L)
Debris/structure heat transfer is potentially important because it is a heat sink for debris energy

that otherwise could pressurize the containment atmosphere, because it could lead to dispersal of the

incore instrument guide tubes from the cavity, and because it could lead to concrete

decomposition/ablation. Guide tube dispersal could alter the corium distribution in the cavity and

influence melt dispersal from the cavity. This was ranked of medium importance during the corium

discharge phase. Model calculations have demonstrated that the extent of possible melt freezing on

cavity walls and structures decreases to the point of insignificance as the system scale approaches

reactor scale due mainly to a reduction of surface-to-volume ratio [2-8, 19]. The energy lost by the

debris to the structure was Judged to be insignificant during all phases of debris dispersal.

Gas/Structure Heat Transfer: Ranking (LL.L)
Gas/structure heat transfer is potentially important because it represents a heat sink that is in

competition with debris/gas heat transfer, but the latter is expected to dominate because the surface

area of fragmented metal far exceeds the surface area of the cavity. The convective transport of gas

and energy through the cavity is also expected to dominate heat transfer to structures.

Hydrogen Combustion: Ranking (L,L,L)
Hydrogen combustion in the cavity was Judged to be of low importance because an inconsequential amount

of oxygen is initially present in the cavity and because this oxygen is likely to be consumed by metal

reactions or displaced from the cavity by steam.

CONTAINMENT SUBCOMPARTMENTS

Hydrogen Mixing and Combustion: Ranking (-.M.M)

The DCH transient could produce large quantities of hydrogen in the lower regions of the containment.

The potential combustion of this hydrogen in the subcompartments is Judged to be of lesser importance

compared to the upper dome because the amount of oxygen initially present is not sufficient to support

extensive combustion, and because CONTAIN calculations suggest that much of this oxygen is displaced

into the upper dome by the blowdown gases.
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Oxygen Content: Ranking (-,N.M)
The oxygen content In the subcompartments is potentially important because it could support hydrogen

combustion and the oxidation of metallic debris. The oxygen content is judged to be of medium
importance because the amount of oxygen initially present is not sufficient to support extensive
combustion or oxidation, and because CONTAIN calculations suggest that much of this oxygen is displaced
into the upper dome by the blowdown gases.

Other Combustibles: Ranking (-.,M)
The TPG felt that the production of other combustible gases, produced primarily by burning paint or

cables, should be investigated. To ensure its future consideration, the TPG assigned medium importance
to this process.

3D Dispersed Flow: Ranking (-.H,H)
The TPG Judged that plant-specific geometry in the subcompartments of reactor containments is

potentially of high importance because structures could trap (i.e., remove debris from the atmosphere)
before the debris could liberate all its thermal or chemical energy to the atmosphere, because
structures could enhance the mixing of debris with the atmosphere in the subcompartment, because
debris/structure interactions could radically alter the debris/gas surface area (either creating or
destroying surface area), and because the distribution of corium in the subcompartment determines the
potential for debris to be transported to other regions of the containment.

During the multiphase and gas discharge phases, the dispersed debris undergoes a complex set of
interactions involving interactions with other debris particles and structures. The collisions result
in deentrainment of melt and the buildup of wall films, especially on steel surfaces. Splashing and
reentrainment also occurs which results in mixing of the debris [2-37]. The result of this is to
homogenize the droplets and change the drop size distribution. SURTSEY experiments have shown that
debris structure interactions can actually enhance the mixing of debris with the containment atmosphere
resulting in more efficient exchange of energy with the atmosphere (2-343.

Significant trapping within the steam generator compartment has been observed in 1:30 scale model

experiments [2-12] and 1:20 scale model experiments [2-13] incorporating a three-dimensional mock-up of

the Zion steam generator compartment and seal table region. Computer simulations using the CONTAIN code

[2-36] demonstrate that containment compartmentalization can significantly mitigate the DCH event for

some conditions.

Oxidation Reactions: Ranking (-.H;Hj

Metal/oxygen reactions are judged to be of medium importance in the reactor subcompartment because the
limited amount of oxygen initially present could support only a moderate amount of reaction, and because

oxygen is thought to be quickly displaced from the subcompartment by steam.

Metal/steam reactions in the subcompartment are potentially important because they are a primary

source of hydrogen that is easily transported to the upper dome of the containment where it could

subsequently combust. The TPG Judged oxidation reactions during this phase to be of high importance.

Debris/Gas Heat Transfer: Ranking (-,H,H)

There is no OCH without debris/gas heat transfer; consequently, the TPG ranked this process as highly
important. CONTAIN (2-36] calculations suggest that in some scenarios the gas may be heated to

temperatures approaching the debris temperature In the subcompartment.

Debris/Structure Heat Transfer: Ranking (-,H,H)

Debris/structure heat transfer is potentially important because it removes energy from the debris
which otherwise could contribute to heating and pressarizing the containment atmosphere.

Debris/structure heat transfer can occur by two processes: direct radiation from airborne debris to

86



Table 2.3 (Continued)

structure, and convection to the structure during debris structure interactions.

Analyses of absorption of thermal radiation by steam accounting for infared spectral considerations,

windows, and absorption band intensities show that a significant portion of the thermal radiation from

the debris may penetrate to subcompartment structural surfaces [2-38]. This effect is expected to have

greater importance in small-scale experiments. On the other hand, the OCH experiments at SNL

demonstrate that the OCH transient could produce large quantities of aerosols [2-34]. Sensitivity

studies suggest that the mean free path of thermal radiation in aerosol-laden containment atmospheres is

negligible compared to the dimensions of the containment subcompartments; consequently, debris/structure

radiation heat transfer is Judged to be of low importance.

Direct contact heat transfer is thought to be of low importance as a heat sink because the heat

transfer rates are small and the interaction time is short. Debris/structure heat transfer does,

however, contribute to concrete decomposition and the production of other combustible gases, which are

ranked high and medium, respectively. Therefore, the TPG ranked debris/structure heat transfer as

highly important for consistency.

Debris/Water Heat Transfer: Ranking (-.H.H)

Debris/water heat transfer is potentially important in the reactor subcompartments during the

transient because water vaporization is a heat sink for debris energy, and because water vaporization is

a source of steam for metal oxidation reactions.

The 1:30 scale CWTI-6 and CWTI-11 experiments investigated the interactions of melt dispersed from the

cavity with water inside a mock-up of the Zion steam generator compartment and seal table region.

Interaction with water and structure were found to significantly reduce atmosphere heatup relative to

tests performed without water or subcompartment structure [2-20]. Similar tests conducted at 1:20 scale

showed that increased water lead to greater pressurization of an inerted containment atmosphere, while

enhancinge h ? rogen production during the DCH event [2-28, 36, 39]. Sensitivity studies using the

CONTAIN code suggests that water in the subcompartments can either mitigate or augment containment

pressurization depending on the amount of water present. The TPG concluded that debris/water heat

transfer is of high importance.

Concrete Decompositionz Ranking (-,H,-)
Concrete ablation and decomposition is potentially important as a heat sink and diluent for the core

debris and as a source of combustible and noncombustible gases for the containment. The TPG Judged

these processes to be of low importance.

The TPG concluded that concrete decomposition could assume high importance, not because the quantity

of decomposed concrete is large, but because decomposition prevents melt from freezing and adhering to

the surface of structures.

Gas/Structure Heat Transfer: Ranking (-,MN)

Gas/structure heat transfer is a potentially important heat sink that could mitigate containment

pressurization by removing energy from the gas on a time scale comparable to the energy source rates.

Sensitivity studies using the CONTAIN code suggest that gas temperatures nearly equilibrate with debris

temperatures in the subcompartments. At these temperatures, the calculations indicate that

gas/structure heat transfer is a significant, though not overwhelmingly dominant, heat sink that

mitigates OCH loads [2-36].

UPPER CONTAINMENT

Hydrogen Nixing and Combustion: Ranking (-,HH)

Large quantities of hydrogen and the oxygen to support its combustion reside in the upper dome of the

containment. CONTAIN calculations [2-36) indicate that the potential combustion of this hydrogen could

be a
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significant contributor to containment pressurization. Atmosphere temperatures in the upper dome are
sometimes predicted to reach 1000 K; and hydrogen, which was produced in the lower compartments, can be
pushed into the upper dome at temperatures around 2000 K. At these temperatures, the likelihood of both
deflagration and detonation is predicted to increase dramatically because steam no longer is effective
in inerting the reaction [2-40]. The TP6 judged hydrogen combustion to be of high importance.

The upper dome contains both preexisting hydrogen (present before vessel failure) and hydrogen that
was produced in the RPV breach, reactor cavity, and containment subcompartments during the DCH
transient. CONTAIN calculations [2-36] suggest that not all the DOCH produced hydrogen is transported
into the oxygen-rich upper dome where it can combust; consequently, the transport and mixing of hydrogen
is also judged of high importance.

Other Combustibles: Ranking (-,LL)
The TPG judged that the quantity of other combustibles that could be produced in the upper containment

would be insignificant, and consequently of low importance, compared to the amount of hydrogen present.
These other c6mbustibles, which include gases liberated from debris/concrete interactions or burning
paint, are the result of debris/structure heat transfer, which was judged to be of low importance.

Oxidation Reactions: Ranking (-,L,L)
The TPG judged that the reaction of metallic debris with oxygen or steam was of low importance because

debris was likely to be completely oxidized before reaching the upper dome.

Debris/Gas Heat Transfer: Ranking (-.H,H)
The TPG felt that the large size of the upper containment would virtually assure that any debris

reaching this region would have sufficient time to liberate all its thermal energy before interacting
with structures; consequently, debris/gas heat transfer was judged to have high importance.

Debris can reach the upper containment by passing from the cavity through an annular gap around the
RPV or by transport through the subcompartments of the containment. The amount of debris that actually
reaches the upper dome is conditional on the flow patterns in the cavity and the subcompartments, plant
specific geometry, and the response of insulation in the RPV gap the accident event.

Debris/Structures Heat Transfer: Ranking (-,LL)
Debris/structure heat transfer is potentially important because it removes energy from the debris

which otherwise could contribute to heating and pressurizing the containment atmosphere.
Debris/structure heat transfer can occur by two processes: direct radiation from airborne debris to
structure and convection to the structure during debris structure interactions.

Sensitivity studies suggest that the mean free path of thermal radiation in aerosol laden containment
atmospheres is negligible compared to the dimensions of the containment dome; consequently.
debris/structure radiation heat transfer is of low importance.

Direct contact heat transfer is thought to be of low importance as a heat sink because the heat
transfer rates are small and the interaction time is short. The TPG felt that the large size of the
upper containment would virtually assure that any debris reaching this region would have sufficient time
to liberate all its thermal energy before interacting with structures; consequently, debris/structure
heat transfer was judged to have low importance in the dome.

Gas/Structures Heat Transfer: Ranking (-.L.L)
The TPG Judged that the small surface-to-volume ratio in the upper dome would ensure that

gas/structure heat transfer rates would be small compared to energy source rates (i.e., gas transport
from lower compartments, hydrogen combustion, and debris/gas heat transfer); consequently, gas/structure
heat transfer was judged to be of low importance in the region.
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2.6.2 RANKING CONFIRMATION AND FINAL VALUES. The ranks given in

table 2.2 were based on reasoned evaluation of the total knowledge base and

experience available. The TPG had no strong reason to believe there were

any significant flaws in its results. However, it was recognized that

subsequent scaling analyses, by the TPG, would likely provide new

phenomenological insights. In addition, a different ranking approach, the

AHP, was familiar to several of the TPG members. Accordingly, a

semi-independenta ranking ýas undertaken by the INEL and SNL TPG members

and knowledgeable analysts on their staff using the AHP ranking approach,

with the results.summarized below. The methodology and its application are

more fully described in Appendix E.

The AHP methodology has two primary strengths in subjective decision

making by experts:

a. Complex problems can be logically partitioned into levels

(hierarchies) better facilitating the ranking of similar items, and

b. The ranking scheme requires only pair-wise decisions regarding the

relative importance of two items at each decision point.

The process is conceptually illustrated in fig. 2.10. in the context of

typical reactor safety applications. The concept of grouping components

(logical partitioning of system) at the highest level, and the phenomena at

the next level down, shown in fig. 2.10 was adopted in this application.

The components are ranked first with respect to their relative importance

to containment loads. At the secopd level, the phenomena, within each

component, are ranked for their relative importance to containment

loading. The component ranking, at the first level, provides the basis for

weighting the phenomena relative ranks within each component. Through

suitable matrix solutions the relative importance of each phenomenon, on a

system wide basis, is determined.

a. The INEL and SNL TPG members participated in both the TPG and AHP
ranking studies. Thus, it is recognized a claim to total independency of
the two ranking studies cannot be fully substantiated. Never the less the
differences in the approach to ranking in the AHP and the use of other
analysts who were unfamiliar with the TPG results are believed to make the
two studies essentially Independent.
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Figure 2.10. Illustration of the application of AHP to reactor safety
related phenomena ranking.
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The TPG and AHP phenomena ranking are compared in table 2.4. As shown in

the table, two cases were used in the AHP study. During the AHP ranking

effort it was noted there were two potential assumptions regarding the

importance of the components:

a. Each component, regardless of its location, was equally important to

containment loading, and

b. The importance of a component was a function of its downstream

location from the RPV, with the RPV being the most influential.

The first possible assumption is thought to be more probably true; however,

the latter, if true, could have significant benefits in terms of

potentially reduced scaling constraints in IETs, and in subsequent model

development. While it is recognized an AHP exploration of this question is

hardly conclusive, the ease with which the component relative ranks could

be changed made such an examination attractive. Therefore, the AHP results

in table 2.4 reflect identical conditions except:

a. Case 1 - All components assigned equal rank with respect to their

importance to containment loading, except during the corium discharge

phase. The TPG generally agreed that during corium discharge there

was no significant phanomenological activity in the upper containment

(i.e. lowest importance rank in this component during this phase).

b. Case 2 - The RPV and upper containment were assigned, respectively,

the highest and lowest ranks during all phases. The ranks of the

reactor cavity and containment subcompartments were approximately

linearly distributed between the ranks of the RPV and upper

containment as a function of relative distance from the RPV.

The ranking comparisons shown in table 2.4 have been annotated to show

the differences in the TPG and AHP ranks in the context of insignificant

(1), potentially significant (P) and significant (S) on the following

basis. The AHP ranking is performed using matrix math. Accordingly, the

method requires ranks be formulated in terms of numbers rather than low,

medium and high as was done by the TPG. The AHP outputs its results in a

scale of I to 9, one being least important (Appendix E). Based on
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Table 2.4 Comparison of TPG and AHP ranking of importance of plausible
phenomena to containment loads during a DCH transient.

Ranking by Transient Phase
Corium Discharge

AHP
TPG Case 1 Case 2

Hultiphase Discharge
AHP

TPG Case I Case 2

Single-phase Discharge
AHP

TP6 Case I Case 2Component/Phenomena

RPV:

Hole ablation

Flow through hole

Depressurization

Gas blowthrough

Oxidation reactions

Reactor Cavity:

Corium distribution

Concrete ablation

Concrete decomposition

Oxidation reactions

Debris/water HT

Debris/gas HT

Debris/structures HT

Gas/structures HT

Hydrogen combustion

Containment Subcompartments:

Hydrogen mixing

Oxygen content

Hydrogen combustion

Other combustibles

3D dispersed flow

Oxidation reactions

Debris/gas HT

Debris/structures HT

Debris/water HT

Concrete decomposition

Gas/structure HT

H
H
L
H

H
L
L
M
M
L
M
L
L

H

H
H
L

N (S)
L

H
H
L
M (S)

H
L
L
H
M
L
M
L
L

L
L
L
L
H
L
L
L
L
L
L

H
L
L
L (i)
H
L
L (1)
L
L

L
L
L
L
L (S)
L
L
L
L
L
L

H
H

L

H

H
H
H
H

L
L
L

M
M
M
M
H
H
H
H
H
H
N

H
H
L
L
L

H
H
L
L
L

H
L
L (S)
M (I)
H
N (I)
L
L
L

L (1)
L (P)
L (1)
L (P)
H
H
H
M (P)
H
L (S)
L (I)

H

H

H
H
H
L

L

L
H
L ,
L
L

H
L
L
H (I)

H
H
L
L
L

H
M (I)
L
L

(P)
(P)
(I)
(P)

(P)

(P)
(P)
(S)
(S)
(S)
(S)
(S)
(S)
(S)
(P)

M
M

M

M

H

H

H

H
H
H
H

L
L
L
L
H
H
H
H
M

L
L

(P)
(P)
(P)
(S)

(S)
(I)
(S)
(1)

(I)
(P)

(S)
(S)
(S)
(S)
(S)
(S)
(S)
(S)
(S)
(S)
(P)

Upper Containment:
Hydrogen mixing

& combusti
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(I) - Insignificant difference (P) a Potential difference (S)
AHP Case 1 assumed all components were of equal importance, except during

upper containment was of low importance.
AHP Case 2 assumed components were of decreasing importance with relative

= Significant difference
corium discharge when

distance from the RPV.
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considerable experience with the methodology, conversion of the AHP

numerical scale to one comparable to the TPG scale is done as follows:

Low importance (L),= 1, 2 or 3,

Medium importance (M) = 4, 5 or 6,

High importance (H) = 7, 8 or 9.

Experience also indicates that one cannot argue, with rigor, that AHP

results which differ only by one unit (for example 3 versus 4) are really

different. Results which differ by two units (6 versus 8) are indicative

of potential differences. Results which differ by three or more units

nearly always represent real differences traceable to definable reasons.

Thus, the significance coding of the comparison differences in table 2.4

represent:

I (insignificant) - the AHP numerical rank was only one unit above or

below the TPG rank using the conversion scheme shown above,

P (potentially significant) - the AHP numerical rank was two units above

or below the TPG rank,

S (significant) - the AHP numerical rank was three or more units above or

below the TPG rank.

Evaluation of the AHP and TPG rank comparisons lead to the following

primary conclusion given in their perceived order of importance.

In each case, but one, were there was a difference (insignificant or

otherwise) between the TPG and AHP ranks, the AHP ranks were lower than

those of the TPG. This result is a product of the more detailed ranking

information provided by the pair-wise scheme used in the AHP. That is,

even though two phenomena may be ranked equally with respect to the TPG

scheme of using low, medium and high, the AHP pair-wise ranking allows for

finer differentiation within each class of importance. With respect to AHP

93



Case 1, there were six significant differences from the TPG ranks

associated with:

Gas blowthrough during corlum discharge,

Concrete decomposition ,during multiphase discharge, and

Other combustibles, debris to structure heat transfer and concrete

decomposition during single phase discharge.

In each of these differences the AHP ranking was less than the TPG ranking.

It is concluded that adoption of the TPG ranks will insure no important

phenomena are eliminated from subsequent scaling consideration.

The AHP Case 1 (= components of equal importance) and Case 2

(component ranks a function of distance from RPV) phenomena ranks differed

from the TPG ranks as follows:

Number of Differences in Phenomena Ranks

Significant Potential Insignificant

PHASE Case I Case 2 Case I Case 2 Case I Case 2

Corium 1 2 2
Discharge

Multiphase 2 9 5 7 5 1
Discharge

Single-phase 3 12 4 4 2 1
Discharge

From these results it is concluded that an assumption that all the

components have equal importance to containment loading results in the best

match between the TPG and AHP ranking.

The AHP Cases 1 and 2 differed only in the importance ranking of the

components. In Case 1 the components were assigned equal importance

(except during the corium discharge phase). In Case 2 the component ranks

were a function of the relative distance from the RPV, with the RPV being

the most important. In comparing the system-wide importance of the

phenomena, determined by the AHP matrix math, it was found that many
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phenomena were ranked lower in importance in Case 2. Three phenomena
ranked high in Case 1 were ranked medium in Case 2. Eleven phenomena

ranked high in Case 1 were ranked low in Case 2. Four phenomena ranked

medium in Case 1 were ranked low in Case 2. From these results it is

concluded that if the importance of phenomena could be established

experimentally as being a decreasing function of the relative distance from
the RPV. then the design effort of JET would be considerably reduced

because of the decrease in scaling requirements to insure prototypicality.

2.7 SUMMARY AND CONCLUSIONS

Sufficiency and efficiency are primary objectives in the application of

the ISTIR to severe accident technical issues. The five steps of

Component I (fig. 2.1) are intended to provide the foundation, early in an

application, which will satisfy these objectives. The results of this

application to a DCH scenario are summarized as follows:

1) The technical issue relates to a determination of the containment
loads (pressure and temperature) in a plant undergoing a postulated

severe accident which results in DCH. The degree and effect of

uncertainties in the experimental and analytical information used to

help define margins in safe operations is an important constituent of

the issue resolution. The criteria by which successful technical

resolution can be accomplished involve the following:

a) Establish the key accident and plant parameters which influence

DCH.
b) Define the range of values of these parameters for which DCH can

be expected to occur.

c) Determine the relationship among these parameters and how they

affect containment pressure and temperature.

2) A possible scenario in a PWR leading to DCH is one initiated by a loss
of offsite power resulting in a turbine trip and a reactor scram. If

the diesel generators fail to respond and cannot provide backup power

a station blackout results. Without ac-power the reactor coolant pump
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and the main feedwater pump are inoperative. Neither emergency core

cooling or containment cooling systems are available. Other

subservient conditions are given in Section 2.3.

3) The evolution of the accident leading to DCH as well as the DCH

phenomena itself, will be affected by plant specific parameters such

as plant geometry, primary system design, and the type and

availability of safety systems. In applying the SASM to DCH, actual

nuclear power plant parameters need to be referred to for purposes of

illustration. In this report the plant most often chosen as a

paradigm is the Zion power station. Additional information for

pertinent plant parameters, including possible variations of

significance, are given in Section 2.4, particularly table 2.1.

4) A DCH scenario can follow multiple accident paths depending on initial

and boundary conditions at accident initiation, plant systems

available during the accident, etc. Two likely paths were identified

for the demonstration considered here. These are summarized in

fig. 2.6.

5) A critical task in the application of the ISTIR/SASM is to insure that

all processes/phenomena that are important to the issue are identified

and included in later analyses. To this end, the system is decomposed

into components and the scenario into operationally characteristic

time periods. For each period, for each component, physical processes

and phenomena are identified, and differentiated as to their cause and

their effects. This physically based decomposition of the scenario in

a cause and effect sequence, insures that all aspects are considered

and examined (albeit qualitatively).

In accordance with the scenario related specifications of Sections 2.3

and 2.5, the DCH scenario was partitioned into three distinct phases:

Corium Discharge, Multiphase Discharge and Single-Phase Discharge.

The phenomena identification was further facilitated by partitioning

the system into four components: RPV, Reactor Cavity, Containment

Subcompartments and Upper Containment. A phenomenological analysis,
I
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based on technical evidence (table 2.3), conducted by the TPG

identified plausible phenomena (figs. 2.7, 2.8 and 2.9) and their

relative importance (rank) to the plant response (table 2.2).

It is concluded the Information base resulting from the above five steps

provides the necessary foundation for the too-down and bottom-up scaling

analysis of subsequent sections of this report. Accordingly, it is also

concluded the sufficiency, and efficiency obJectives of the ISTIR are

supported by the steps comprising Component 1.

It should be carefully noted that the information available at the

completion of Step 5 of the ISTIR, while providing the necessary initial

foundation for the top-down/bottom-up scaling analysis, may be modified

during the subsequent analysis. Such a modification will be demonstrated

in Section 3 relative to the importance of reactor cavity phenomena. That

analysis indicates that fragmentation of the melt into drops, and their

heat transfer, are rate limited processes (i.e., finite time rather than

instantaneous). The rate of fragmentation and heat transfer, coupled with

the residence time in the cavity, tend to decrease the loads on the

containment, compared to Instantaneous fragmentation and heat transfer

assumptions.
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3. COMPONENT II - SEVERE ACCIDENT SCALING METHODOLOGY
APPLICATION TO DCH

3.1 INTRODUCTION

In this section Component II of ISTIR, that is, the SASH will be applied

to the DCH scenario. Fig. 3.1 shows the flow diagram of this application

together with the topics that are addressed. Information from the PIRT

(table 2.2) was used to identify these topics.

An important element of the SASH application to DCH is the specification

of appropriate initial and boundary conditions. The initial and boundary

conditions not only assure that planned DCH experiments start with the same

conditions as the NPP in which the accident is postulated to occur, but

they also play a significant role in determining the behavior of the

accident and its consequences. For example, the amount of corium ejected

from the pressure vessel or the reactor vessel pressure at the time of its

failure can havea direct influence upon containment heating and its

failure. Furthermore, the initial and boundary conditions are dependent

upon the particular NPP or class of NPPs being evaluated. There are large

differences in pressure vessel location, cavity configuration, and

containment compartmentation among operating nuclear power plants. For

example, there are 14 different types of reactor cavities. Similar

dissimilarities can be found in other geometric aspects of PWR plants.

The initial amount and composition of material involved in a scenario

very often determines the path that the scenario will follow.

Consequently, to evaluate the initial and boundary conditions for DCH it is

necessary to quantify the initial amount and composition of the material in

the reactor pressure vessel (RPV) at the time of the break. To this end,

RPV failure conditions are examined in some detail in Section 3.2. Scaled

model laws for RPV discharge phenomenon and for cavity phenomena are then

presented in Sections 3.3 and 3.4, respectively.
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Figure 3.1. Flow diagram and topics addressed in applying SASM to DCH.
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3.2 RPV FAILURE CONDITIONS

3.2.1 TYPICAL INITIAL AND BOUNDARY CONDITIONS. The in-vessel core
degradation leading to vessel rupture and melt ejection is probably the

least undetstood phase of the direct containment heating transient. For

this reason, the most appropriate assumptions for a study of this transient

are simple, realistic (rather than bounding), but severe enough to

challenge both the containment and our ability to calculate the transient.

Appendix F, describes the initial and boundary conditions that are

reasonable.

3.2.2 AMOUNT AND COMPOSITION OF MATERIAL INVOLVED IN DCH.
During a severe accident in which a significant portion of the core melts,

high temperature solid and molten debris material will reach the pressure

vessel bottom head. The temperature of the bottom head will increase and

its strength will decrease, ultimately leading to vessel failure. The

temperature, composition and quantity of debris material reaching the lower

head of the pressure vessel have been identified as important initial

conditions to DCH tests or predictions. The purpose of this section is to

discuss and provide a synthesis of available information about the material

reaching the bottom head of the reactor vessel prior to its failure during

a station blackout or TMLB' scenario for a PWR. The details are presented

in Appendix G.

A station blackout or TMLB' transient in a PWR is initiated by a loss of

offsite power. This results in primary water coolant and main feedwater

pump coastdown, a turbine trip, a reactor scram, closing of main steam

isolation valves, and a signal to begin auxiliary feedwater. However, due

to the loss of all electric power, auxiliary feedwater as well as emergency

core cooling and containment cooling systems are not available. Under such

circumstances, decay heat produced in the reactor core initially will boil

off the water present on the secondary side of the steam generators. Once

the steam generators dry out, the primary system pressure will rise to the

relief valve setpoint and the primary coolant temperature will reach the

saturation temperature associated with that pressure. Primary coolant

water will escape through the Pilot Operated Relief Valve (PORV) and the

reactor fuel will eventually uncover. Continued boiloff of reactor water

will lead to core and fuel damage and melting.
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The amount and composition of material involved in DCH during a station

blackout is dependent upon many aspects of the reactor core and pressure

vessel damage progression. They include:

1. The reactor system behavior. For example, the reactor pressure

could remain at the relief valve pressure setting up to the time of

vessel failure or it could be depressurized to varying degrees before

vessel failure. Some analyses have pointed out that the surge line

to the pressurizer or the primary pump seals may fail and

depressurize the reactor during a, station blackout before release of

core material from the pressure vessel [3-1, 3-2]. Also, accident

management strategies are being evaluated which could lead to the

same result by encouraging depressurization of the reactor by

operators [3-3]. Furthermore, recovery of emergency power or

operator depressurization coupled with addition of water from a

source independent of ac power might terminate the event before

vessel failure [3-3].

2. The progression and magnitude of core damage. This will depend not

only upon the reactor pressure history, the geometric characteristics

of the core, and the power distribution, but also upon its material

composition (e.g., low melting materials) as well as the failure

mechanism of fuel rods and the candling process of molten material

and the degree of natural circulation that might occur during core

damage.

3. The mode and amount of core relocation into the bottom head of the

reactor vessel. The relocation can occur in several intermittent or

a single delivery of debris material to the bottom head. The release

mechanism of debris material to the bottom head as well as its

composition, porosity, and liquefaction are also important.

4. The heat transfer from the relocated material to the bottom head of

the reactor vessel. This will depend upon the interaction of the

debris material with water that might be present in the bottom head,

the debris reconfiguration after it reaches the bottom head, and the
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degree of debris contact with and the rate of heat transfer to the

vessel steel.

5. The head failure mechanism. This could be a creep temperature or a

penetration failure and both the :size and location of the failure will

have an influence upon DCH.

Appendix G, deals in some detail, with each of the above aspects of a PWR

station blackout severe accident. Available information from severe.

accident system codes was utilized to describe the prevailing physical

phenomena and the predicted results.

From this analysis, three synthesized sets of initial conditions for DCH

were developed for a penetration and a creep failure of the bottom head.

The quantities, compositions, and amounts of molten material involved are
presented in fig. 3.2. The first case corresponds to an early and large

delivery of melt material to the bottom head. It produces the failure of

one or several penetrations and the ejected materials are primarily molten.

There may or may not be water left in the bottom head at the time of its

failure. The second case deals with several melt deliveries to the bottom

head and increased melt progression before vessel failure by creep. The

third case is concerned with a depressurized DCH. More debris materials are

involved and vessel failure by creep is delayed considerably.

Fig. 3.2 and table 3.1 indicate that:

1. Considerable agreement among the predicted amounts of molten material

being ejected. they range from 37,000 to 44,000 kgs (up to 40 percent

of core weight) and they are in close agreement with the prediction by

MAAP. According to Pilch [3-4], MAAP predicts that 47,200 kgs would

be ejected at the Zion plant and if one adjusts that molten mass for

the ratio of the Surry to Zion core weights (102,800/125,000) one

would get an ejection of 38,800 kgs at Surry.
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EL CANDLING, FUEL CANDLING,
iT FORMATION LIMITED BLOCKAGE

AND FAILURE OF GRID
FAILURE PLATE

FUEL CANDLING,
LIMITED BLOCKAGI
FAILURE OF GRID

PLATE

INITIAL CONDITIONS
TIME OF FAILURE
EJECTED KGS
MOLTEN KGS
OXIDIZED ZR
EJECTED METALLIC

CONTENT
TEMPERATURE

-3 HOURS
-40,000
-40,000
-40%

-30-40%
-2500 K

-4 HOURS
-70,000
-40,000
-40-50%

-40-60%*
-2500 K

-10 HOURS
-80,000
-40,000
-60-70%

-50-70%*
-2500 K

*INCREASED METALLIC CONTENT DUE TO MOLTEN STEEL

Figure 3.2. Initial material conditions for direct containment heating.
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2. The metallic content of the molten material will be high, ranging from

30 to 70 percent. The high values of metallic content come from

MELPROG calculations where the crust and lower grid take avery long

time to fail and involve a significant amount of structural steel. It

is suggested that a metallic content between 30 and 50 percent may be

more realistic due to structural failure of the crust or flow

blockage.

3. With an early penetration failure, the ejected material will be mostly

molten. For a creep failure, the debris bed in the bottom head will

contain a significant amount of solid material and the amount of

solids ejected with the molten debris may range from 10,000 to

30,000 kgs.

4. The total amount of materials ejected would be between 40,000 to

80,000 kgs or about 40 to 70 percent of core weight.

In the sections that follow, the results shown in fig. 3.2, are used to

evaluate the scaling groups.
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3.3 REACTOR PRESSIRE VESSEL DISCHARGE PHENOMENA

The primary system depressurization analysis provides the boundary

conditions for the reactor containment analysis. As the primary system

contains the driving energy potential in the form of high steam pressure,

and chemical and sensible heat in molten core materials, the primary system

analysis provides also the characteristic time of overall containment

pressurization.

This section deals with RPV discharge phenomena. Fig. 3.1 shows the

specific topics that are addressed briefly in what follows; more detail is

provided in Appendices H through K.

3.3.1 AMOUNT OF SOLID MATERIAL RETAINED IN THE RPV. According to the
results shown in fig. 3.2 of this report, the material ejected consists of

both molten and solid phases. The question addressed in this section (and

in more detail in Appendix H) is how much solid material is left behind when

melt ejection occurs. The material in the vessel at this time consists of a

gas phase located above a pool of molten material and a bed, of still solid
debris consisting of whole and degraded fuel pellets. The solids are

expected to be like gravel where the maximum gravel size is limited by the

fuel pellet size.

For holes that are smaller than, or not too much larger than the fuel

particles, the molten fuel will flow through the passages between the

particles and out the break leaving most or all of the solids behind. There

is a ratio of hole to particle size that promotes the formation of a bridge

across the break even though the particle can be fit through the hole.

Even when the particles flow through the hole easily, however, there is a
significant drift left behind. The experiments reported in Appendix H

suggest a method of determining how large this drift is.
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The details of the experimental apparatus and results are presented in

Appendix H. Briefly, a plexiglass cylinder was used to simulate the RPV;

fuel pellets were simulated with plexiglass cylinders (0.9525 cm in diameter

and an aspect ratio of 1.2, giving a length of 1.143 cm); water was used to

simulate the molten phase, and the test were performed at three pressure

levels, that is, at 68.9 x 103, 206.8 x 103, 344.7 x 103 Pa in

addition to atmospheric pressure.

The results are shown in fig. 3.3, which indicates that the number of

pellets ejected increases exponentially until the hole diameter to pellet

length ratio reached approximately 2. At this point, the system ejected

enough pellets to leave the hole uncovered. Once this critical ratio had

been reached, an increase in hole diameter did not result in a significant

increase in the number of pellets ejected. The surface defined by the

pellets in the core, an inverted cone, with a vertical axis and its vertex

located at the bottom of the hole and a cone angle of 45 degrees. This core

intersected the walls of the cylinder with a shape approximately as

illustrated on fig. 3.4.

It was observed also that: whether the exit hole was located in the side

of the vessel or on the bottom, when the ratio was above the critical value,

the amount of the pellets remaining inside the vessel was consistent. The

remaining material sloped up, away from the hole at its angle of recline,

which was nearly 45 degrees.

While the number of pellets ejected was slightly dependent on driving

pressure, the critical ratio of hole diameter to pellet length was not.

Similarly, the water level in the tank had little effect although it was

shown that both the water and some driving pressure were necessary to

produce some ejection.

Using this data, certain predictions may be made regarding the behavior of

the material inside a nuclear reactor core in the event of a melt down.
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Figure 3.3. Number of pellets ejected from simulated reactor vessel versus
hole size.
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Figure 3.4. Pellet lay after blowdown through a vertical hole.

Figure 3.4. Pellet lay after blowdown through a vertical hole.
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Based on the results of these experiments, it can be concluded that the

number of pellets ejected from a nuclear reactor core, in the event of a

melt down is primarily dependent on the size and location of the hole. If

the ratio of hole diameter to pellet length is lower than the critical value

of about 2, the pellets will form a bridge over the hole, allowing the melt

and steam-hydrogen mixture to be released from the vessel, while restricting

the release of the fuel pellets into the containment area. If the ratio is

higher than the critical value, the amount of material left in the vessel

after blowdown, as well as the shape of the free surface of the pellet drift

can be predicted.

It may be assumed that wherever the hole is located, the material

remaining in the vessel will be angled steadily upwards, away from the hole

at the natural angle of recline for the pellets at that temperature. Based

on the geometry of the drift of pellets, the amount of material remaining in

the vessel can be determined.

Because the tendency of the pellets to flow out the hole is not very

strong and pellets at temperatures'close to their melting temperature have a

tendency to sentry. There is a real possibility that a large "clinker" of

pellets will form and be left behind while the liquid and gas will be

ejected.

When a bridge forms, the liquid that is ejected does not form a coherent

jet, but rater leaves as a dense spray. This will probably reduce the

ablation of the hole and further reduce the amount of material ejected.

3.3.2 SCALE MODEL LAWS FOR RPV DiSCHARGE PHENOMENA. The

phenomena addressed in this section include:

• Corium (solid-melt) discharge

" Multiphase (corium-steam) discharge
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* Steam blow-through, and

- Hole ablation.

Derivations of the model scaling laws are presented in more detail in

Appendices I and J, whereas we summarize the results below.

Fig. 3.5 shows molten core debris liquid of density Pd and volume

vd in the bottom of the reactor pressure vessel, discharging through.a

hole of area Ab, which could be in the process of increasing by ablation.

Steam occupies the vessel and exerts pressure on the discharging corium. As

the corium volume is discharged, the steam expands and tends to cool, which

causes heat transfer from the vessel and corium surfaces. Steam reaction

with vessel metal also may cause chemical heating. Expansion and heating

alter the steam pressure, which directly affects the discharge rate.

Molten debris discharges first after the vessel is breached, until its

level falls below a value for which blowthrough can occur as steam depresses

and penetrates the liquid surface over the discharge hole. Although the

steam and corium are treated as two constituents, both top-down and

bottom-up scaling are employed to determine model laws for the discharge

response time, and both time-dependent surface penetration and solid

particle motion in the liquid.

When blowthrough occurs, two-phase steam and corium discharge will occur

until the corium is depleted, leaving behind whatever solid particles are

retained in the vessel (see Section 3.3.1).

When the core debris discharge to the cavity stops, single phase steam

discharge will continue, which is expected to cause both continued

dispersion of corium in the cavity and other parts of the containment, and

containment pressurization.
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The two-tiered scaling analysis of Section 3.4 of Part A, with further

elaboration in Appendix D, is employed to obtain scale model laws in this

section for reactor pressure vessel discharge phenomena. These phenomena

include:

CORIUM DISCHARGE PHENOMENA

HOLE ABLATION

SOLID DEBRIS RETENTION IN VESSEL

SINGLE PHASE (STEAM DISCHARGE)

The four major steps followed in the scaling analysis of vessel discharge

phenomenon, as applicable, are:

SYSTEM DECOMPOSITION

SCALE IDENTIFICATION

TOP-DOWN/SYSTEM SCALING ANALYSIS

BOTTOM-UP/PROCESS SCALING ANALYSIS

Fig. 3.6 helps to explain the system decomposition step, applied to the

reactor pressure vessel, RPV, and its contents.

The basic control volume encloses the RPV.

Three constituents contained by the RPV control volume are the vessel

itself, core debris, and steam.

The phases involved are: the solid vessel wall and components which can

exchange thermal energy with the fluid contents; the steam, which exists

only as single phase vapor; and the core debris, which exists as two phases,

namely molten liquid and solid particle corium.

The geometrical configuration, field, and process flux determine a

characteristic length for each phase, which affects the associated time

response and characteristic frequency for transfer processes involving mass,

momentum, and energy.
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Figure 3.6. RPV system decomposition and characteristic frequencies of
transfer process.
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Also summarized on fig. 3.6 are the scale identification, consisting of

inverse characteristic lengths, and characteristic frequencies of the

various transfer processes for comparison. The calculation and discussion

of these parameters is contained in Appendices H, I, J, and K. A comparison

of the frequencies leads to the following conclusions:

1. Steam heating is negligible during corium discharge.

2. Steam heating is important during single phase steam discharge.

3. Solid corium particles closely follow motion of the liquid.

4. Steam blowthrough occurs during corium discharge.

5. Single phase steam discharge continues about twice as long as long as

corium discharge.

Equations which describe corium liquid discharge, particle motion, surface

depression, steam expansion and discharge, and heating rates are given in

Appendices H - K. These are employed to obtain the characteristic

frequencies of the various transfer processes involved. Normalized

variables then are employed to nondimensionalize the describing equations.

The normalized variables and resulting model coefficients yield model laws

for preserving dominant phenomena in a scale model test. If several

phenomena are to be studied in an integral scale model test, preservation of

the relative frequency ratios is required, which yields additional model

laws.

The model laws obtained for preserving the1 reactor pressure vessel

discharge phenomena in a integral test for corium discharge, blowthrough,

and particle retention are summarized below:

1. Geometric similarity is required of the vessel shape where molten and

solid particle corium resides adjacent to the discharge hole. Also

required is geometric similarity of the corium particles.
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2. The ratio of vessel initial pressure to the initial liquid corium

hydrostatic head in the bottom of the vessel should be preserved.

3. The initial volume ratio of molten corium and vessel steam should be

preserved so that the vessel pressure transient is representative of

full size. (The steam volume does not have to be geometrically

similar to full size since it is primarily a control volume with

uniform, time-dependent properties.)

It would be difficult to incorporate the hole ablation phenomenon in an

integral test because preservation of the model coefficient of Eq. (3.6) in

Appendix J would require either control of the heat transfer coefficient, or

a test with full size material properties and temperatures. However, for

the example parameters of table 1.4 in Appendix I, ablation would increase

the hole size by less than 17 percent. A conservative test could employ a

fixed hole size of 17 percent more area than the expected initial size.

An experiment which satisfies these model laws, and does not introduce

other effects, such as surface tension dominance of the blowthrough surface,

will preserve the important phenomena associated with corium liquid and

particle, and steam discharge from the RPV.

3.3.3 SINGLE PHASE (STEAM) DISCHARGE. The primary system
depressurization analysis addressed four time segments: (1) the initial

phase of liquid molten core material (corium) discharge through a pressure

vessel melt-through break at the vessel bottom, followed by (2) the

multi-phase flow, critical discharge of vapor, liquid and possibly solids,
(3) the single-phase critical discharge of vapor and (4) the subsonic

discharge of vapor until the primary system and containment pressures

equalize. The corium discharge may also entrain solid ceramic fuel pellets

if the break opening is large enough.

Phases (1) and (2) are analyzed in preceding sections (and in Appendices I

and J). This section and Appendix K analyze the third phase. The fourth

phase is of no interest because of its insignificant impact on the maximum

containment pressure.
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3.3.3.1 OBJECTIVES. The top-down scaling analysis, based on global

or integral balance equations, was performed to obtain the transient

conditions at the exit plane (subscript e) of the reactor vessel break at

the vessel bottom, during the time of sonic discharge of superheated vapor,

i.e., the third phase of primary system depressurization. Specifically, the

objective was to determine four time-dependent flow parameters, i.e., the

vapor volumetric flow rate Qe,

vapor mass flow rate We,

vapor static enthalpy flow rate (wh)e, and the

vapor total enthalpy flow rate [w(h + v1/2)]e,

where h and v designate enthalpy and velocity, respectively.

The time-dependencies for the above four parameters are derived for three

thermodynamic paths as shown below:

Thermodynamic Path Combination

Processes SS TS TT

vapor expansion in primary system isothermal isothermal isothermal

vapor acceleration through break isentropic isentropic isothermal

The isentropic path constitutes the limiting case of rapid expansions

without heat transfer, while the isothermal path constitutes the opposite

limit of extremely intensive heating of the vapor by heat transfer from

internal reactor vessel structures and from ceramic fuel pellets stacked up

near the break hole. By using the limiting cases, one avoids the difficulty

of analyzing the details of local heat transfer, and one obtains the range

of uncertainties ariiing from the use of the simple limits. It will be

shown that the third combination of isothermal processes in primary system

and break yields the simplest results which differ little from those

obtained for isentropic expansions.
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The second objective of the top-down scaling analysis was to obtain the

characteristic time 7 of primary system depressurization and the scaled

variables for the parameters listed above, namely

e* for vapor volumetric flow rate,

w* for vapor mass flow rate,

(wh) *
[w (h+v2/2)]1

for static enthalpy flow rate and

for total enthalpy flow rate.

These scaled variables are to be used as the inflow boundary conditions

for the reactor cavity scaling analysis. The characteristic time r of

primary system depressurization is the master, or global, time scale for

containment pressurization.

3.3.3.2 RESULTS. From fig. 3.7 one can see that the initial break flow

with isentropic acceleration is larger than the break flow with isothermal

acceleration at the break, by the factor of (w*) s0 /(le) = 0.6673/0.6065 = 1.1.

Thus, acceleration increases from heating are more than compensated by density

reductions in the break flow.

For the specific case selected

report, having the

initial pressure

ambient pressure

initial vapor temperature

in primary vessel

as the reference in the main body of this

PO - 16 MPa (160 bar)

Poo - 0.2 MPa (2 bar)

To - 2,000"K (1,7271C)

break area A

V

- 0.0314 m2

- 360 m3primary system volume
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Figure 3.7. Comparison of break mass flow rates.
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gas constant for vapor R - 461.90J/(kgK)

Isentropic expansion exponent 1 - 1.30,

one obtains (see Appendix K), the following specific values, respectively

for isothermal bulk vapor expansion and break flow (TT), and for isentropic

bulk vapor expansion and break flow (St):

TT SS

blowdown time ttr M 76.3 s 65.1s

initial mass flow rate

initial static enthalpy
flow rate

initial total enthalpy
flow rate

We

(wh)c

= 317.2 kg/s

= 1,269.8 MW

= 1,416.3 MW

349.0 kg/s

1,214.7 MW

1,396.9 MWwehi

For scaling the rate of change of pressure in the cavity (discussed in the

section that follows), the initial total enthalpy flow rate (case TT above),

was used as the normalizing parameter.

3.3.3.3 CONCLUSIONS

1. The combination of isothermal bulk vapor expansion with isothermal

break flow, representing intensive heating during slow

depressurization through small breaks produces the simplest results:

Eqs. (K.55) through (K.59) in Appendix K for pressure and break mass

and energy fluxes.

2. The difference between the extremes of isentropic/isentropic

processes and isothermal/isothermal processes for bulk vapor

expansion and break flow, respectively, is small: the time for

depressurization varies less than 18%, the mass flow rates are

nearly indistinguishable as seen in fig. 3.7.
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3. It is recommended to use the isothermal processes for greatest

simplicity, in the analysis of direct containment heating.

4. Isothermal processes can be obtained from isentropic processes, but

not by simply setting the expansion coefficient - = cp/Cv . 1.

Instead, the limit f -• 1 must be taken.
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3.4 REACTOR CAVITY PHENOMENA

In this section the hierarchical, two-tiered scaling methodology is

applied to processes that can occur in a reactor cavity during a DCH

scenario (see fig. 3.1).

A top-down/system scaling analysis was performed to derive groups that

scale the rate of pressure change in the cavity, as well as the processes

which affect this change. These groups were then evaluated to establish a

scaling hierarchy. The evaluation was based on the initial and boundary

condition discussed in Sections 3.2 and 3.3; fig. 3.8 shows the flow diagram

of this analysis. The results are summarized in Sections 3.4.1.1 through

3.4.1.4; the details are presented in Appendices L and M.

The scaling hierarchy was used to identify the important processes that

were then addressed, in detail, by performing a bottom-up/process scaling

analyses; fig. 3.9 shows the flow diagram of these analyses and the topics

that are addressed. The results are summarized in Sections 3.4.2.1 through

3.4.2.5; the details are presented in Appendices N through R.

It is important to stress here, that the purpose of the DCH application

was to demonstrate the scaling methodology, and not to provide a complete

technical resolution of the problem. The analyses and results summarized in

this section and presented in more detail in Appendices L through P, are

based on specific assumptions which were made to simplify the demonstration

process. It is recognized here, that some of these assumptions (noted below

and discussed in the Appendices) need to be examined in more detail.

Consequently, additional experimental and analytical studies are needed to

establish a broader and more robust technical basis for resolving the DCH

problem.

3.4.1 ToP-DOWN/SYSTEM SCALING APPROACH

3.4.1.1 RATE OF PRESSURE CHANGE (RPC) EQUATION. As pressure

is the parameter of primary interest, the analysis was directed first, at
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deriving an equation that predicts the rate of pressure change and then, at

establishing the scaling groups.

The formulation is based (see fig. 3.8) on equations that describe the

conservation of mass (for steam, hydrogen, water liquid and debris) and of

energy (for the steam-hydrogen mixture, water liquid and debris) in a

control volume. In addition, mass and energy balances are made at

interfaces between the phases, that is, at interfaces between the gas

mixture and water liquid, and between the gas mixture and debris.

Fig. 3.10 illustrates the balances of mass and of energy at an interface

between the gas mixture and water liquid. In the energy balance there is a

heat flux q"dl (by radiation) from debris to the gas-liquid interface

which is at saturation temperature Tsat. The temperature of the bulk

liquid Tl, can be equal or lower than the saturation temperature. In the

latter case, there is a heat flux q"l, from the interface to the bulk

liquid. There is also a heat flux q"g. (by radiation and convection),

from the gas mixture to the liquid interface. Because of the vaporization

process, there are two enthalpy flow rates (to and from the interface).

Note, that Hv and Hf are the enthalpies of water vapor and liquid

evaluated at saturation conditions (i.e., at Tsat).

The set of conservation equations and the details of the analysis are

presented in Appendix L; in what follows we shall discuss only the equation

that predicts the rate of pressure change (Eq. 1 in fig. 3.11) and relate

each term to a physical process.

In Eq. 1, Vg is the volume occupied by the steam-hydrogen mixture

defined by Eq. 4. The ratio of specific heats for the mixture fm is

defined by Eq. 2; whereas, the gas constant for the mixture Rm is given by

Eq. 3, where C is the mass concentration of hydrogen.

The first term on the r~ight-hand-side of Eq. 1, models the enthalpy flow

rates of steam and of hydrogen at the inlet; whereas, the second term

accounts for enthalpy flow rates at the exit.
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The third term models the rate of heat transfer from gas to structures.

As this process represents a loss (a sink) of energy for the gas mixture, it

has a negative sign.

The fourth term accounts for the rate of heat transfer from debris to the

gas mixture.

The fifth term models the (thermal) effects of zircaloy oxidation. It

consists of two enthalpy flows: one is the enthalpy (source) associated
with the hydrogen mass flux generated by the oxidation process; the second

is an enthalpy (sink) associated with the mass flux of steam participating

in zircaloy oxidation.

The sixth term accounts for the effects caused by the presence of water

liquid. It consists of two energy flows: one is the enthalpy (source) flow

associated with the mass flux of steam m"v, generated by the vaporization

process; the second is an energy sink because of the rate of heat' transfer

(by radiation and conduction) from the gas mixture to the water.

The seventh term represents the rate of work to change the amounts of

water liquid and of debris. Note, that these two terms can act as sources

or sinks depending on whether the material is being added or removed.

The eighth term models the rate of work to change the hydrogen

concentration. It can act as a source or as a sink depending on whether the

amount of hydrogen is increasing or decreasing.

It is evident from Eq. 1, that each process is characterized by a

particular transfer area,and by a particular rate. This confirms the
comments made in Section 3.4 of Part A, that the problem under consideration

is one of multiple spatial and temporal scales.

3.4.1.2 SCALING GROUPS. The RPC Equation was expressed in a

nondimensional form to generate groups that scale the effects of the various

processes. The nondimensional form was derived (see Appendix L for details)
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by normalizing the variables in Eq. 1, with their initial values, and by

normalizing (dividing) each term in Eq. 1 with the same quantity (measure),

that is, with the initial enthalpy flow rate at the inlet. The rationale

for selecting these normalizing parameters was as follows.

Initial conditions were used to transform the variables because (for a

specified scenario and plant) these conditions can be specified or

estimated. For example, the initial pressure in the cavity can be

specified; the initial temperature of the steam at the break can be

estimated. Similarly, the initial amount of melt, its temperature and

composition can be estimated (or postulated), etc.

Each term in Eq. 1, was normalized with the same quantity (initial

enthalpy flow rate at the inlet) for three reasons. One reason was the

desire to express the scaling groups in terms of characteristic time

ratios. As shown below (and discussed in more detail in Appendices D and 1)

these ratios can be obtained if the equation is normalized with a convected

term. The second reason was the desire to establish a scaling hierarchy.

This can be accomplished only if the same measure is used to evaluate the

effects of the various processes. The third reason was to render the

driving term in Eq. 1 (i.e., enthalpy in flow rate term) of the order of

unity.

It is important to note here that the normalization process described

above, implies a scale-down procedure that starts with full-scale plant

conditions and proceeds to test facility design and operation. In this

respect, the DCH scaling 'analysis presented in this report, follows an

approach well established in the chemical process industry. For example, in

discussing the question of scale-up versus scale-down analyses, ref. [3-5]

notes (on pages 10 and 19) that: "The starting point for scale-up studies

must be the ultimate commercial unit; the contemplated studies must be
'scaled down' from requirements and unknowns of that commercial unit.

Scale-up from small-scale studies is a misleading concept".... "By scaling

down judgements can be made as to the nature of the pilot plant and mockup

studies that should be made. Only by identifying critical phenomena through

scaled-down analysis can the risk of failure of a development program be

kept at a minimum."
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For the purpose of demonstrating the methodology, the RPC Equation was

applied only to the single-phase (steam) discharge period. It was assumed

that the gas entering the cavity consisted of steam only, so that any

hydrogen formed was because of the steam-melt interaction in the cavity.

In what follows we list the dimensionless groups generated by Eq. 1 (in

fig. 3.11) and discuss their significance. The details are presented in

Appendix L.

Scaling the Effect of Pressure Change

The rate of pressure change is described by the left-hand-side of the RPC

Equation (Eq. 1 in fig. 3.11); its dimensionless form is given in Eq. 1 in
fig. 3.12, where the subscripts c and o denote cavity and initial values.

For reasons discussed above, the initial enthalpy flow rate at the inlet

(break) (i.e., WoHo) is used to normalize each term in the RPC

Equation. Similarly, initial values are used in Eq. 3, 4, and 5, to express

the dependent variables (ag, fm, and P) in a nondimenslonal

form.

Time is scaled by the residence time in the cavity Tc; defined by

Eq. 6, where the volumetric flow rate in the cavity Qgco (given by Eq. 7)
is evaluated by assuming ;a throttling (isenthalpic expansion) process

specified by Eq. 8.

Two important conclusions can be made with respect to the relation shown

in fig. 3.12.

It can be seen that only one parameter (i.e., the ratio of specific heats

io) appears in Eq. 1. Consequently, to maintain similarity, this ratio
must be preserved between test and plant conditions.

Furthermore, Eq. 1 and 6 indicate that unless the residence time
Tc in the cavity is preserved, the rate of pressure change in a test
facility will differ from that in a full-scale plant.
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Scaling the Effect of Heat Transfer--Gas to Structures

The dimensionless group figs that scales the effect of heat transfer

from gas to structures, is given by Eq. 1 in fig. 3.13. It is a product of

the Stanton group and a ratio of two areas (one for heat transfer As, the

other for flow Af).

By means of Eq. 2, this group can be expressed also as a characteristic

time ratio, where the residence time Tc in the cavity is given by

Eq. 3, the characteristic frequency wgs by Eq. 4 and the heat transfer

area concentration by Eq. 5.

Note that Eq. 4 and Eq. 5 define the temporal and spatial scales of the

heat transfer process; whereas, Eq. 3 defines the temporal scale of the

system.

Scaling the Effect of Heat Transfer--Debris to Gas

According to the results presented in Appendix G, debris will be ejected

from the vessel as a solid-melt mixture. Consider now the interaction of

such a mixture with the inrushing steam.

In absence of solids, part of the melt will be fragmented and entrained as

drops. The other part will be dragged along by the high velocity steam, or

piled-up as a two-phase melt-steam mixture. The interfacial area between

melt and steam will have, therefore, two geometrical configurations (i.e.,

films (planes) and spheres].

With solid present, debris-gas interaction processes will depend on

whether or not solid particles are small enough to be entrained by the

steam. For entrained solid particles, the processes will be similar to

those of eptrained drops. However, for large, nonentrained particles, the

processes will be closer to those of a solid-fluid packed or fluidized bed.

It can be expected that in'this latter case, the presence of solids will

tend to decrease the rate of melt entrainment (as drops and films) by the

inrushing steam.,
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The effect of solids in the debris is not addressed in this report;

instead, the report considers molten debris interactions with the inrushing

steam. This interaction as noted above, occurs across two geometrical

surface configurations (i,e., across films and drops). Both configurations

are addressed in Appendices D and L. In what follows we summarize the

results concerned with the impact of melt drops entrained by the steam.

The group Hdg that scales the effect of heat transfer from debris

melt drops to the gas is given by Eq. 1 in fig. 3.14; where the subscript d,

denotes debris, dm denotes debris melt, dmd denotes debris melt drops, and

the subscript zero stands for initial value.
i

By means of Eq. 2 this group can be expressed also as a characteristic

time ratio, where the residence time 1c is given by Eq. 3, the

characteristic frequency wdg by Eq.4, and the specific frequency by

Eq. 5.

In Eq. 4 the initial volumetric fractions of the debris in the cavity

(ad) and of the melt in the debris (adm) can be estimated from

the results summarized in table 3.1. To estimate the volumetric fraction of

the melt occupied by drops (admd), one could assume that the entire

amount of melt is immediately fragmented in drops of diameter ddmd,o so

that the fraction (admd) is equal to unity. Although this assumption

provides an upper bound for evaluating the effect of melt-to-gas to heat

transfer, the assumption is unrealistic. A more realistic assumption is

discussed in Appendix L; briefly, as the relative velocity between the gas

and the entrained drops is small when compared to the velocity of the gas,

the initial volume fraction of drops can be estimated from Eq. 6 in fig.

3.14. In this equation the term Qdme,o is the volumetric flow rate of

entrained melt; whereas, Qgco is the initial volumetric flow rate of gas

in the cavity. This entrainment ratio can be estimated using the results

presented in Appendix 0.
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Note that Eq. 5 in fig. 3.14 defines the temporal scale for a heat

transfer from a drop; whereas, Eq. 4 defines the temporal scale for the heat

transfer process in the cavity (i.e., for heat transfer from a population of

entrained drops). This latter scale depends not only on the specific

frequency for a drop, but it is also a function of three volumetric

concentrations that account for the amount of debris in the cavity, of melt

in debris and of melt in the form of drops.

Scaling the Effect of Zircaloy Oxidation

The oxidation process of metal constituents of the debris, depends on

temperature, on concentration of constituents, on surface area, and on the

availability of steam. To maintain the oxidation process, there is a mass

flux of steam towards the debris and a mass flux of hydrogen (generated by

this process) from the debris. Because of oxidation, a crust may form at

the melt surface. As the reactions are exothermic, the temperature of the

debris will increase. This energy initially deposited in the debris will be

transferred subsequently to the gas by radiation and convection.

In analyzing the reaction rates, it is useful to consider two limiting

processes: one limited by oxidation kinetics, the other limited by

diffusion of steam through a gaseous boundary layer, rich in hydrogen,

adjacent to the debris. One would expect that initially in a steam rich

environment the rate will be controlled by oxidation kinetics. Later in

time, as steam concentration decreases, the diffusion of steam through the

boundary layer may become the limiting step.

To assess more quantitatively the effects of heating the debris by an

exothermic chemical reaction and of cooling it by heat transfer, an analysis

was performed by considering a single particle and assuming a reaction rate

limited by oxidation kinetics. The results presented in Appendix P show

that for particles with diameters in the range that could be expected in a

plant cavity (6 to 20 mm, see Appendix N) the combined convective and

radiative cooling rates are initially an order of magnitude higher than the

heating rate from zirconium oxidation.
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In view of this effective heat transfer process (as well as to simplify

the demonstration of the methodology), it was assumed that the energy

generated by the oxidation process (i.e., the heat of reaction AHr)

was added immediately to the bulk gas and not to the debris, where it would

have increased its temperature. Based on this assumption the group

Bch that scales the effects of zircaloy oxidation is given by Eq. I in
U

fig. 3.15. It is a product of the Damkohler group and the ratio of two

areas (one for the oxidation process, the other for flow).

By means of Eq. 2 this group can be expressed also as a characteristic

time ratio, where the characteristic frequency och is given by Eq. 4,

*and the specific frequency (for a spherical particle) by Eq. 5. The term

azr in Eq. 4 accounts for the volumetric concentration of zirconium in

the melt.

Assuming a parabolic law, the oxidation rate per unit area of a spherical

particle (m"zr) is given by Eq. 6. The rate constant K (cm2/s) was

evaluated by considering a rate process limited by oxidation kinetics.

This results in an Arhenius-type relation given by Eq. 7. Note, that the

assumption of a diffusion limited process would have made m"zr a function

of the Schmidt number.

Scaling the Effect of Water Liquid

If water liquid is present in the cavity it will interact with the

injected melt. The strength of this interaction depends on the amount and

temperature of the water as well as on melt temperature, properties, and

penetration rate in the cavity. Strong interactions will be characterized

by liquid fragmentation in drops and rapid vaporization. Additional

fragmentation, vaporization, and entrainment will occur following the inrush

of steam in the cavity.

The process of melt interaction with water (i.e., liquid fragmentation and

rapid vaporization) are not addressed in this report. Instead, the report
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considers a given amount of water liquid in the form of drops (liquid films

are discussed in Appendix L) interacting with the inrushing steam and

evaluating the effect of the attendant vaporization on the pressure.

The group 11g, that scales the effect of vaporization is given by Eq.

1 in fig. 3.16; note that it accounts only for heat transfer (by radiation

and convection) from the gas to the liquid interface (see fig. 3.10). The

effects of heat transfer by radiation from debris to the liquid interface

qdl in fig. 3.10) and of heat transfer from the interface to the bulk

subcooled liquid (ql) are discussed in Appendix L. In Eq. 1, the term

Hf,o is the enthalpy of water liquid evaluated at the saturation

temperature Tsat, and Hfg,o is the latent heat of evaporation; the

subscript zero denotes initial values.

By means of Eq. 2, this group can be expressed also as a characteristic

time ratio, where the residence time is given by Eq. 3, the characteristic

frequency wgl by Eq. 4, and the specific frequency for a spherical

drop is given by Eq. 5.

Scaling the Effect of Chanqing the Volume of Water Liquid

The rate of change of water liquid volume in the cavity is accounted for

in the seventh term of Eq. 1 in fig. 3.11. This volume will decrease

because of evaporation in the cavity and liquid ejection/entrainment out of

the cavity. Both processes can occur during melt interaction with water

liquid (prior to the inrush or steam) as well as during steam in flow.

In analyzing these processes it is useful to consider two limiting cases

determined by the initial amount (volume) of water liquid in the cavity. If

the initial amount of liquid is large, liquid slugs will be formed and

ejected by rapid vaporization (during melt interaction with water) or by the

inrushing steam. In this case, the initial liquid volume reduction will be

primarily because of slug ejection with evaporation having a much smaller

effect. Conditions that lead to slug formation by inrushing steam are

discussed further in Appendix Q. If however, the initial volume of water is
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small so that liquid slugs are not formed and ejected, water will be

entrained by the inrushing steam as films on cavity walls and as drops in

the main gas stream. In this case it can be expected that, because of

sudden exposure of film/drop interfaces to a hot gas stream, the evaporation

will be the dominant process in reducing the water liquid volume.

As noted above, the process of melt initial interaction with water is not

addressed in this report. Instead the report considers the interaction of

the inrushing steam with water drops and the effect of the attendant

vaporization on the pressure.

The effect of vaporization in reducing the liquid volume is scaled by

Eq. 1 in fig. 3.17; it accounts for convective and radiative heat transfer

from gas to the liquid interface (see fig. 3.10). The effects of radiative

heat transfer from debris to the interface (qdl in fig. 3.10) and of heat

transfer from the interface to the subcooled liquid (ql) are discussed in

Appendix L.

The terms Pf,o and Hfo, in Eq. 1, are the density and the

enthalpy of water liquid evaluated at saturation temperature corresponding

to the initial pressure Pc,o; whereas, the group H1gl is given by Eq.

1 in fig. 3.16. As the ratio (Pc,o/ 0oPfoHf,o) that

multiplies the group 11gl is much smaller than unity, Eq. 1 in Figure

3.17 indicates that the mechanical effects can be neglected when compared to

the thermal effects of evaporation (i.e., when compared to Hgl).

Scaling the Effect of Debris Volume Reduction by Entrainment

The ratio of change of debris volume is accounted for in the seventh term
of the RPC Equation (Eq. 1 in fig. 3.11). This volume can decrease by melt

being ejected as a result of a strong interaction with water liquid, and/or

by melt being entrained by the inrushing steam.

Considering as above, only interactions with the inrushing steam, the

group llmech,deb, that scales the effects of debris volume reduction
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because of entrainment) is given by Eq. 2 in fig. 3.17, where Qdmd,o is
the initial volumetric entrainment rate of debris. Appendix 0, presents an

analysis, supported by presently available experimental data, that can be

used to estimate this parameter.

As the ratio of the two volumetric flow rates (i.e., of debris to gas) is

very small, Eq. 2 indicates that this mechanical energy effect can be

neglected when compared to thermal (i.e., to heat transfer effects).

Scalina the Effect of Changing Hvdrogen Concentration

The (mechanical) effect of changing the volume of hydrogen is modeled by

the last term in the RPC Equation (Eq. I in fig. 3.11). Assuming that the

initial concentration is zero, the initial rate of hydrogen increase will

depend only on the initial generation rate per unit area of an oxidizing

spherical particle. The group Mhc that scales this effect is then

given by ýq. I in fig. 3.18, where Cv,h and Cv,wg are the specific heats

at constant volume for hydrogen and for steam.

The group 1hc can be expressed also as a characteristic time ratio

given by Eq. 2, where the residence time Tc, the characteristic

frequency whc, and the specific frequency are given by Eq. 3, 4, and 5.

A numerical evaluation of the pi groups discussed above is presented in

Appendix H; in what follows we summarize the results.
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Figure 3.18. Scaling the rate of work to change the hydrogen concentration.
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3.4.1.3 EVALUATION OF SCALING GROUPS - SCALING HIERARCHY. The pi

groups were evaluated using the initial and boundary conditions discussed in

Section 3.2 and 3.3. The details and specific values used in this

evaluation are given in Appendix M, briefly:

Using the results summarized in table 3.1'and developed in Appendix G,

70 tons of debris, of which 40 tons were melt, were assumed to be discharged

from the vessel of which 40 tons was melt. This corresponds to a volumetric

concentration of the debris in the cavity equal to ad = 0.032, and a

volumetric concentration of melt in the debris equal to edm - 0.57.

The initial temperature of the melt waA taken as Td,o - 2500"K.

Initial conditions at the break were evaluated using the results presented

in Appendix K for isothermal choked flow through a break with a diameter of

Db - 0.20m. The specific values were: steam temperature

To - 2000°K; initial pressure at the break P0 - 97 bars; initial

density at the break po - 10.51 kg/m 3 ; initial mass flow rate of

steam at the break Wo - 317 kg/sec.; initial enthalpy flow rate at the
break WoHo = 1416 MW. For an isenthalpic (throttling) expansion process

in the cavity at an initial pressure of Pc'o = 2 bars, these

values yield an initial steam density in the cavity pgc,o - 0.2165 kg/r 3;

an initial volumetric flow rate of steam in the cavity Qgco = 1,465 m3/sec.;

and a residence time in the cavity 7c = 0.148 seconds.

It is important to note that for an isothermal blowdown process, the

parameters evaluated at the break decay exponentially with time (see

Appendix K). Consequently, the initial values for the mass flow rate W09

and for the enthalpy flow rate WoHo, are the maximum values to be

expected for the specified conditions.

The initial volumetric concentration of entrained melt drops in the

cavity is given by Eq. 1 in fig. 3.19, where ad is the volumetric

concentration of debris in the cavity; adm is the volumetric

concentration of melt in the debris; and admd is the volumetric

concentration of drops in the melt. The first two concentrations can be

estimated from the initial conditions discussed above, thus ad = 0.032

and adm = 0.57, so that their product is equal to adadm - 1.82 x 10-2.

To estimate the third volumetric concentration one could assume that all

melt
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Figure 3.19. An estimate of the initial volumetric concentration of drops.
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in the cavity is fragmented immediately in drops in which case edmd is

equal to unity. However, as noted in the preceding section, this is an

unrealistic assumption although it yields the upper bound.

A closer approximation for calculating the volumetric concentration of

drops in the cavity is provided by Eq. 2 in fig. 3.19 derived from the

homogeneous two-phase flow model (see Appendix L). The volumetric flow rate

ratio of entrained melt to steam can be calculated from Eq. 3 in fig. 3.19

derived from the analysis presented in Appendix 0. The term Af in Eq. 3

is the cross sectional (flow) area of the cavity; St is the initial

thickness of melt in the cavity; a is the surface tension; i is the

viscosity and the Euler number is given by Eq. 4 where Jgc,o is the

initial superficial velocity of steam in the cavity. This group can be

expressed also in terms of break parameters, thus for a throttling expansion

process, the Euler number can be expressed by Eq. 5 in fig. 3.19.

Two important comments should be made with respect to Eq. 2 and Eq. 3.

First we note that as initial values are used to evaluate the parameters in

Eq. 3, the volumetric entrainment rate ratio and the volumetric

concentration of entrained melt calculated from Eq. 3 and Eq. 2,

respectively, are the maximum values to be expected for the specified

conditions at the break. This follows from the comment made above that for

an isothermal blowdown process, the parameters evaluated at the break

decrease exponentially with time. Secondly, we observe from Eq. 5 that

break area and pressure at the break are raised to the 3.6 power in Eq. 3.

Consequently, these are the two most important and sensitive parameters for

evaluating the volumetric entrainment rate ratio and the volumetric

concentration of entrained melt.

The volumetric concentration of entrained melt given in Eq. 2, is subject

to the inequalities in Eq. 6, fig. 3.19. The first inequality reflects the

fact that a volumetric concentration calculated from the initial entrainment

rate, cannot be larger than the initial amount of melt in the cavity. The

second inequality is due to Eq. 3 which predicts the total rate of melt

leaving the cavity and includes therefore, both drops and films; whereas the

product of the three volumetric concentrations in Eq. 6, accounts for drops

only.
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Using the values listed above in Eq. 3, the initial volumetric

concentration of entrained melt calculated from Eq. 2 is equal to

- 2.2 x 10-3. This value should be compared to the product

adadm - 18.2 x 10-3 obtained from Eq. 1 in fig. 3.19 on the

assumption that all melt is immediately fragmented in drops, implying

admd = 1. For reasons discussed above note that: a) the value of 2.2

x 10-3 calculated for the volumetric concentration of entrained melt is

the maximum value to be expected for the specified conditions, and b) the

volumetric concentration of entrained melt drops will be smaller than this

value.

To evaluate the effect of water, it was assumed that a one foot deep pool

was initially present in the cavity. This corresponds to a volumetric

concentration of water (liquid and gas) in the cavity equal to

aw - 0.97, and a volumetric concentration of liquid equal to

awl - 0.05. In view of the interactions between ejected melt and

water liquid in the cavity (before the inrush of steam) it was assumed that

the liquid was already fragmented in drops by the time of steam inrush in

the cavity, this implies wld - 1.0. This value provides an upper

bound and is therefore a very conservative estimate.

The pi groups were evaluated for three drop sizes, that is, for drops

with diameters equal to 1.0mm, 6.0mm and 20mm. This range is based on the

bottom-up/process scaling analysis presented in Appendix N and summarized in

the section that follows. It is shown there that experimental data and

correlations presently available, predict for full scale plant conditions, a

range of melt drop diameter from 6.0mm to 20.00mm.

Additional details on~the calculations are presented in Appendix M, the

results are tabulated in table 3.2, which shows the calculated pi groups for

the various processes as function of particle size. The inequality signs

that appear in this table indicate that lower values are to be expected for

entrained drops because the value of ae,o = 2.2 x 10-3 was used to

calculate the pi groups for debris to gas heat transfer; and the upper bound

value awld = 1.0 was used to calculate the pi groups for water.
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Table 3.2. Effects of processes and parameters.

Value at indicated particle sizeSOURCE Scaling

OF EFFECT group d = mm d = 6 mm d - 20 mm

STRUCTURES
Thermal %S 0.084 0.084 0.084

DEBRIS
Thermal 11dg < 2.02 < 0.274 < 0.079

Mechanical I1mech. 3.9 x 10-5 3.9 x 10-5 3.9 x 10-5

deb.

ZIRC OXID
Thermal 11ch < 0.265 < 7.2 x 10-3 < 6.0 x 10-4

Mechanical Hh,c < 2.02 x 10-2 < 5.64 x 10-4 < 5.05 x 10-5

WATER
LIQUID
Thermal 11g1 < 11.4 < 1.38 < 0.372

Mechanical Umech. < 4.1 x 10-3 < 5.0 x 10-4 < 1.33 x 1
evap. I

The results in table 3.2 have several interesting implications; however,

before discussing them it will be helpful to recall the significance of

these pi groups. We recall first, that the rate of pressure change (RPC)

equation (Eq. 1 in fig. i.11) was expressed in a nondimensional form by

normalizing (dividing) each term in the equation with the same quantity,

that is, with the initial enthalpy flow rate at the inlet WoHo. One of

the three reasons for selecting this approach was to

render the driving term inthe RPC equation of the order of unity. This

provides a measure for evaluating the relevance of other processes modeled

in the RPC equation. We recall also that the pi groups when expressed in

terms of characteristic time ratios, indicate the total change of reference

quantity (say energy) during the residence time Tc, brought about by a

specific transfer process..

Examining the results shown in table 3.2 we note first that as expected,

the mechanical effects are much smaller that the corresponding thermal

effects; consequently they can be neglected. We observe also that for a
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given diameter heat transfer from debris to gas and from gas to water drops,

are the two dominant processes; Zircaloy oxidation has a much smaller

effect.

However, the striking feature of the results in table 3.2, is the

smallness of the pi groups. This is particularly true for particle sizes in

the range to be expected for conditions in a full scale plant. As these

numbers are much smaller than unity (the order of magnitude of the driving

term in the dimensionless RPC equation) these results imply that for

conditions examined in this report, the transfer of energy to the gas is not

very significant during its transit time through the cavity.

To gain a better insight as to the reasons for these results, a

bottom-up/process scaling analysis was performed on heat transfer with

chemical reaction from a single debris particle. The details are presented

in Appendix P, and summarized in Section 3.4.2 that follows. It is shown

there that the measure for evaluating the fraction of energy available in

the particle, which can be transferred to the gas during the residence time

Tc, is given by Eq. 1 in fig. 3.20, that is, as the ratio of the

residence time 7c, to the particle thermal response time 7ht"

Note that in this equation Pd and Cd are the density and the

c hdg,o 5i
- •htTc - Tc

Tht PdCd ddmd,o

ddmd,o 1 mm 6 mm 20 mm

Wht~c 0.267 s 0.036 s 0.009 s

AE
0.75 % 0.14 % 0.04 %AEmaxII

Figure 3.20. Effect of particle size on total energy transferred to gas
during residence time, Tht = 0.148.
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specific heat.of debris; the other symbols were defined previously. It can

be seen from this figure that for the particle diameters of 6mm and 20mm,

respectively, only 0.16% and 0.04% of the available combined chemical and

thermal energies can be transferred from a single particle to the gas during

the transit time rc = 0.148 seconds.

Note that the drop size range 6-20mm used above for a full scale plant,

is based on correlations and experimental data presently available on drop

diameters at the inception of entrainment from films. The question then

arises whether or not drops of this size will be fragmented subsequently, by

the high velocity gas flow through the cavity. To address this question, a

review was made of experimental data and correlations on drop fragmentation

in high velocity gas flow. The present state of the art is discussed in

some detail in ref. 3-19, here we summarize the main results.

Six regimes of drop fragmentation by high velocity gas flow have been

observed in experiments where the Weber number was varied in the range

10 < We < 104 . The number and size of the fragments depends on the

regime. In general, small fragmented drops have a diameter approximately

10% of the original one. The fragmentation process in characterized by two

time constants. One is so called "induction," time ti, associated with

drop vibration and deformation. The second is a "break-up" time tb, after

which the fragmentation process is completed. A dimensionless time t*,

given by Eq. 1 in fig. 3.21 is used to scale the fragmentation process. In

this equation do is the initial diameter of the drop, V is the velocity of

the gas; and pl and pg are the densities of the liquid drop and

of the gas. Eq. 1 is related to the rate of growth of a disturbance at the

gas-liquid interface caused by the Rayleigh-Taylor instability. In general,

the duration of the "induction" time is given by Eq. 2 in fig. 3.21;

whereas the completion of the break-up process is given by Eq. 3 in

fig. 3.2.1. The range (Z-5) depends on the Weber number and on the

viscosity of the liquid (see ref. 3-19).

For a melt drop to complete fragmentation while still in the cavity, the

residence time should be larger than the "break-up" time, hence the

inequality given by Eq. 4 in fig. .3.21. Using the definition of the

residence time rc in the cavity, the time ratio can be expressed also

as a function of cavity length L, resulting in the inequality given by Eq.

5. Taking 12 meters for the length of the cavity; 20mm for the initial
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Figure 3.21. Characteristic time constants for drop fragmentation in high
velocity gas flow.
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diameter of the melt drop; with pg - 0.2165 kg/m3 and pd - 10 x 104 kg/m 3 ,
the time ratio predicted by Eq. 5 is equal to rc/t* - 2.8. This
implies that a 20mm melt drop can fragment in smaller droplets having a
diameter of approximately 2mm. To assess the impact of this calculation on
the discussion of the pi groups in table 3.2 we note that even for 1mm
diameter drops, the largest pi group is of the order of unity. Furthermore,
even this value is an upper bound for reasons discussed above. Nevertheless a
more detailed analysis of the fragmentation process appears to be warranted.

The experimental results summarized in the relations of fig. 3.21 have two
interesting implications. First, Eq. 5 indicates that whether or not an
entrained drop will fragment in smaller drops while still in the cavity, may
be plant specific. Secondly, the residence time in short test facilities may
not be long enough for completing the fragmentation process. Thus, for the
same initial conditions (initial drop size do) a short facility may have
larger drops at the exit when compared to those exiting from longer test
facility.

It is important to stress here that the purpose of the DCH application was
to demonstrate the methodology, and not to provide a complete technical
resolution of the problem. Some of the conclusions listed above are
preliminary, as they reflect analyses based on specific assumptions which need
to be examined in more detail. Consequently, additional experimental and
analytical studies are needed to establish a broader and more robust technical
basis for resolving the DCH problem.

Nevertheless, this application to DCH has demonstrated that:
1) The hierarchically based, two-tiered approach to scaling presented in

this report provides a methodology that is comprehensive, systematic
yet practical, auditable and traceable.

2) The proposed methodology provides a technically justifiable scaling
rationale that generates and prioritizes similarity groups which
should be preserved to ensure the prototypicality of test data, and

3) The proposed methodology provides a framework
a) to identify and trace each assumption made in the analysis and

evaluate its impact on the safety parameters of interest, and
b) to assess the effects of a test facility design and operation on

the primary parameters.
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3.4.1.4 SCALING RELATIONS FOR IMPORTANT PROCESSES. Three processes
were identified in the preceding section as being the most important in

determining the rate of pressure rise in the cavity. The pi groups that scale

these processes were expressed as functions- of thermal properties of the gas.

In this section we shall express the three pi groups in terms of thermal

properties of the particle (melt or water drop), of mass entrainment rates
(melt and water) and of conditions at the break. There are four reasons for

introducing these transformations.

Firstly, we introduce thermal characteristics of a particle because we want

to include in the scaling groups, the results of analyses performed with

single particles. Such analyses are either available or they can be carried

out separately.

Secondly, we want to express the pi groups in terms of entrainment rates

because a correlation for predicting these rates already exists (see

Appendix 0) or if needed, it can be improved through additional

experimentation.

Thirdly, we want to express the pi groups in terms of conditions at the

break because we can then relate a full scale plant scenario to test facility

design and operation.

Finally, we want to express a pi group (say Hdg) in terms of its

building block components that is, in terms of the mass entrainment rate

ratio; of the energy content in the melt; of thermal characteristics of a

single particle and of transit time. With such a configuration of a pi group,
a sensitivity analysis concerned with the effects of various parameters, can

be easily carried out. However even more importantly, such a configuration

identifies the most important parameters to be controlled in a test facility.

Heat Transfer: Debris to Gas

Eq. 1 in fig. 3.22 shows the pi group that scales the effect of heat
transfer from debris to gas, in the form discussed in preceding sections. As

noted above, in this form it is expressed in terms of a thermal time constant

evaluated from the gas side. To cast this relation in terms of a
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Figure 3.22. The debris to gas heat transfer scaling group.
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thermal time constant wht of a single melt drop, we substitute Eq. 2

in Eq. 1 and obtain Eq. 3 in fig. 3.22. The product of the three volumetric

concentrations in this equation accounts for the amount of melt drops in the

cavity. If, for reasonsidiscussed in the preceding section, we replace this

triple product with the concentration obtained from the homogeneous

two-phase model, that is, with Eq. 2 in fig. 3.19, we obtain Eq. 4 in

fig. 3.22 where the inequality sign is included for reasons also noted in

the preceding section. When the volumetric entrainment rate ratio in the

denominator of Eq. 4 is small (compared to unity), this equation reduced to

Eq. 5 in fig. 3.22.

The pi group defined by Eq. 5 has an appealing physical interpretation.

It provides a measure for the energy content of the entrained melt debris in

terms of the initial energy content of the flowing gas. This energy scale

is then multiplied by the dimensionless thermal time constant for a single

melt particle. This latter group as discussed in Appendix P, provides a

means for evaluating the fraction of energy available in the

particle which can be transferred to the gas during the residence time 7c"

The pi group in the form given by Eq. 5 is a function of three parameters,.

that is, of the initial mass entrainment rate ratio, of the ratio of two

enthalpies (per unit mass of melt and gas), and of the dimensionless heat

transfer time constant for a single melt particle. For reasons noted above,

we shall express these parameters in terms of break conditions.

The initial mass entrainment rate ratio can be evaluated from the results

presented in Appendix 0, that is, from Eq. 3 in fig. 3.19, whence Eq. 1 in

fig. 3.23. For a throttling expansion process, the Euler number can be

expressed in terms of break parameters (break area and initial pressure at

the break) by means of Eq. 2. Three observations should be made with

respect to Eq. 1 and Eq. 2. First, we note that the two volumetric

concentrations in Eq. 1 account for the initial amount of melt in the

cavity. We note also that the initial mass entrainment rate ratio is a

function of cavity length L (specified by the ratio of cavity volume to

cross sectional area). Finally we observe that the pressure force ratio
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(force acting at the break to that in the cavity) is raised to the 3.6 power

in Eq. 1; consequently, it is the most important and therefore sensitive

parameter for determining the initial mass entrainment rate ratio.

We turn our attention now to the dimensionless thermal time constant of a

single debris particle given by Eq. 1 in fig. 3.24. The dimensionless group

that is most important in determining the diameter of an entrained particle

is the Weber number (see Appendices N and R). Experimental results show

that for each drop break-up process, there corresponds a particular

numerical value for the Weber number referred to as the critical Weber

number Wec (see Appendix R for the ranges of Wec). Consequently, we can

use the Weber number for evaluating the diameter and express the momentum

flux of the gas in the cavity in terms of break parameters. The resultant

relation is shown in Eq. 2. The thermal time constant of the particle can

then be expressed in terms of break parameters as shown by Eq. 3. Similarly

the residence time 7c can be cast in terms of break parameters (see

Eq. 4). When Eq. 3 and Eq. 4 are substituted in Eq. 1, the resultant

dimensionless thermal time constant given by Eq. 5, becomes a function of

the pressure force ratio (break to cavity), of cavity length, and of the

isothermal velocity of sound at the break.

The results of the transformations discussed above are summarized in fig.

3.25. The transformation of the thermal time constant evaluated from the

gas side to that evaluated from the melt particle side transforms the pi

group to the form given by Eq. 1. This relation can be decomposed in three

components to facilitate a sensitivity analysis. The first component is the

initial mass entrainment rate ratio which scales the entrainment process and

accounts also for the initial amount of melt mass in the cavity. The second

term scales the energy content (per unit mass) of melt in terms of the

energy content (per unit mass) of gas. The third component provides a scale

for evaluating the energy transferred from the melt particle to the gas

during the transit time. These scaling ratios were expressed then as

functions of break parameters. This second transformation was made a) to

express these components in terms of boundary conditions specified in a full

scale plant accident scenario and b) to identify the most important

parameters that determine the magnitude of the pi group. This
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Figure 3.25. Effects of break parameters on the debris to gas heat transfer
scaling group.

identification is essential for the design and operation of a test facility

if, for important processes, the magnitude bf the pi group is to be

oreserved between test and plant.

The relations in fig. 3.25 show the effects of various parameters on the

debris to gas heat transfer pi group. It can be seen that the most

sensitive and therefore important parameter is the pressure force ratio

(break to cavity) which is raised to the 4.6 power in Eq. 1. The length L,

of the cavity is also an important parameter as it is raised to the second

power.

We note in closing that a single pi group, with a simple physical

interpretation, scales the effect of heat transfer from debris to gas. Yet,

this simple pi group accounts for the effects of: entrainment; initial

amount of melt; break parameters (area, temperature and pressure); melt

energy content, heat transfer, particle size and transit time.
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Zircaloy Oxidation
Eq. 1 in fig. 3.26 shows the pi group that scales the thermal effects of

zircaloy oxidation, in the form discussed in the preceding sections. We can

express this group in terms of the mass transfer time constant for a single

drop (given by Eq. 2) and cast Eq. I in a form similar to that of Eq. 5 in

fig. 3.22. Thus, following the same steps that lead to this equation, we

obtain the pi group for zircaloy oxidation given by Eq. 3 in fig. 3.26,

where the parameter Czrc denotes the mass concentration of zirconium in

the melt.

The pi group defined by Eq. 3 has a simple physical interpretation. It

provides a measure for the. chemical energy associated with zircaloy in

entrained melt in terms of the initial energy content of the flowing gas.

This energy scale is then multiplied by a dimensionless mass

transfer/chemical time constant for a single drop.

For sensitivity studies, it is convenient to consider two forms of Eq. 3.

One form given by Eq. 1 in fig. 3.27, is thq product of four parameters,

that is, of the mass concentration of zircaloy in the melt; of the mass

entrainment rate ratio; of an energy ratio (heat of reaction divided by gas

enthalpy); and of a dimensionless chemical time constant for a single drop.

The second form given by Eq. 2 in fig. 3.27, is obtained by expressing the

zircaloy oxidation pi group in terms of the debris to gas heat transfer pi

group. This latter equation was an advantage as it provides a relation for

comparing directly, the effects of two processes, that is, of zircaloy

oxidation and of heat transfer. For a reaction rate limited oxidation

process (discussed in Section 3.4.1.2), the oxidation rate per unit area of

a spherical particle is given by Eq. 3 in fig. 3.27, where the diameter can

be expressed again in terms of break parameters by means of Eq. 4.

Several observations can be made with respect to the relations shown in

fig. 3.27. First, Eq. 2 and Eq. 3 indicate that whether or not zircaloy

oxidation is more important than debris to gas heat transfer, depends on

particle size. For sufficiently small particles, zircaloy oxidation will

become more important. We note however, that for a diffusion limited

oxidation process this dependence on diameter (introduced through Eq. 3) may

not appear. When the similarity between mass and heat transfer is

applicable, the ratio of the two time constants (chemical to heat transfer)

in Eq. 2, does not depend on particle size. Finally, Eq. 2 shows that the
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Figure 3.27. Zircaloy oxidation pi group in terms of the debris to gas heat
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parameters which are important in determining the value of the pi group for

debris to gas heat transfer, will be equally important to the zircaloy

oxidation pi group. Thus when Eq. 3 and Eq. 4 are substituted in Eq. 2, the

zircaloy oxidation group will depend on the pressure force ratio raised to

the 6.6 power; on cavity length raised to the second power, and on the

initial temperature of the debris which appears in the exponential term of

Eq. 3.

We conclude in closing, that the effect of zircaloy oxidation is scaled by

a single pi group which has a simple physical interpretation. This simple

pi group models the effects of: zircaloy mass concentration in the melt;

melt entrainment; the initial amount of melt; break parameters (area,

temperature and pressure); melt initial temperature; chemical kinetics;

particle size and transit time.

Vaporization of Water in the Cavity

Eq. 1 in fig. 3.28 shows the pi group that scales the thermal effects of

water vaporization in the cavity; it is in the form discussed in preceding

sections. We can express this group in terms of the time constant for a

single evaporating drop (given by Eq. 2) and cast Eq. 1, in a form similar

to those of the pi groups derived above. Thus, using Eq. 2 and replacing

the triple product of volumetric concentrations in Eq. 1, with the

volumetric flow concentration of entrained water (defined by Eq. 3 and

derived from the homogeneous two-phase flow model) we obtain Eq. 4. When

the volumetric entrainment rate ratio in the denominator of Eq. 4 is small

(compared to unity), this equation reduces to Eq. 5 in fig. 3.28.

This pi group also has a simple physical interpretation. It provides a

measure for the energy content of the entrained water in terms of the

initial energy content of the flowing gas. This energy scale is then

multiplied by the dimensionless time constant for evaporation of a single

water drop.

For sensitivity studies, this pi group can be decomposed into three

parameters shown in Eq. 1 of fig. 3.29. To evaluate the mass entrainment

rate ratio for water we use again, the results of Appendix 0 (as they are

valid for various fluids) and express them in terms of water liquid

properties and of break parameters. This yields Eq. 2 in fig. 3.29. We

note that the two volumetric concentrations which appear in this equation,
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account for the amount of liquid water initially present in the cavity.
Similarly, we can express the dimensionless time constant for evaporation of

a single drop in terms of break parameters; this results in Eq. 3.

The relations in fig. 3.29 show the effects of various parameters on the

pi group that scales the effects of water vaporization in the cavity. It

can be seen again, that the most sensitive and therefore important parameter

is the pressure force ratio (break to cavity) which is raised (again) to the

4.6 power in Eq. 1. Similarly, the length of the cavity is important as it

is raised to the second power.
We observe in closing that the effect of water vaporization in the cavity

is also scaled by a single pi group which has a simple physical meaning.

Yet this simple pi group models the effects of: water entrainment, initial

amount of water in the cavity, break parameters (area, pressure and

temperature), entrained water energy content, heat transfer, particle size

and transit time.
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3.4.2 BOTTOM-UP/PROCESS APPROACH.

3.4.2.1 INTRODUCTION. In the previous section a top-down approach

was described for scaling conditions in the reactor cavity during DCH.

Throughout the derivation, it was highlighted that closure equations for
various processes, e.g., heat transfer coefficient correlation, are required

to assure success of the top-down approach. Such closure equations are

usually obtained from a bottom-up treatment of the processes involved.

This section summarizes the results obtained from detailed (bottom-up)

analyses of processes which were identified to be important by the

top-down/system scaling. Fig. 3.9 shows the specific topics that were

addressed; the details are presented in Appendices N through R.

3.4.2.2 SCALING STUDY OF CORIUM DISPERSION PROCESS. Four stages of
corium dispersion are identified and analyzed in Appendix N; these include:

1. Corium discharge and corium Jet disintegration,

2. Liquid corium spread-out upon impact of the jet or droplets,
3. Corium melt transport due to inertia, pressure and shear flow, and

4. Entrainment and drop formation by the streaming gas.

For each stage, Appendix N lists the correlations presently available for

estimating the parameters of interest. Specifically, it provides

correlations for estimating:

* Break-up length for;single phase jets caused by:
" hydrodynamic instability

" relative motion

* Break-up length for two-phase jets

* Drop diameter for disintegrating jets

o Drop diameter for secondary fragmentation

o Criterion for estimating whether or not an impinging jet or drop

will spread-out on the floor or bounce back

0 Film thickness of the spreading melt

o Onset of melt entrainment

o Melt entrainment rate

o Size of drops entrained from melt-films
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* Time constant for corium film flow
* Time constant for corium entrainment

These parameters were evaluated for NPP conditions. The results are shown

in Table 3.3. As discussed in Appendix N, these results indicate:

1. A two-phase corium jet will disintegrate before reaching the floor of

the cavity

2. Impingement is inertia governed, thus both the coherent jet and/or

drops spread out upon impingement and form a corium liquid film rather

than bouncing back and forming a dispersed drop flow.

3. For corium dispersion in the cavity, the entrainment from liquid films

is the most important mechanism. The duration of entrainment depends

on the liquid residence time in the cavity.

4. The most probable flow regime in the cavity is annular flow with

dispersed drops.

5. As steam velocity in the cavity exceeds the velocity for the onset of

entrainment (88 m/s), drop entrainment from the film is to be expected.

6. The characteristic time constants for film transport and for drop

entrainment are of the same order of magnitude.

7. Less than one half pf the molten corium can be expected to be entrained

by the streaming gas; the remainijng mass will be discharged from the

cavity to the lower compartment as a liquid film.

8. The mean diameter of drops entrained from the corium film is

approximately 6.6 mm.

9. Cavity pressure has a significant effect on entrainment. Thus,

increasing the pressure from 0.1 MPa to 0.3 MPa reduces the entrainment

rate by a factor of four.

Other details are provided in Appendix N.

3.4.2.3 FLOW REGIMES AND FORCES DURING THE CLEARING OF THE

REACTOR CAVITY. One of the questions that must be answered for the DCH

problem is whether the clearing process for the pool of corium in the cavity

will cause a transition to slug flow. Appendix Q in this report addresses

just this issue. The results from Appendix Q will be summarized here; for

details refer to Appendix Q.
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Jet Disintegration Film Soreadina
1-0 24~

Cef to t d max dsl Ufvfj %in $max Scavi 6f Vf Re

Corium-SteaWFull Scale 39.0 7.9 2.00 4.10 12.8 1.45 0.24 192. 5.0 0.4 41.4 9.0 3.20 9.60
1000 psi

Corium-Steam1/10 Scale 39.0 2.5 0.85 1.30 4.10 1.45 0.24 19.2 0.5 0.04 4.14 0.9 3.20 0.96
1000 psi

Water-AirFull Scale 116.5 1.2 0.41 0.07 0.23 1.68 1.28 ,4.36 5.0 0.4 41.4 9.0 9.20 23.0
1000 psi, 20C x 104

Water-Air1/10 Scale 50.0 0.6 0.20 0.08 0.26 1.68 0.56 804 0.5 0.04 4.14 0.9 4.00 1.00
200 psi, 20C

Woods metal-Air
1/10 Scale 17.9 1.6 0.56 1.92 6.01 1.11 0.09 17.2 -0.5 0.04 4.14 0.9 1.44 1.00
200 psi, 75C

Case Studied

Corium-Steam
Full Scale
1000 psi

Corium-Steam
1/10 Scale
1000 psI

Water-Air
Full Scale
1000 psi

Water-Air
1/10 Scale
200 psi, 20C

Woods metal-Air
1/10 Scale
200 psi, 75C

Impinge-

2.09

1.87

1.36

0.28

1.13

V9 V r E t

1311 LM31 L(Q/wis lLL

135.0 88.0 3.07 14.7

136.0 88.0 0.433 10.4

90.75 16.97 6.33 0.79

18.15 16.90 0.026 19.0
36.30 16.90 0.095 5.20
54.45 16.90 0.201 2.49
90.75 16.90 0.516 0.97
127.1 16.90 0.962 0:52

19.67 52.50 0.019 --
39.34 52.50 0.069 --

59.01 52.50 0.146 27.4
98.35 52.50 0.377 10.6
137.7 52.50 0.702 5.70

d

6.61

2.09

0.86

2.60
1.03
0.60
0.30
0.19

3.23
1.64
1.05

Entrainment

Weber
dmx dman

0 20.6 1.10

6.53 1.10

2.70 0.10

8.16 3.70
3.23 0.71
1.80 0.29
0.95 Q.10
0.61 0.05

No entrainment
No entrainment

10.1 1.36
5.12 0.48
3.27 0.24

Crlitera

0.190

0.190

0.016

0.620
0.118
0.049
0.017
0.008

0.227
0.080
0.041

Re 
9

XUL

10.2

0.10

13.3

0.27
0.53
0.80
1.33
1.87

0.29
0.58
0.87
1.45
2.03

we

0.684

0.068

3.140

0.013
0.054
0.113
0.315
0.617

0.005
0.019
0.044
0.122
0.239

Table 3.3. Sample calculations for various parameters in corium dispersion.
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Measurements of the forces felt by a bend downstream of a pool of liquid

in a pipe indicate for the liquid fractions of interest, that is 1-a 1 0.1,

the regime in the tunnel is always stratified, annular or annular dispersed

flow. The liquid is, therefore, always carried out of the tunnel in the

form of drops and filaments Just as they are in the entrainment experiments

behind the recommendation in this section of this report. The possible

bridging of the liquid across the tunnel does not occur because there is not

enough liquid present to cause this to happen. There is neither enough

liquid in the tunnel to allow a bridge to form nor enough to replenish that

left behind even if a bridge did form.

3.4.2.4 DEBRIS DISPERSION OR ENTRAINMENT. The proposed methodology

for bottom-up treatment of Entrainment Fraction (E) will be illustrated for

the case of low temperature simulant fluids and inert gases. These
I

simplified conditions were selected for two reasons:

" A considerable number of reactor cavity scaled tests are available for

such circumstances and the data are most helpful in formulating the

approach;

" One can concentrate upon the debris dispersal process without having to

deal with the extra complications of heat transfer, chemical reactions,

etc.

The approach utilized herein and described in detail in Appendix 0 is to

develop an acceptable entrainment correction and to apply it to the

two-phase flow conditions within the reactor cavity. This method was used

first by Epstein and Fauske [3-6] and by R. E. Henry [3-7] who employed an

entrainment rate relationship developed by Ricou and Spalding [3-8] for

turbulent jets. The Ricou-Spalding correlation predicts that the

entrainment rate per unit surface area is directly proportional to the gas

flow rate. Because most simulant tests show a much stronger dependence of

entrainment fraction upon gas velocity, it was decided to rely upon

alternate entrainment correlations and, in particular, upon the work of

Katoako and Ishii [3-9] for fully developed steady-state gas-liquid annular

flows. According to ref. [3-9], the liquid entrainment rate Mf per unit

of interfacial surface area is given by
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f )0. 26
If D- 6.6 x 10-7 Ref 0 " 4 Reff 0 18 5 We0 . 9 2 5 

1-qAf f ff,,'1 (3.4.2.1)

where 0 is the hydraulic diameter, &f and jg are the fluid and
gas absolute viscosities, Ref is the liquid Reynolds number based upon
total liquid flow, Reff is the liquid film Reynolds number based upon the
liquid flow in the film, and We is the Weber number given by

S 2 ~ 1/3:

a 1ý9 (3.4.2.2)

where pf and pg are the fluid and gas density, jg the gas
superficial velocity, and a the surface tension. According to ref.
(3-9], the last term in brackets in Eq. (3.4.2.2) accounts for the inertia

of the liquid droplets present in the gas core.

As explained in Appendix 0, several modifications were made to the

Katoaka-Ishii correlation to make it applicable to the unsteady and
undeveloped conditions in a reactor cavity. For DCH circumstances, the

Katoaka-Ishii relation was changed to:

-d (S/iK) .5

(S I)+300 = KcF Eu

rg.0.26 2P
Aa9,

-2P
-*dt

f
(3.4.2.3)

where 6 is the debris film thickness on the cavity floor at time t,

61 the initial film thickness, Pc the reactor cavity pressure, Kc
a constant to characterize the cavity geometry, F an entry exponential

function of the Euler number, Eu, given by
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pu 2 (A 2-c - (3.4.2.4)

where Ah is the orifice (or vessel hole) area, Ac the minimum cavity

cross-section area along the cavity floor and f the ratio of the gas

specific heats. Note that (S/ 6 i) - 1-E, where E is the debris

dispersion or entrainment fraction.

Application to Winfrith Tests with Constant Pressure Reservoir

A series of tests was performed at Winfrith using a 1/25 scale of the

Sizewell reactor cavity depicted in fig. 3.30 [3-10, 11, 12]. The flow

rate of gas was held constant over a simulant fluid spread over the cavity

floor before the gas was allowed to enter the cavity. The data obtained

for a 10-second gas injection with five simulant fluids and air or helium

are correlated well by integrating Eq. (3.4.2.3) and setting F - Eu0 "8

and Kc = 0.14 or

'ln 11+300 6 i/D -1 11+300 6/D +1

1+1] (3.4.2.5)

- 0.14 Eu 3 [2Pc 0.26

Eq. (3.4.2.5) shows no dependence upon blowdown gas properties except as

they enter the Euler number and the data exhibit the same behavior in

fig. 3.31 where the logarithmic entrainment parameter Y is plotted against

the Euler number parameter

2P / 2 c [a10.26
Eu2 .3 (2cP /P [j t
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Figure 3.30. Reactor cavity or vault 'under PWR pressure vessel.
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Figure 3.31. Constant pressure reservoir Winfrith entrainment tests,
scale with various gases and liquids.
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Winfrith carried out additional tests in an equivalent circular geometry

at scales ranging from 1/132 to 1/21. As shown in Appendix 0, they were

correlated well by the same relation (3.4.2.5). During the circular tests

the ratio Ah/Ac involved in the Euler number was kept relatively the

same at 1/160 for all scales. In a few cases where that ratio was changed

in the circular geometry-and in the Sizewell 1/25 scale tests, it was found

that the results could be correlated by

2P 0.26
Y-0.14 Eu t (3.4.2.6)

if the used orifice diameter d was different from the value of 0.0125 m

required to keep Ah/Ac = 1/160 at the 1/125 scale. It is presumed that

the decreased in entrainment with an increase in the vessel hole predicted

by Eq. (3.4.2.6) may be due to changing (such as increasing the thickness)

of the hih velocity gaseous boundary layer lowing above the simulant

fluid. This postulate deserves additional experimental verification.

Application to Blowdown Tests

Most reactor cavity devris dispersal tests have been carried out with the

simulant and gas being ejected from a storage tank to reproduce reactor

severe accident conditions. If, during such circumstances, an isothermal

expansion of the gas into the cavity is assumed as developed in Section

3.3, integration of Eqs. (3.4.2.3) and (3.4.2.4) gives

Y - K 0.36V Eui2.3 1 - -'- '/ (3.4.2.7)
Ah 'R? I

where V is the volume of the blowdown tank, R is the constant in the gas

pressure-temperature relAtionship, Ti and Pi the initial gas

temperature and pressure in the reservoir tank and Eui is the Eul-er

number corresponding to the initial pressure Pi. Comparison of
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Eq. (3.4.2.5) and Eq. (3.4.2.7) shows that the grouping of 0.36V/AhIRV-.
I

plays the role of time during blowdown tests and it shall be referred to as

blowdown time. The comparison also reveals that, due to the presence of

1/jRT-, the entrainment parameter Y is dependent upon

gas properties as well as the Euler number.

As shown in Appendix 0, it was found from blowdown data that, as in the

case of orifice sizing, the gas properties also had an impact upon the

constant Kc. The entrainment parameter during blowdown tests with

differing gases and orifices was correlated'for many reactor cavities by

Y"Kcds2/R T'sdJ R----0.36V 2.3

Y c [- 2 R_ Ti5 A V Eu. .3 c) ,Of f) 0.26 (3.4.2.8)

where kc is the cavity constant determined with a standard orifice ds
and a standard gas with a constant Rs at a temperature Tis.

Eq. (3.4.2.8) was applied to blowdown tests carried out in the 1/25 scale

Sizewell cavity, the 1/19 scale Zion cavity, and the 1/42 scale Surry and

Watts Bar cavities. The results are shown in figs. 3.32 to 3.35 where the

Euler number parameter was defined as including the entire right-hand side

of Eq. (3.4.2.8) exdept for Kc.

The 1/25 scale Sizewell blowdown tests were performed with water and air

or helium [3-13]. Three orifice sizes were used: 6.27mm, 9.45mm, and

19.05mm. An acceptable correlation of the data is obtained in fig. 3.32

with Kc=O.020 for ds-0.0125m and Rs and Ti,s taken for air at a

293°K temperature. The corresponding blowdown time was about 0.2 sec.

An orifice size of 0.0125m was used in fig. 3.32 to allow comparison with

the constant reservoir pressure tests. The results, however, show that,

while they employ many of the same non-dimensional groupings as the constant

gas flow rate tests, they depend upon the gas utilized and they require

different values of the cavity constant value Kc even when one
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takes into account the 10 sec injection for constant gas flow versus the
0.2 sec blowdown time. In other words, there are some differences in the
dynamic behavior of the two sets of Sizewell tests which had to be
compensated for by the cavity constant Kc and a gas property adjustment

JRsTt,s /RT1 . One typical dynamic difference, for example, is
that the debris bed is moving during blowdown tests instead of being

stationary.

The Zion 1/10 scale blowdown tests were performed by Sandia with a 0.038m
orifice and water and air or helium [3-14]. The results are plotted in
fig. 3.33 and they are brought together by the same Eq. (3.4.2.8) with

Kc-O.01, ds=0.038, and Rs and T1 ,s taken for air at a 293"K

tank temperature. The blowdown time was about 0.27 sec.

The Surry 1/42 scale blowdown tests used water and woods metal with
nitrogen or helium [3-15, 16]. They utilized three orifices: 0.00467m,
0.00675m, and 0.00953m. The Surry data are plotted in fig. 3.34 and they
are seen to segregate into distinct sets: water results which fall along a

line with Kc=0.8 and woods metal data which gather along another line
with Kc-O.O 16 . The Kc values were calculated for ds=0.00953m and

Rs and Ti,s taken for air at a 295"K temperature for the water
tests and at 440-474"K temperatures for the woods metal case. The

blowdown time was about 0.11 sec. As shown in fig. 3.35, the same behavior
is exhibited by the Brookhaven Watts Bar data [3-16]. The Watts Bar tests
were performed with the same fluids, gases and orifices as Surry. However,

they were carried out to increased debris dispersion values and they
exhibit more of a transition to a high entrainment plateau which is common

to water and woods metal. The Watts Bar Kc values were Kc=I.0 for

water and Kc=O.06 for woods metal for relatively the same blowdown time,

ds, Rs, and Ti,s as Surry.

The most remarkable feature of figs. 3.32 to 3.35 is that the test

results obtained for a variety of cavities and test conditions are
correlated by the same basic correlation Eq. (3.4.2.8), which was also
successful for constant gas flow rates with slight changes. The only

unexpected result was the two Kc constant values obtained for water and
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woods metal in the Surry and Watts Bar tests. The only difference noted

for the water and woods metal tests was that in the range where

(Eq. 3.4.2.8) applies, the Euler numbers were considerably larger for the

woods metal than for the water. The Euler numbers for the woods metal at

Surry and Watts Bar tests fall within the same range as those for the water

tests at Zion and Sizewell and the Kc values for all these tests are

about an order of magnitude less than the Surry and Watts Bar water

experiments. It is, therefore, possible that the increased gas velocity

needed to entrain woods metal at Surry and Watts Bar may have produced a

different entrainment flow pattern comparable to that occurring in the Zion

and Sizewell.with water at high gas velocities. Another possibility is

that the entrained particles lower the blowdown gas velocity particularly

at high gaseous speeds or with heavy density debris. These presumptions

deserve further test validation and understanding. Until further

confirmation is obtained, it is recommended that Kc values obtained for

woods metal at Surry and Watts Bar be utilized to predict the performance

of those plants because Euler gas values in full-scale power plants will be

high and the corium density will approach that of woods metal.

Initiation of Entrainment

Another important parameter to DCH predictions is the inception of

entrainment, because it can be used to determine the decrease in reactor

vessel pressure to significantly lower, if not eliminate, corium debris

dispersal into the containment. If we define the start of entrainment as

one percent carryover of debris into the containment, the corresponding

critical Euler number, Euc'for a constant pressure reservoir, can be

calculated from Eq. (3.4.2.5).

Euler numbers corresponding to entrainment inception for the Winfrith

constant gas flow tests have been calculated from Eq. (3.4.2.5) and they

are compared to values obtained from curves drawn through the Winfrith data

as well as to Kutateladzi predictions [3-18] using the gas average velocity

through the cavity.
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CRITICAL EULER NUMBERS FOR ONE PERCENT ENTRAINMENT
(12.5mm Orifice and 10 Seconds Discharge Time)

Fluid Winfrith Data Kutateladze Eq. (3.4.2.12)

Water 0.050 x 10-3 1.8 x 10-3 0.052 x 10-3

Silicone 200/5 0.052 x 10-3 0.91 x 10-3 0.050 x 10-3

Silicone 200/10 0.052 x 10-3 0.91 x 10.3 0.050 x 10-3

Flutec 0.047 x 10-3 1.3 x 10-3 0.043 x 10-3

As anticipated, Eq. (3.4.2.5) gives good agreement with the deduced values

from Winfrith. The Kutateladze predictions, however, are high by a factor

of 18 to 36. This is not too surprising because, as pointed out in ref.

[3-10], the gaseous "velocities near the cavity floor are more than 5

times greater than the average" velocity based upon the entire cavity

minimum cross-section flow area. In other words, the Kutateladze critical

Euler numbers would approach the measured values if they were divided by

about 52 of 25, i.e., based upon the actual gas velocities near the

cavity flqor.

An Euler number for one percent entrainment in the 1/10 scale Zion Cavity

with an orifice of 0.038m was calculated similarly from Eq. (3.4.2.8) with

Kc-O.01. It was found that Euc=5. 6 4 x 10-4 for an air water blowdown

compared to the measured values of 1.1 x 10-3 and 1.9 x 10-3 for six

percent entrainment. Critical Euler values for other orifices and gas

conditions can be calculated from the standard, Euc,s from

Euc " Euc,s R T )4s]1/2.3

(3.4.2.9)

E2 3 - ( 091/ 2P F 2Pc fq 0.26  0.36Vc~s S~ J Kc ( -a Ah0 _T1 ,s

Eq. 3.4.2.9 predicts that the critical Euler number decreases with orifice

size, i.e., (d/ds) 1 "7 4 , and reduced gas density, i.e., (RTi/RsTi,s) 0 . 43 5 ,
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in agreement with the results derived from the Watts Bar and Surry data.

The difference in critical Euler number for water and woods metal for Surry

and Watts Bar is recognized also by Eq. (3.4.2.9) through the change in

Kc values determined from the water and woods metal blowdown data.

Comparison to Brookhaven Correlations

Brookhaven National Laboratory has employed a scaling analysis to debris

dispersal and it has been able to identify non-dimensional groupings which

can be used to correlate scaled reactor cavity blowdown tests. In both the

Sizewell and Watts Bar cases, good correlation of the data was obtained;

however the form of the prescribed equations as well as the exponents

associated with most of the non-dimensional groupings had to be changed

significantly [3-13, 17]. For the Watts Bar 1/42 scale cavity, the

fraction of retained debris was found to be a function of a parameter X:

X - N5  (1+0.273 N" 6 3 ) / (1+3.783 N" 5 2 2 )
5 4 1

where L is the cavity length scale and N1, N4 , and N5 are

non-dimensional groupings defined in ref. [3-17]. A comparison was made in

Appendix 0 of the parameter X to the Euler number function derived herein

for the special case where

0.273 N 4 >> 1 and 3.783 N05I 2 >> 1.I.,, I.

so that

X N5[1)1.68 ,pf0.44 N *'63 N-0.522
X 5  [TJ F-4N 4  1

By substituting the Brookhaven non-dimensional groupings into X, it was

found that X was similar to the Euler number function of Eq. (3.4.2.8)

multiplied by a few extra property and orifice terms. In fact,
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x21.618 V ' -1 0.962
- ..s.... 116gf.' 1

~~2d i~022A 3 U (f

so that the Euler dependence is nearly identical, i.e. (Eu1 )2 '3 versus

(Eu 1)2 "3 3 7. And so is the, dependence upon surface tension 0-I

versus a-1.022. However, the Brookhaven correlation suggests a

stronger role for the reservoir volume, Vy"6 3 versus V and for the orifice

size d, i.e., d"4 ' 8 78 versus d- 4 , and a different role for the gas and

debris densities and specific heat ratio, i.e.

'Y+1 -0.815

2~q 1 +1)Lgpf [ipsI 62 Ivers us PF -

IRT1  JRT

The close agreement about the Euler number surface tension, and even the

orifice size role for the Watts Bar facility is especially gratifying. Even

the property groupings are very similar and only differ by about

1/pf. The Brookhaven correlation for the Sizewell blowdown tests gave

very different exponents for the dimensionless groups. The large variations

between the Brookhaven Watts Bar and Sizewell correlations are attributed to

exclusive emphasis on least squares optimization of the constants in the

Brookhaven fits. Some physical perspective as developed here in might have

been helpful in stabilizing some of the selected exponents.

Application to Nuclear Plants

Debris dispersion in full-scale nuclear plants can be predicted from Eq.

(3.4.2.8). Before doing so, it is important to note that the debris

dispersal, E, and the entrainment parameter Y are most dependent upon the

initial Euler number and
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the initial pressure ratio, Pt/Pc. Gas velocity and cavity

cross-sectional flow area are just as significant. Next in order of

importance comes the pressure hole size because debris dispersal will

increase with the area of the hole. Also, because the blowdown time is

proportional to V/Ah, a full-scale plant will be subject to an

entrainment parameter Y ten times that of the Y value predicted for a 1/10
scale model.* There is one final cavity characteristic which enters the

calculation: it is the cavity floor area which determines the value of

initial debris thickness, 6t, for a specified release of debris from

the reactor vessel. This parameter, or the ration of S./D, however,

has a minor role.

Cavity important parameters are summarized in table 3.4 for the various

cavities tested to date. The corresponding full-scale values are shown in

parentheses. Also, because of their influence upon entrainment, the size

of the tank reservoir, orifices used in the tests as well as the distance
of the orifices to the cavity floor, the volume of debris (excluding sump

volume), and the cavity hydraulic diameter are listed. Table 3.4 shows

that there is considerable variation in many of the key parameters which

impact the entrainment parameter Y and the constant Kc among the

facilities tested.

In order to get some perspective on debris dispersal in a full-size

cavity, calculations were carried out for the Zion plant with Eq. (3.4.2.8)
for a vessel hole size of 0.4m and a primary system volume of 340m3 .

Steam was used as the blowdown gas and it was assumed to be at saturation

pressure. We used Rsteam-l. 6 1 Rair and -- 1.28. The corium properties

utilized were a-0.45 N/m, pf=lO,00 kgs/m3 and pf-6x0O3 kg/msec.

* Brookhaven carried one woods metal test with two different sizes of
reservoir and the entrainment parameters measured were directly proportional
to the reservoir volume as predicted by Eq. (3.4.2.8).
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FACILITY

Scale

Cavity Area, m2

Orifice Diameter, m

Orifice Area/Cavity Area

Orifice Distance to Floor, m

Cavity Floor Area, m2

Cavity Hydraulic Diameter, m

Reservoir Tank Volume, m3

Volume of Debris minus Sump, m3

Initial Film Thickness/
Cavity Diameter

FACILITY

Scale

Cavity Area. m2

Orifice Diameter, m

Orifice Area/Cavity Area

Orifice Distance to Floor, m

Cavity Floor Area, m2

Cavity Hydraulic Diameter, m

Reservoir Tank Volume, m3

Volume of Debris minus Sump, m3

Initial Film Thickness/
Cavity Diameter

SIZEWELL SURRY

1/25 , 1/42

0.0196(12.3) 0.00716 (12.6)

0.0687 (0.157); 0.00467 (0.19);
0.00945 (0.236); 0.00675 (0.28);
0.01905 (0.476) 0.00953 (0.4)

1/636; 1/280; 1/69 1/418; 1/200; 1,

0.214 (5.35) 0.108 (4.54)

0.0978 (61.1) 0.02532 (44.7)

0.140 (3.5) 0.0836 (3.51)

0.019 (297) 0.00622 (461)

0.000788 (12.3) 0.000176(13.0)

/100

0.058 0.083

WATTS BAR

1/42

0.0106 (18.7)

0.00467 (0.19);
0.00675 (0.28);
0.00953 (0.4)

1/619; 1/296; 1/149

0.114 (4.79)

0.03443 (60.5)

0.101 (4.24)

0.00622 (461)

0.00019 (14.1)

ZION

1/10

0.0772 (7.71)

0.038 (0.38)

1/68

0.454 (4.54)

0.298 (29.8)

0.272 (2.72)

0.25 (250)

0.00014 (14)

0.054 0.173

Table 3.4. Blowdown test characteristics
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The debris volume was taken as 8 m3, giving S1/D=0.0983 and the

calculated values of Y and E are plotted in fig. 3.36. High debris

dispersal (90 percent or higher) is obtained at reactor vessel pressures of

Pi-3 MPa and above. Depressurization to pressures below 1 MPa would be

necessary to reduce debris entrainment to less than 10 percent. As shown

in fig. 3.36, a decrease in hole size has a significant impact upon the

entrainment parameter Y. Decreasing the hole to 0.04m gives only 10

percent debris dispersal at full reactor pressure. Debris dispersions for

the Surry plant are plotted in fig. 3.36 for a primary system volume of 268

m3 [3-15]. Surry performs better than the Zion plant but it still leads

to high dispersions with an 0.4m vessel hole. It should be noted that the

debris dispersions shown in fig. 3.36 assume that no structures are present

in the reactor cavity and such structures have been shown to significantly

lower debris dispersion.

Conclusions

1. A top-down approach can be combined with a bottom-up approach using a

modified two-phase flow entrainment correlation to get acceptable

predictions of simulant debris dispersal from reactor cavities during

DCH.

2. Debris dispersal is dependent upon the blowdown gas Euler number

(which involves the pressure ration Pi/Pc, the area ration Ah/Ac

and the gas specific heat ratio f), the blowdown time 0.36V/Ah4ITi, the

grouping of debris properties (2 Pc/a) !2Pc/pf, and a reactor

cavity constant, Kc. The constant Kc decreases as the hole size increases

and the blowdown gas density is reduced.

3. The behavior of the blowdown gas boundary layer next to the reactor

cavity floor appears to be important and deserves further study.

Also, the impact of high density simulants and increased blowdown gas

velocity needs further evaluation. A systematic variation in the

distance of the vessel hole to cavity floor and reservoir volume is

lacking and should be included in future simulant tests.
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Figure 3.36. Entrainment versus pressure ratio steam blowdown.
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4. The approach used in this section could be expanded to deal with the

presence of internal structure and a pressure vessel hole which varies

with time.

5. There are many limitations to the proposed methodology including the

failure to recognize the presence of water in the cavity or solids in

the corium being ejected from the vessel, and heat transfer processes

and chemical reactions that might occur in the cavity. Another

important shortcoming of the methodology is its inability to predict

the sizes of the debris particles being ejected from the cavity.

Increased details of the physical processes involved as done in

Section 3.4.3 are needed for that purpose.

6. There are other methods to predict debris dispersal from reactor

cavities during DCH. The Brookhaven formulation employing

non-dimensional groupings is particularly noteworthy [3-13, 17].

Still, the physical understanding provided by the proposed model can

be very useful in complementing such predictions.

7. Examination of table 3.4 suggests that a more systematic approach to

some test variables would be desirable. Efforts should be made to

standardize upon a small number of debris volumes to be ejected, hole

sizes, and reservoir volumes, the types of fluid simulant and blowdown

gases. Such efforts will ease the comparison of test results form

various facilities.

3.4.2.5 SINGLE DEBRIS PARTICLE HEAT TRANSFER. Molten core debris,

which is dispersed in the cavity atmosphere as droplets, having equivalent

diameters:primarily between 6 and 20 mm according to Ishii, contribute to

the pressurization of the cavity by convective and radiative heating of the

gas in the cavity, and possibly by radiative heating and evaporation of

dispersed water droplets. The molten debris particles are at high

temperature (= 2500 K) and transfer to the gas (at = 2000 K) both

sensible heat and chemical energy, which comes from the exothermal

oxidation of the zirconium in the debris, as it reacts with the oxygen in

the water vapor of the cavity atmosphere.
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The analysis of the transfer of chemical energy and of heat from the
molten debris to the surrounding gas mixture provides the scaling groups
for one of the small-scale transfer processes in the cavity. The analysis
provides the details of bottom-up scaling and supports the top-down scaling
analysis of the H2TS methodology. The analysis provides also an estimate
of the amount of energy iransferred from the particles to the gas in the
relatively short time (0.148 s under initial conditions) that the gas
resides in the cavity. This helps to rank, relative to the other processes
in the cavity, the debris-to-particle heat transfer in accordance with its
significance to cavity pressurization. Finally, the analysis shows, that
radiative heat transfer is strong enough to prevent an excursion of the

exothermic zirconium oxidation.
Because of the low volume fraction of molten debris in droplet form,

there is only insignificant debris particle-to-particle interaction, and
the analysis of a single debris particle yields all the important scaling
groups for debris-to-gas heat transfer. The details of the analysis are
presented in Appendix P. Two nonlinear, first-order, ordinary differential
equations, representing the debris particle mass and energy balances,
govern the temperature and the diameter of the oxidizing debris droplet.

The two differential equations are normalized and yield:

1) The important thermal response time of the debris
1

7th - do(Pc)d/[ 6 (hc +'hrad]

where do - initial particle diameter

p = density

c - specific heat

h = heat transfer coefficient

and subscripts d, c and rad denote, respectively, debris, convective
and radiative. The thermal response time, based on the combination of
convective and radiative heat transfer coefficients, is 0.55, 4.05 and
22.2 s for the particle diameters- of 1, 6 and 20 mm, respectively.
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2) Three normalized dependent variables, namely time, debris temperature
and debris particle1 diameter.

3) Two temperature dependent, normalized radiative properties, namely the
normalized gas absorptivity and the gas grayness number.

4) Five scaling groups, namely the normalized initial excess debris
temperature, the normalized asymptotic excess debris temperature, the
normalized radiation number, the normalized reaction frequency and the
ratio of chemical over thermal response times. These five groups are
defined in Appendix P, by equations 15 through 19, and should be
considered for the design of experiments on particle heat transfer.

The normalized energy balance for the debris particle shows for the
reference case used throughout this report, that initially the convective
cooling is 2.5 times, and the radiative cooling 4.9 times stronger than the
chemical heating.

The two governing differential equations were integrated for the constant
gas temperature~of 2000 K (See Appendix P). This simplification gives an
upper bound on the heat transfer from the debris to gas, since in reality
the driving temperature difference does decrease as the gas is heated.

By integrating the two governing differential equations for a constant
gas temperature, one finds for the initial debris temperature of 2500 K and
the initial particle diameter of 6 mm, that:

1) If the initial gas temperature is approximately 2350 K, then the
debris temperature remains nearly constant; for higher and lower
initial gas temperatures, respectively, the debris temperature rises
above or falls below its initial temperature, and reaches there an
asymptote, as shown in fig. 3.37.

2) The debris temperature levels off for all gas temperatures below the
initial debris temperature, as radiative cooling more than compensates
for chemical heating.
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Figure 3.37. Debris temperature history dependence on gas
temperature (TG).

3) As shown in table 3.5, the debris mass loss is insignificant during

the time of 0.148 s in which the gas resides in the cavity; it varies

between 0.001 and 0.006% for the dominant particle diameters between 6

and 20 mm, and reaches 0.4% for the particles of 1 mm diameter, which

represents only an insignificant fraction of the debris mass suspended

as droplets.

4) As shown in table 3.5, the fraction of the available combined sensible

heat and chemical energy, that is transferred from the debris to the

gas during the gas residence time is only 0.04, 0.14 and 0.75%,

respectively, for debris particle diameters of 20, 6 and 1 mm.
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Table 3.5. Effect of Particle Size
Transfer from Debris to
time of 0.148 s).

on Debris Mass Loss and Accumulated Heat
Gas (evaluated for cavity gas residence

Particle diameter
Characteristic time1

Actual residence time*
Normalized time t =Tc/7
Normalized temperature
Normalized diameter
Mass reduction @ t ,

1-(d/do)3

fraction of total heat
transferred to gas @ t*,
1-(d/do) 3 [AH~r+cp(TD-T°)]/
[AH~r+cp(TD,o-T°)]

e
d/d0

=

20 mm
57.6 s
0.148 s
0.0026
0.991
1.00o

6 mm
12.05 s
0.148 s
0.0123
0.969
1.000

0.006%

0.14%

1 mm
1.21 s
0.148 s
0.122
0.914
0.999

0.38%

0.75%

= 0.001%

= 0.04%

# Based on convective cooling only

Finally, the two governing equations, and table 3.5 show that the'smaller

the particle size of a given mass of debris, the larger the amount of

sensible heat and chemical energy transferred from the debris to the gas in

a given time, because the cooling rate is proportional to the reciprocal of

the particle diameter, taken to some power less than one, while the

oxidation rate is proportional to the square of the reciprocal of the

particle diameter. Fig. 3.38 shows how the ratio of chemical heating over

particle cooling rates changes with debris droplet diameter. The bold line

shows this ratio for the total cooling rate by the combination of

convection and radiation; the dashed line shows this ratio for radiative

cooling only. The total cooling rate is balanced by chemical heating rate

for the particle diameter of 0.64 mm. Most of the mass of suspended debris

droplets in the cavity is expected to fall between 6 and 20 mm in diameter.
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4. SUMMARY OF DCH APPLICATION

The quantitative results generated by applying the Hierarchial Two-Tiered

Scaling (H2TS) methodology to the DCH scenario, confirmed the qualitative

results summarized in the process identification and ranking tables (PIRT)

discussed in Section 2.2.6. We emphasize here, that these two approaches

(one leading to a PIRT; the other to a scaling hierarchy) are

complementary. PIRT provides generality and ensures that all processes have

been identified and evaluated in a qualitative manner. Whereas the H2TS

method yields specificity and quantitative results; it provides thereby a

technically Justifiable basis and rationale for performing experiments and

analyses (including code development, validation and calculations).

For experiments, the hierarchically based two-tiered scaling methodology:

1) generates and prioritizes similarity groups which should be

preserved to ensure the prototypicality of test data;

2) identifies for each similarity (pi) group, important control

parameters which must be considered in the design and operation of

a test facility;

3) provides a framework to identify and trace each assumption made in

the scaling analysis, and to evaluate its impact on the safety

parameter of interest; and

4) provides a framework to asses the effects of a test facility design

and operation on the primary parameters.

For analyses, the methodology:

5) identifies and prioritizes physical processes which should/must be

modeled in the code so as to ensure its capability to address a

specific scenario;

6) identifies test data for use in the code validation process;

7) provides a technically Justifiable rationale for demonstrating the

scale-up capability of a code; and

8) identifies the most important parameters for code sensitivity

calculations and for code uncertainty quantification.
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These attributes of the methodology were demonstrated in its application

to the DCH scenario, specifically:

1) The top-down/system scaling tier of the methodology generated

seven pi groups which scale processes that influence the rate of

pressure change in the cavity. The bottom-up/process scaling tier

provided models and information on specific processes accounted

for in the pi groups. Following the (scale-down) approach well

established in the chemical process industry, these seven pi

groups were evaluated in terms of full scale NPP conditions.

The results (scaling hierarchy) demonstrated that only three

processes (debris to gas heat transfer, water vaporization in the

cavity, and zircaloy oxidation) are important. Consequently, the

corresponding pi groups should be preserved if these processes are

to have the same effects in a small scale test facility as in the

full scale NPP. (This illustrates Attribute 1).

The results demonstrated also that each process was scaled by a

single pi group having a simple physical interpretation. Yet each

pi group included all parameters important to the particular

process. The smallness of the calculated pi groups indicates that

for conditions examined in this report, the transfer of energy to
the gas is not very significant during its transit time through

the cavity.

2) The results show that (only) two parameters have a dominant effect

on the transfer processes in the cavity. One is a control

parameter, that is, the pressure force ratio (break to cavity),

which is raised to the 4.6 power in the pi groups. The second is

a design parameter, that is, the length of the cavity, which is

raised to the second power. Consequently, the effects of these

two parameters must be considered in the design and operation of a

test facility. (This illustrates Attribute 2).

3) The pi groups were calculated for three drop sizes to evaluate

their effect on the safety parameters of interest (rate of

pressure rise). Drop diameters used for this purpose were those

predicted by presently available correlations. As these
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correlations are based on experimental data on drop entrainment
from flowing films, two questions were raised and had to be

addressed. One question was concerned with the possibility of

drops once entrained, to undergo subsequent fragmentation due to

the high velocity gas flow through the cavity. The second

question was concerned with the impact of such fragmentations (if

possible in the specific cavity) on the primary parameter of

Interest. The calculations which were performed to address these

two questions, illustrate how the H2TS methodology provides a

framework: a) to identify and trace each assumption made in the

analysis and, b) to evaluate its impact. (This illustrates

Attribute 3).

4) The results show that unless the residence time is preserved, the

rate of pressure rise in a small scale test facility will differ

from that in a full scale NPP. Similarly, the results have

indicated that due to the finite time required for drop

fragmentation, short test facilities may have larger drops at the

exit than those observed in longer test facilities. (These two

examples illustrate Attribute 4).
5) The results show that the most important processes to be modeled

by a code are those at the break as they determine entrainment

rates and drop sizes in the cavity. (This illustrates

Attribute 5).

6) Although in this report, the H2TS methodology was not used to

identify test data for code validation (Attribute 6), it is

evident that it provides both the framework and the procedure to

carry out such an activity.

7) The results show that two parameters (pressure force ratio and

cavity length) have a dominant effect on transfer processes in the

cavity. This conclusion can be assessed in scaled experiments.

If confirmed, the results will provide a technically justifiable

basis for demonstrating the scale-up capability of a code. If not

confirmed, the H2TS methodology provides the framework for

assessing other correlations on entrainment rates, drop sizes,

etc. (This illustrates Attribute 7).
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8) The H2TS methodology has identified sensitivity parameters for

each of the three p1 groups. The results show that for the three

groups, the pressure force ratio is the most Important sensitivity

parameter. (This illustrates Attribute 8).

This application of the hierarchically based two-tiered scaling

methodology to a DCH scenario has demonstrated quantitatively, the

importance of initial conditions at the break. However, it is important to

stress here, that only one idealized scenario (single phase melt flow

followed by single phase gas flow) was examined. Furthermore, only one set

of initial conditions (break size, pressure melt amount, water amount,

debris temperature, etc.) was used in calculating the pi groups.

Consequently, the conclusions and observations discussed above are limited

to this particular scenario, initial conditions and assumptions made in the

analysis. However, the same procedure can be easily applied and used to:

a) evaluate effects of various assumptions, and b) assess effects of

two-phase (melt-gas) discharge; of debris solid-melt discharge; of

different break sizes; of different amounts of water in the cavity, etc.

It is evident that additional experimental and analytical studies are

needed to establish a broader and more robust technical basis for resolving

the DCH problem.

Nevertheless, this application to DCH has demonstrated that the

hierarchically based, two-tiered scaling (H2TS) procedure presented in this

report:

1) provides a physically based methodology that is comprehensive,

systematic yet practical, auditable and traceable, and

2) provides a physically based framework for resolving technical

issues.by experiments and analyses.
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APPENDIX A
AN INTEGRATED STRUCTURE FOR TECHNICAL ISSUE RESOLUTION

Prepared by

Gary E. Wilson (INEL)

This appendix describes an integrated experimental and analytical
program structure for resolving technical issues related to severe
accident safety.
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A.1 OVERVIEW

A systematic examination of scaling of severe accident experiments and
analyses is a part'of the near-term research effort identified in the NRC
SARP. Accordingly, the Severe Accident Scaling Methodology was developed to
help provide the technical basis- for subsequent, long-term, experimental
research development and/or evaluation. The methodology for the scaling
evaluations must be well integrated with the other components in the
research. An integrated experimental and analytical program structure for
resolving technical issues is shown in fig. 1.1, Part A of the main body of
this report. The foundation of the resolution structure, Component I, and
the primary topic of interest to this report, Component II, are described in
Sections 2 and 3 of the main body. The remaining three components are
briefly described immediately below followed by complete descriptions in
Section A.2 of this appendix.

COMPONENT III: TECHNICAL ISSUE RESOLUTION WITH EXPERIMENTAL DATA
AND SPECIAL MODELS

Past experience indicates that some technical issues can be best addressed
and resolved by developing special models supported by an adequate and
appropriate experimental data base. Activities carried out in this
component are designed to provide such a resolution for specific technical
issues, when identified.

COMPONENT IV: CODE, DEVELOPMENT

Issue resolution with the support of analytical tools will ultimately
depend on mature codes with quantified accuracy (uncertainty). The codes
will achieve the necessary maturity through the interplay of the
experimental data base and code development. The SET will play a stronger
role early in the code development and validation, with the IET becoming
more and more important as the codes mature.

Steps of this component are designed to ensure that:

1. The code will have the capability to address a specific issue and to
scale-up processes (identified in Component I) important to the scenario
(using data and correlations developed in Component II), and

2. The code validation process will be conducted in a manner to ensure
that the results can be used in Component V, to quantify code uncertainties
needed to support issue resolution.

COMPONENT V: TECHNICAL ISSUE RESOLUTION WITH FROZEN CODE AND
UNCERTAINTY QUANTIFICATION

Because of the flexibility and breadth of this approach, it can be
expected that it will be the preferred method to support issue resolution.
The maturity of the codes will be judged by their accuracy which can be
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determined with the Code Scaling, Applicability and Uncertainty (CSAU)
evaluation methodology. The quantification of the code uncertainty also
provides the basis for establishing prudent safety margins.

The steps of this component lead to a statement of total uncertainty to
calculate a specific accident scenario with the frozen code.

A.2 PRESCRIPTIVE STEPS

The primary focus of this document is the SASM as described in Part A,
Section 3 of the main body of the report. However, descriptions of the
other components are also provided here to show the integration of the total
structure.

COMPONENT III: TECHNICAL I$SUE RESOLUTION WITH EXPERIMENTALDATA, SPECIAL MODELS AND UNCERTAINTY

OUANTIFICATION

Resolution of technical issues directly from experimental data through
special models most often occures as the result of "flashes" of new or
special insight. This type of process is not particularly amenable to a
regimented approach. However, the process can be proscribed, given that the
elements are defined in a flexible and general manner, such as is
illustrated in fig. A.1 and described in the subsequent sections.

1. DEVELOP AN INNOVATIVE, PROBLEM-SOLVING APPROACH
AND PROPOSED MODEL: The desired approach is best promoted by a
"problem-solving" culture within the research community and the funding
agencies. This includes the willingness to take risks in pursuing uniquely
innovative ideas whose value may not appear immediately obvious. By their
inherent characteristics, such approaches are often difficult to fully
appreciate unless one invests a significant amount of time in considering
them.

Often this type of approach requires the use of complementary tools rather
than direct, detailed simulations. For example, ad hoc experiments and
associated analyses may provide the means to bound a process on a physically
sound basis, or alternatively the same may be possible with code
calculations guided by special experiments.

Lastly, it is emphasized this high-payoff, high-risk path should not be
the only or even the mai___ path to resolution of sensitive and/or important
technical issues. Rather, it is envisioned as a shortcut worthy of looking
for, but one that perhaps may not even exist.

2. TEST MODEL: Such creative approaches need to be thoroughly tested
in a constructive, collegial environment. Judgment is required in the
selection and pursuit of the most promising ideas, and in discarding in a
timely fashion those that' do not fulfill their promise.

3. REVISE MODEL: Such approaches typically will need time to reach
maturity that is a generally accepted resolution. This is especially true
for complex iss'ues and where there is an inability to conduct full scale
tests.
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PROPOSED MODEL

SI
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~1

TECHNICAL ISSUE RESOLUTION

Figure A.1. Flow diagram for Component III, technical issue resolution with
experimental data, special models and uncertainty
quantification.

4. VALIDATE AND DOCUMENT MODEL: The special models will be used to
support issue resolution, thus, decision makers must have confidence that
the results sufficiently reflect real plant behavior. This confidence is
enhanced by a validation effort. The validation should address the
prototypicality of the models (i.e., applicability), and the accuracy
(uncertainty quantificatibn). The need for documentation is also motivated
by the end use of the models, that is, issue resolution based upon a sound
and well understood basis.
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COMPONENT IV: CODE DEVELOPMENT

The ultimate use of codes is to play a key role in issue resolution. A
well-conceived, developed, verified, validated and applied computational
tool will supply important technical information that becomes an integral
part of the decision elements supporting a reasoned and defensible issue
resolution. Acquisitioh of the requisite codes is accomplished through code
development and improvement. The top level steps necessary to produce the
desired analytical tools are illustrated in fig. A.2 and subsequently
described. The integration of code development with the SASM and CSAU is
also depicted in the figure.

P

II I ESTABLISH CODE
OBJECTIVES

|.

PIRT
I

ESTABLISH CODE
DEVELOPMENT PLAN,

STANDARDS AND
PROCEDURESI

12
_ |

II
I.

ESTABLISH AND DOCUMENT
CODE STRUCTURE

SASM (STEP 6)

SASH (STEP 11) I

II

a I
INCORPORATE AND DOCUMENT

PHENOMENOLOGICAL MODELS

VALIDATE AND DOCUMENT
'INTEGRAL CODEI

I
PROVIDE COMPLETE

DOCUMENTATION

5

6

L_ --I -
ISSUE RESOLUTION WITH MATURE CODE

(CSAU)

Figure A.2. Flow diagram for Component IV, code development.
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1. ESTABLISH CODE OB3ECTIVES: The computer codes used to address
severe accident issues must be optimally structured to fulfill their
designated roles. The initial step is to establish the role(s) the code
will fulfill in the overall strategy for issue resolution; that is, the code
objectives.

2. ESTABLISH A CODE DEVELOPMENT PLAN, STANDARDS, AND
PROCEDURES: A necessary prelude to actual code development is the
establishment of the specific code requirements, development standards, and
procedures that will apply during the development activity. Specific areas
of focus should include a code design specification, documentation
requirements (internal and external), programming standards and procedures,
transportability requirements, quality assurance procedures, and
configuration control procedures. Because of the time required to fully
develop a code (several years), experience indicates interim documentation
of each step is necessary to provide complete documentation at code
completion.

3. ESTABLISH AND DOCUMENT CODE STRUCTURE: The complete code structure
consists of the physical models, code numerics, and code architecture.
Given the importance of selecting acceptable closure relationships for the
governing equations, these models are treated separately in Step 4, below.
Models, numerics and architecture must be successfully integrated and
optimized if the completed code is to meet its stated objectives (Step 1).
Although it is required that an initial definition of code structure must be
provided, it is recognized that modifications will, in all likelihood, be
required as the interplay between the various elements of the total code
structure under development become evident. To conserve resources, the
codes should be structured to well simulate the most important phenomena and
processes, with lesser attention to peripheral factors. Both an initial and
subsequent interactions with the PIRT process will assist in focusing on the
modeling of the key phenomena required for issue resolution. Demonstration
of good time-step control is an important feature of a successful
integration effort.

4. INCORPORATE AND DOCUMENT PHENOMENOLOGICAL MODELS: Given the number
and complexity of severe accident phenomena, the selection and inc6rporation
of the phenomenological models is extremely important. These models will be
developed in SASM Step 6 and are the key to successful code development.
Code development personnel must ensure that the basis, range of
applicability and accuracy of models incorporated are known and traceable.
Justification must be provided for extension of such models beyond their
original basis. Lessons learned'in implementing these models will be
returned to the SASM program.

5. VALIDATE AND DOCUMENT INTEGRAL CODE: Because the severe accident
codes are to be used to support issue resolution, decision makers must have
confidence that the calculated results reflect real processes with
sufficient fidelity. This confidence can only be provided by completion of
a code validation effort. Prior to beginning the code validation process,
the key phenomena and processes have been identified and modeled. The
validation effort must demonstrate that the individual correlations
represent the specific phenomena in an acceptable manner. This is
particularly true for those processes identified as important in the PIRT

A-6



effort. Finally, the validation effort must demonstrate that the individual
correlations, numerics and architecture are combined in such a manner that
key integral phenomena are modeled in an acceptable manner. Data for this
latter step are provided by SASM Step 11. The sensitivity to noding should
be determined as part of the validation effort for the integral code.

1

6. PROVIDE COMPLETE DOCUMENTATION: A complete set of code
documentation is required and contains the following elements: a model and
correlation quality evaluation (MC/QE) document which contains the governing
equations and identifies the source, data base, accuracy, scale-up
capability, and applicability to plant severe accident conditions of the
phenomenological models used for closure of the governing equations; a
programmer's guide which describes the numeric solution methods and code
architecture; a user's guide, and code assessment report(s) which documents
that the code is validated for application to severe accident issues.
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COMPONENT V:. ISSUE RESOLUTION WITH FROZEN CODE AND
UNCERTAINTY QUANTIFICATION (CSAU)

The quantification of code uncertainty provides the basis for establishing
prudent safety margins in the context of issue resolution. The maturity of
the codes is reflected in their approach to acceptable uncertainty. That
uncertainty is quantified by the CSAU evaluation methodology, as depicted in
fig. A.3 and described below.

The CSAU component in the integrated structure for severe accident issue
resolution consists of three elements:

Code Capability., in which a completely documented and frozen code is
selected and evaluated for its applicability to simulate the scenario, NPP
and important phenomena identified in the first component (Accident
Specification and Phenomena Evaluation) of the integrated structure.

Code Assessment and Ranging of Parameters, in which there are activities to
assess the capability of the code to calculate the important phenomena
using experimental data, to determine scaleup capability, and to range the
individual variability in the key code parameters associated with modeling
of the dominant processes and phenomena.

Code Sensitivity and Uncertainty Analysis, in which the variability in each
key code parameter is converted in sensitivity studies, into its reflection
in the uncertainty in the primary safety criteria. Similarly the effects
of scale, and the potential state of the reactor at accident initiation, on
uncertainty are determined. Finally, the combined uncertainty of the code
to simulate the specific transient in the specified NPP is quantified for
the primary safety parameters.

Description of the prescriptive steps in the CSAU methodology (fig. A.3)
follows.

CSAU ELEMENT 1 - CODE CAPABILITY

1. SELECT FROZEN CODE: The methodology emphasizes the use of a "frozen"
code version. This ensures that the code remains unchanged during the
analysis and, thereby, provides the auditable and traceable results
eventually needed in a licensing/regulatory environment.

2. PROVIDE COMPLETE DOCUMENTATION: The codes may be a source of uncer-
tainty in themselves and must be so evaluated (CSAU Step 6). Such
evaluations require complete documentation including: user manual, user
guide, assessment reports, and a model and correlations quality evaluation
(MC/QE). The MC/QE provides detailed information on closure relations as
implemented in the code, that is, information on their source, data base,
accuracy, scale-up capability, and applicability to NPP conditions.

3. DETERMINE CODE APPLICABILITY: The PIRTs establish the requirements
for modeling the scenario, whereas CSAU Steps 1 and 2 provide the information
on code capabilities. By comparing the requirements and capabilities, one
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Figure A.3. Flow diagram for CSAU used in Component V, Issue Resolution
with Frozen Code and Uncertainty Quantification.
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determines whether the data bases, accuracy, closure relations and scale-up
capabilities embedded in the code are adequate to model the phenomena
important to the accident path simulations.

CSAU ELEMENT 2 - ASSESSMENT AND RANGING OF PARAMETERS:

4. ESTABLISH ASSESSMENT MATRIX: Test data should be selected for
a) assessing code accuracy to calculate dominant phenomena identified in
PIRTs, b) assessing the influence of noding, and c) addressing any code
inadequacy identified in CSAU Step 3. Both separate and integral effects
tests (SET & IET) are used.

5. DEFINE NPP NODALIZATION: The plant model should be nodalized with
enough detail to capture the important phenomena (sufficiency), but coarse
enough to provide the maximum economy (efficiency). The CSAU process shown
makes use of the Assessment Matrix to support the nodalization rationale.
The same rationale should be used in the supporting assessment calculations
as is used in performing the NPP uncertainty calculations.

6. DETERMINE CODE AND EXPERIMENT ACCURACY: Simulations of experiments
from CSAU Step 4 with the frozen code, using the standard nodalization (CSAU
Step 5) will lead to a statement of code accuracy. Differences between code
and experiment, for each important individual contributor, should
(preferably) be quantified in terms of nominal bias and uncertainty
(deviation). Given insufficient data or economic considerations, the
differences may be cast in terms of maximum bias based on justified bounding
conditions. SET data from facilities with increasing scale (up to full
scale) should be used to evaluate code scale-up capability of important
individual contributors when available. lET data should be used to evaluate
overall accuracy (combined uncertainty).

7. DETERMINE EFFECT OF SCALE: Differences for similar physical
processes, but at different scales, should be quantified for nominal bias and
deviation to establish a statement of potential scale-up effects. The focus
in this step is on those scaling effects which are not embedded in the code
and treated directly in CSAU Step 6. Again, separate maximum bias may be
used if required by insufficient data or economic considerations.

CSAU ELEMENT 3 - CODE SENSITIVITY AND UNCERTAINTY ANALYSIS

8. DETERMINE EFFECT OF REACTOR INPUT PARAMETERS AND STATE: The effect
upon uncertainty because of an imprecise knowledge of the reactor state at
the initiation of the transient should be quantified. Realistic variations
are determined by examination of the most probable reactor state and the
variation around this condition using both experimental data and analytical
studies. Preferably, the uncertainty is quantified as nominal bias plus
deviation; however, separate maximum bias may be used if necessary.

9. PERFORM NPP SENSITIVITY CALCULATIONS: The influence of the
individual contributors to uncertainty, determined in CSAU Steps 6, 7 and 8
upon the primary safety criteria should be determined by performing NPP
sensitivity calculations. That is, the individual variabilities cast in
terms of bias and deviation (or bounding separate maximum bias) are input,
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item by item, to the NPP model to determine the resulting individual
uncertainty in simulating the primary safety parameters. When possible, the
input individual uncertainties should be based on their actual distribution.
In those cases where the distribution is unknown, a conservative distribution
(for example uniform) may be assumed if justified.

10. COMBINE BIASES AND UNCERTAINTIES: Individual uncertainties in the
primary safety parameters, determined in the preceding steps, should be
combined in a statement of total uncertainty. Those individual uncertainties
cast in terms of nominal bias and deviation may be combined in several ways
(addition, root mean square, response surface, etc.) with the proper
Justification for the method selected. Any individual uncertainty cast in
terms of separate maximum bias may be conservatively combined by addition.

11. DETERMINE TOTAL UNCERTAINTY: A statement of total uncertainty for
the code may be given as an error band or limiting value. Either are
determined at some justified level of probability, commonly set at 95%.

It is important to note that the CSAU methodology is not fully prescriptive
regarding the details of implementation. Rather, the methodology provides
complete and logical structures to which the details of alternative
Implementation approaches can and must be referenced and evaluated for
completeness.
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APPENDIX B
LESSONS LEARNED SUPPORTING INFORMATION

Compiled by

Gary E. Wilson (INEL)

This appendix provides an essentially verbatim transcription of the
Individual TPG members input to the lessons learned, which are summarized
in Part A, Section 3.6 of the main body of this report.
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APPENDIX B - LESSONS LEARNED SUPPORTING INFORMATION

TABLE B.1 - Lessons learned related to enhanced operation of TPGs.

REF a SOURCEb

CODE -CODE INFORMATION

B1.1 1 The TPG was formed to focus on a difficult issue. A TPG is most effective when

reviewing focused materials brought to the meeting by those organizations funded by the

sponsoring institution to do the work. The greatest value of the TPG review lies in the

review of completed or in-progress work, identifying deficiencies or concerns, and

suggesting approaches to issue resolution.

B1.2 6 The TPG can best function as an advisory and review group which scopes and directs the

work involved. The time has come for specific work assignments.

81.3 9 The TPG has members with excellent qualifications: background, experience and

capabilities. However, their time contribution can only be limited and it is

too much to expect extensive new work from TPG members. The TPG members can best serve

as reviewers, can suggest new approaches and help focus work being performed by

contractor personnel.

B1.4 7 The recent admonitions that we all float or sink together needs occasional repetition in

any such group which includes experts who have functioned as individual contributors.

The SASM project needs individual contributors with a mutually supportive team spirit.

B1.5 I If a TPG is to be successful, the individual members must adopt the objectives and goals

of the group and support strategy of the sponsoring institution. It is possible that

adoption of the TPG goals may. on occasion, place the individual member in a position of

supporting approaches that have adverse programmatic implications for his/her own

institution. In such circumstances, the TPG member may be brought into conflict with

his/her management. The sponsoring institution should ensure that institutions

providing members to the TPG understand this possibility and agree that each TPG member

owes allegiance to the TPG process if programmatic conflicts arise.

BI.6 I It is unlikely that TPG memblers with their varied backgrounds will come to a common

understanding of TPG objectives and the specific technical approach immediately. The

passage of time, review of results and several meetings will be required to produce the

desired unity.

B.7 1 It is important that a sense of urgency be maintained throughout the time the TPG is

organized and functioning. Without near-term milestones and frequent, meetings, it is

possible that progress will slow.

B1.8 1 When working to develop a methodology in previously uncharted territory it is important

to get through the process once as quickly as possible.

B1.9 9 The TPG should be imbued with a sense of urgency. One objective should be to complete

at least a first pass through the SASM as soon as possible to scope the work involved.

Reviews and refinements could follow in quick succession.

a. Provides cross-reference to summaries given in Part A. Section 3.6 of the main body.

b. Provides source of information as listed following table B.3.
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TABLE B.1 - Lessons learned related to enhanced operation of TPGs. (Continued)

REF SOURCE
CODE CODE INFORMATION

B1.10 9 The objectives of the TPG work should be reviewed at the end of each meeting to

determine if the work is proceeding in the right direction. The TP6 should guard

against expansion of original objectives and workscope, otherwise, it will not complete

it mission.

B1.11 7 Scientists and engineers tend to meet near-term goals and deadlines on time, rather than

a fuzzy objictive "out there" at some approximate date. Various assignments to be

reported at each meeting have resulted in moving forward with the SASH project. The TPG

can operate at higher efficiency if each member is committed to some aspect of the

project (according to his particular expertise) for a brief report at the following

meeting.
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TABLE 8.2 - Lessons learned related to enhanced severe accident experimentation

REF SOURCE
CODE CODE INFORMATION

82.1 1 The sponsoring institution should ensure that a strategy, approach or plan for dealing
with a major need or issue is developed and used for guiding subsequent program
activities. Although Input, even complete strategy papers, may be received from
contractors, the sponsoring institution must accept ownership and answer for the
strategy. The recently Issued SARP is an example of the desired approach. This plan
received extensive input, review and comment but ownership clearly resides with the
NRC. In the absence of such planni ,ng, programs often evolve on an ad hoc basis and do
not fit into an overall effort to resolve key needs or issues.

82.2 6 The sponsor of an experimental or code development program should clearly state the
Issues involved, the objectiyes to be achieved and the success criteria by which to
measure this achievement. Lines of responsibility should be clearly defined by the
sponsor.

B2.3 3 Overall planning to coordinate analytical and experimental programs which address a
particular accident issue is critical to insure maximum utilization of resources and
timely closure of the concern. Model development work and testing should be
complementary so that tests can be utilized to address uncertainties *in the models, as
well as demonstrate the overall system behavior. An overall plan needs to be developed
to provide guidance to future testing efforts, such as the plan under review by the SASM
group. This plan will provide a common yardstick that can be applied to future
experimental programs to insure their success.

82.4 7 The national labs historically have performed fundamental analyses and experiments to
help understand various phenomena. They have quantified data, discovered and reported
scientific surprises, and have significantly contributed to the state-of-the-art as
phenomenological understanding has been needed. Currently it appears that there are
different perceived end uses of national lab studies which are mutually exclusive.
These perceptions are: Find out what happens, and gain an understanding of the
phenomena; obtain information to validate a computer model; or make this experiment
representative of a full size event. The impossibility of satisfying each perception
simultaneously can make the labs look like the "bad guys" who are solving the wrong
problems.: Furthermore, it makes the entire industry look like an orchestra with every
musician playing his own song. The problem of perception can be avoided by achieving a
mutual agreement on the objectives of a particular lab study between all appropriate
persons before the study begins, guided by application of a tested methodology for
defining the study.

82.5 10 Experiments, even when performed in different laboratories, should be coordinated to
meet their common goal. Overall objectives must be formulated first, before the
detailed objectives of a particular test facility and a particular sequence of tests can
be planned. An overall plan has to be developed and exercised, at least in principle,
even before all the final results are available. That will help to facilitate early
corrections to the plan, and also give the working group the necessary sense of
direct ion.
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TABLE B.2 - Lessons learned related to enhanced severe accident experimentation (Continued)

REF SOURCE
CODE CODE INFORMATION

82.6 5 The objective and focus of an experimental program should be clearly defined. The final
product from each experimeni should be stated prior to the performance of the tests.
Together with the scaling method used to design the facility and the instrumentation
methods should be reviewed by outside experts. There should be a mechanism to ensure
the quality control of experiments, modeling and documentation. The absence of a well
established procedure for this has been one of the past shortcomings. To solve a
complicated safety problem related to severe accidents, the following steps are
necessary: 1) Evaluate the relative importance of various phenomena, 2) Carry out
initial scaling study based on the state-of-the-art. 3) Identify the need and focus of
research from 1) and 2), and 4) Develop a comprehensive research program by coordinating
experimental and modeling studies. For complicated phenomena, experimental programs
should have the following stages: 1) Scoping tests to identify phenomena and trends, 2)
SETs to focus on key phenomena, and 3) lETs at several scales. Correctly scaled and
reliable phenomenological models are in most cases the most important results which can
make differences in accident analyses. However, this fact is often lost in large
experimental and code development programs. Often the modeling effort is attached to
either of these programs as a minor subtask.

82.7 4 While a statement to the issue is generally included in the initiation of all efforts, I
find that a clear statement of what is to be determined from a set of experiments or

analyses is generally absent. What is usually given is a general statement along the
lines that the effort will contribute to the state of knowledge for the question at
hand. This would be particularly important in monitoring experiments in which the
purpose (or objective) evolves over time as was the case for DCH, i.e. some experiments
may be scoping in nature while others may have a very narrow objective. With a clear
statement of the objective, it would be much easier to 1) decide if the proposed effort
is worthwhile, and 2) integrate multiple experimental programs thereby assuring that the
results of previous experiments are considered and used in subsequent efforts.

B2.8 3 All proposed testing programs, even scoping tests, should have clearly focused
objectives, be part of a larger program for closure of the issue and address agreed-upon
issues.

B2.9 2 Experiments must be designed so that a pre-stated goal can be met. It must be
instrumented sufficiently so that we can tell if we have met that goal or tell why if we
don't. There must be redundant measurements so that the consistency and correctness of
the answers can be checked. If it is to be used in code development it must have the
right quantities measured in the places where the code predicts the answer. The
experiment must be safe. It must not only be safe for the people who run it but it must
not destroy the apparatus (unless that is the goal).

82.10 1 Clear and documented objectives should be prepared for each experimental or code
development program. The objectives should be driven by needs that are clearly defined
and documented. The objectives should be understood by all participants, particularly
the sponsoring institution. The sponsoring organization should accept ownership of the
objectives. It should be willing to defend the objectives in open forums and to peer
and appointed review boards. Contractors should not be given the burden of defending
the objectives and overall scope of the work. Members of the sponsoring institution
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TABLE B.2 - Lessons learned related to enhanced severe accident experimentation (Continued)

REF SOURCE

CODE CODE INFORMATION

B2.10 1 involved in approving and funding activities should be responsible to defend objectives

(cont.) and specific test programs.

82.11 4 Once an issue has been defined and the need for an experiment or analysis is determined.

a substantial effort (hand calculations) should be devoted to scoping the response of

the reactor core, primary system and/or containment with respect to the issue.

Specifically, the researcher should consider: 1) What has been done previously to

determine the governing elements of the particular issue under investigation, 2) What

previous experiments have been done to provide insights Into the governing physical

processes. 3) What are the spectrum of reactor conditions, geometry. etc. that can

influence the process in a first order manner, and 4) is one specific

core/reactor/containment design to be chosen, and if so, why. A great deal can be
learned by comparing bounding and BE analyses when the effort is beginning, i.e. the

best assessment that can be made at a point in time. For example, as a results of a BE

approach analysts are forced to list the various assumptions that must be made and
whether these are anticipated to influence the process to a first order. This by itself

can be an excellent means of focusing the areas to be researched as well as assessing
the means for accomplishing such research.

B2.12 3 My opinion is that a general scaling plan must begin from the top and scale the global

system parameters. In my mind this is the best way to begin a program where you may not

know the controlling phenomena in advance. Even if you think you know the answer, you

may be surprised. A top-down approach is the best insurance against missing something.

I also a4ee that if the important or controlling phenomena are known, an experimental
program can begin at the bottom, with SETs to characterize the behavior of the c'ltical

parameters. The end result is often an IET to demonstrate that the SETs and resulting

understanding of controlling items really does properly address the important issue. It

seems that either way, the global experiment may be needed to demonstrate that one is

correct. This global test will be convincing only if it does reproduce the important

elements of the prototype behavior. This will happen only if the global experiment

follows some kind of global scaling laws. The top-down approach plans for this test

first and uses SETs to support the global test, instead of the reverse. All testing
programs should have up-front scaling studies which identify the important test

parameters and determine which system parameters and boundary conditions will have
prototypical or scaled behavior and which will have distorted behavior. Model

development work and testing should be complementary so that tests can be utilized to

address uncertainties in the models, as well as demonstrate the overall system behavior.

B2.13 2 The initial and boundary conditions must be appropriate, known and controlled.

82.14 10 All reduced scale experiments, whether scoping, SET or IET, must be designed to meet

known scaling criteria. Mo design of a reduced-scale facility should be initiated
before a scaling analysis has been carried out. Experiments must be conducted first to
fill in clearly recognized gaps of understanding and of ability to quantify. The

deficiencies should be framed in analytical terms, from which one can clearly identify

test objectives.
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TABLE 5.2 - Lessons learned related to enhanced severe accident experimentation (Continued)

REF SOURCE
CODE CODE INFORMATION

B2.15 1 The creation of effective test programs can be fostered by the creation of a Test
Advisory Group (TAG). The TAG is intimately involved early during the planning phase
and subsequently conducts regular reviews of progress. At a minimum the membership of
the TAG includes those organizations having a vested interest in the data (those
producing the data, those using the data, those managing the program). The list of
organizations is not as important as the concept that proposals would be tested against
the previously defined strategy, needs and objectives arising from the severe accident
area. If the TAG functions as it should, proposals are tested by knowledgeable
representatives across a spectrum of interests.

B2.16 5 Expert advice and opinion should be sought frequently through (all phases of
experimental programs).

B2.17 6 Experiments and code developers should be aware of each others objectives, results and
problems. A project requiring experiments and code development should be coordinated by
individuals with both analytical modeling and experimental experience. Both
experimental programs and code development programs should be available for independent
peer review at appropriate intervals in their progression.

62.18 3 An experimental program, even when conducted at several laboratories, needs periodic
review by an independent panel to insure the goals remain coordinated.

82.19 10 An experimental group should be guided by a group of analytical modeling experts with
experimental background (nota bene, not by code developers pursuing parametric
studies). The analytical and experimental program, once established to resolve a
specified objective. needs to be periodically reviewed by a group of experts which
includes not only representatives from the laboratories performing the work but more
importantly, experts who have no vested interests. In fact, researchers performing the
work should serve only as advisors to the review group.

B2,20 5 Without detailed evaluation of data with respect to scaling effects and phenomenological
models, the usefulness of experiments is quite limited. However, in the past, data
analysis has been often limited to comparing the data to code predictions. This can
result in code tuning to the data without understanding the phenomena.
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TABLE 5.3 - Lessons learned specifically related to DCH experimentation

REF SOURCE
COOE CODE INFORMATION

B3.1 2 Experiments serve several functions. As our knowledge of a field grows, we progress
from one kind of experiment to the next. The first kind is:

1) Descriptive Experiment - We don't know what will happen so we run and experiment
to see. This kind of experiment should be cheap, lightly instrumented but observed
as completely as possible. Lots of photographs, movies and observations are needed.
The entire sequence of events should be run through. seamlessly. Point measurements
like pressure or temperature probably won't tell us much because the overall picture
is still murky. These experiments allow us to frame a mathematical model of the
entire sequence of events. I don't think enough of this kind of experiment have been
run on the DCH problem. Our scenarios are really pieced together from fragmentary
experiments which have been run to serve other purposes. In any case once we know
what phenomena are going to enter into the scenario, the second type of experiment is
needed.

2) Separate Effects Experiments - As we build an analytical model, we will have to
use coefficients obtained from the experiment. In general, the database for these
coefficients will be partly outside the range of parameter space in which we are
using them. As far as possible, experiments should be run to fill in the gaps.
These gaps can be of several kinds. These include: a) Geometry (size, shape,
topology), b) Chemistry and materials, c) Temperature, and c) Pressure. Resources
for experiments at this stage should be placed where they would yield the greatest
return in terms of reduction in uncertainty in the quantity of interest. Some crude
sensitivity calculations should allow us to make a good choice.

3) Integral Effects Experiments - The last kind of experiment should be to test the
model, coefficients and numerical methods. Test results should be checked against
analytical results and deficiencies identified.

B3.2 1 Experimental program reviews presented by the contractors to the SASH TPG do not have
clearly demonstrated objectives relative to an overall strategy, approach or plan. As a
consequence, the TPG is concerned that much of what has been done to date is of limited
value. It appears that most of the experiments reviewed by the SASM TPG are of a
scoping nature. The contractors have been given the burden of defending the objectives
and overall scope of the work. Members of the NRC staff involved in approving and
funding the activities have not defended either the objectives or specific test existing
programs.

83.3 10 There was no scaling analysis performed prior to DCH test facility design. There is
currently no connection between known modeling deficiencies (computer code
uncertainties) and expected test results. Instead, the tests as planned are either
scoping tests, or tests intended to facilitate code tuning without regard to scaling.
Neither the code development at SNL nor the experimental work was peer-reviewed.

B3.4 2 1 want to repeat you should have someone look over the SAN and FAI experiments and find
out why the difference is so strikiAg. I have the feeling that FAI have better
results. I believe the difference is due to the melt being much closer to the

solidification temperature. We are really dealing with a material like wet snow not a
liquid. Will the melt in the reactor be similar? I would like to see (the FAI)
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TABLE B.3 - Lessons learned specifically related to DCH experimentation

REF SOURCE
CODE CODE INFORMATION

B3.4 2 experiments improved by having prototypical proportions of concrete, steel, and
insulation in the rig. FAI should perform a careful transient analysis of the
temperature data to see if the peak pressure occurs before the (apparent) peak
temperature because the TC responds too slowly. I would also like to see a test of the
optimum bad water-melt ratio. A lot more temperature measurements would help us track
the process better. The NRC should fund two or three more experiments in this rig.

B3.5 1 When appropriate, the sponsoring institution must be willing to redirect existing
program activities to support the TPG process. If the reason that funded laboratories
have notidisplayed results relative to scaling of severe accident experimental programs
is that funding is not available (all experimental but no scaling), the NRC should have
the flexibility to switch funding and program priorities.

B3.6 11 The particle size that will block a hole is important when trying to evaluate what will
happen when a vessel, which is partially filled with a mixture of molten corium and
solid fuel pellets, ruptures. Will the mixture flow out of the hole as a continuous
stream or will a porous plug form greatly reducing the flow rate and the momentum of the
stream? I spoke with a colleague, Mike Cleary, and checked a variety of handbooks.
Without a serious effort I don't think I will be able to find much. Mike (who works on
secondary oil recovery where this problem also occurs) indicates that a rule-of-thumb he
is familiar with is that cracks are blocked by roughly spherical particles if the ratio
of the particle diameter divided by by the diameter of the hole is less than or equal to
3. The rule-of-thumb that I am familiar with uses 2.5 instead of 3. I doubt there
would be much payoff in refining this number any further.
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Sources for Appendix B, tables B.1 - B.3

All sources are letters to Dr. Novak Zuber, with the indicated date.

SOURCEa
CODE

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.

AUTHOR

B. E. Boyack
P. Griffith
J. M. Healzei"
R. E. Henry
M Ishii
J. R. Lehner
F. S. Moody
M. Pilch
B. R. Sehgal
W. Wulff
P. Griffith

ORG.

LANL
MIT
SLI
FAI
PU
BNL
GE
SNL
EPRI
BNL
MIT

DATE

September 6, 1989
October 30, 1989
November 3, 1989
November 8, 1989
November 9, 1989
November 8, 1989
November 6, 1989
November 1989
November 7, 1989
November 1989
September 15, 1989

a. As listed in the tables.
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APPENDIX C
SUPPORTING INFORMATION FOR EVALUATION QUESTIONS

FOR PROPOSED SEVERE ACCIDENT EXPERIMENTAL PROGRAMS

Compiled by

Gary E. Wilson (INEL)

This appendix provides an essentially verbatim transcription of the
individual TPG members input to the evaluation questions, which are
summarized in Part A, Section 3.7 of the main body of this report.
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Table C.1 - Questions related to'the role of the proposed experiments in the overall issue resolution.

B. Boyack (LANL). Source 1a:

1. What problem is being address:
2. (How does the proposed work relate to other work in): submitting organization, other U.S.

organizations, and the international community?
3. (What is the jusiification for the proposed work) based on the need and availability of existing

data?
4. (What are) the consequences of not having the proposed data?
5. (Which of the following types is the proposed experiment):

Exploratory - identify phenomena for basic understanding,
Scoping - identify thresholds and regimes,
SET - quantify effects for basic model development and benchmarking, and
IET - benchmarking of coupling of models?

J. M. Healzer (SLI), Source 3:
1. What particular accident sequence or concern does the proposed test address?
2. What specifically does the test address about the issue of concern?
3. What (other) experiments are needed in addition to the proposed test to complete the

characterization of the topic addressed by the test?
4. What alternatives are there to the test proposed?

R. E. Henry (FAI), Source 4:
1. What are the spectrum of reactor accidents which could lead to the event under consideration?
2. What are the spectrum of redctor conditions expected for the issue under considerations?
3. What is the single most important contribution expected from the (proposed experiment)?
4. What is the second most important contribution expected from the (proposed experimeht)?

N. Ishii (PU), Source 5:
1. What type of experiments (have been) performed?
2. What is the focus of the proposed experihent. and why is it needed?
3. What contributions can the experiment make to scale-up the existing knowledge (models and data

base) to prototypical conditions?

J. R. Lehner (BNL), Source 6:
1. What is the experimental objective?
2. What gaps in the available information from research in the area of interest will the proposed

experiment fill?

F. J. Moody (GE), Source 7:
1. What information is needed?

H. Pilch (SNL), Source 9:
1. What is the plan for issue resolution?
2. What role does the experiment play in the global plan for issue resolution?
3. Is the test intended to directly resolve the safety issue?
4. Is the test intended to support code development?
5. What counterpart tests are needed to cover the (complete) NPP parameter range?

a. This coding is used in tables 1 through 4 in Part A, Section 3.7 of the main body of the report.
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Table C.1 - Questions related to the role of the proposed eqperiments in the overall issue
resolution. (Continued)

B. R. Sehgal (EPRI), Source 10:
1. What safety issue is the test program addressing?
2. What are its objectives?
3. Are the phenomena investigated sufficiently kn9wn that analytical models representing them can be

developed?

W. Wulff (BNL), Source 11:
1. What specific phenomena are the focus-of the experiment; in which branch of the event tree?

2. What is the relevance (PIRT ranking) of the subject phenomena?
3. What counterpart experiments are needed/planned to cover NPP conditions outside the range covered

by the subject experiments?-
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Table C.2 - Questions related the design of severe accident experiments.

B. Boyack (LANL). Source 1:
1. How will the data be used?

P. Griffith (MIT). Source 2:
1. What type is the proposed experiment: a) descriptive (Scoping), b) SET, or c) lET?.
2. If the experiment is descriptive is it: a) so prototypical someone would be tempted to use the

results raw, b) so notnprototypical it will raise extraneous questions, c) too elaborate or
expensive so that (failure) will be a disaster for the whole program, d) safe, e) (able) to capture
the essence of the prototype. f) instrumiented so that we can tell what happened?

3. If is is a SET: a) has the coefficient(s) which is to be determined been identified, b) has the
method of treating the data been tested to see if the needed quantities can be evaluated, c) have
all the important demonstrational groups been considered, d) has the program been reviewed by
others to see if it makes sense, e) have the scaling issues been addressed, f) will the results be
usable?

4. If it is an IET: a) is it instrumented to measure key computed variables, b) have the modeling
and nodalization issues been addressed so that flows, for instance, are measured at junctions and
temperatures and pressure are within volumes, c) are the initial and boundary conditions controlled
and known so that they can be properly simulated on the computer, d) has the system been
characterized adequately so that heat losses, loss coefficients, leakage rates, contact resistance.
etc. are known and do not need to be evaluated from the experiment being evaluated, e) will noise
spoil key measurements, f) are redundant and check measurements included?

J. M. Healzer (SLI), Source 3:
1. Are the test and boundary conditions prototypical or are some aspects of either scaled or even

selected to be bounding for the case of interest?
2. If scaled, what are the scaling parameters, that is the dimensionless groups, and which are,

and are not, preserved?
3. Are there opportunities to evaluate the "scaling effects" either by comparison to other tests at

different scales or by making calculations?
4. What measurements are to be taken and how are they to be used to evaluate system behavior, address

scaling, etc.? It is very important to make sure measurements are made to help define the
important phenomena. If the measurement is too difficult, this should affect the decision about
the test.

5. Are pretest predictions to be made? If not, why not? If the test cannot be predicted, (perhaps)
the test is the wrong test.

R. E. Henry (FAI). Source 4:
1. What are the first order phenomena which control the process?
2. Is geometry (geometric similitude) important in the issue under consideration? If so, have the

spectrum of reactor system configurations been investigated and categorized for this set of
experiments/analyses?

3. How does the proposed effort relate to a reactor system, i.e., what is the scaling rationale?
4. What are the spectrum of results given bounding analyses and best estimate (best assessment)

calculations at the time the effort is proposed?
5. What is the expected improvement of the analyses in the above question (4) after the effort is

performed?

M. Ishii (PU), Source 5:
1. What similarity criteria are used to design the experiments? What are the weaknesses of these

criteria? How can this be addressed by the program?
2. Are the instrumentation methods optimized under the given condition?
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Table C.2 - Questions related the design of severe accident experiments. (Continued)

J. R. Lehner (BNL). Source 6:
1. What is the experimental objective?
2. What are the variables which need be measured to interpret the results?
3. Can these variables be measured with sufficient accuracy over a sufficient time interval to draw

meaningful conclusions from the experiment?

4. Is there a possibility of influences from unidentified variables and could such an influence be
Identified by the checks built into the experiment?

5. Have the initial and boundary conditions, as well as the experimental variables, been subjected to
meaningful scaling analysis?

6. Given scaling analysis, can the small scale experiment be expected to produce results relevant to
the prototype?

7. What are the expected scale distortions and how can they be quantified?
8'. Does the test matrix span the parameter range of interest and in sufficient detail to allow the

necessary conclusions to be drawn?
9. Are the experimental costs justified by the results likely to be obtained?

F. J. Moody (GE), Source 7:
1. What measurements will be made?
2. Should the experiment be subdivided for separate effects?
3. Is this experiment representative of the real world?
4. If distortions exist, how will the needed information be affected?
5. What is the probability of success in obtaining needed information?
6. Can the results be upscaled to the real world?
7. Does the experimental scale introduce phony phenomena?
8. Is additional information needed to design the experiment?
9. Is this the smallest, least costly test that can be designed to obtain the needed information?

H. P. Nourbakhsh (BNL), Source 8:
1. (What is the) purpose of the test?
2. Have scaling analyses been conducted and important similarity criteria identified?
3. What is the rationale for choosing the test matrix?
4. What are the effects of scale distortions? Have these effects been quantified?
5. (What is the) data adcuracy?.
6. (Is the experiment) cost effective?

M. Pilch (SNL), Source 9:

1. What exploratory work has been done and what important processes have been identified?
2. Is the proposed test a SET or an IET?
3. What are the similarity groups and their NPP values?
4. Does the evaluation of similarity groups for the NPP reflect uncertainties in initial and boundary

conditions?
5. Have the assumptions involved in process ranking been critically examined?
6. What scale distortions are introduced by an inability to match all important similarity groups?

Are the scale distortions within the applicable parameter range of the models in the code?
7. What data are to be obtained in the test?
8. How accurate (or precise) will be the data?
9. Are redundant measurements incorporated for the most critical data?
10. If the data are to be used for code development, is the instrumentation capable of resolving

differences in candidate models?
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Table C.2 - Questions related the design of severe accident experiments. (Continued)

B R. Sehgal (EPRI), Source 10:
1. Can the test program resolve the safety issue by itself through the proposed measurements? Does it

need analytical extensions?

2. Are enough parameters being varied that adequate data bases, for model development and (later)

model validation will become available?

3. What particular phenomena will be addressed? Are these scale-dependent? If so, can similarity
relationships (scaling groups) be developed to : a) design separate effects, and b) provide the

test initial and boundary conditions?
4. Are there significant synergistic effects present to require integral lET? Can similarity

relations be developed for designing IET?

5. Can the initial conditions be scaled without introducing significan scale distortions?
6. If it is not possible to achieve proper scaling for the important phenomena, can the effect of

scale distortions on the data measured in small scale IET be quantified?

7. Can NPP prototypic materials be used in the lET facility? If not, are there serious compromises
made if nonprototypic materials are employed?

8. Is there sufficient instrumentation employed to delineate the processes? Has the facility and
instrumentation design received peer review?

9. What is the accuracy of the data? Are instrument time constants sufficiently smaller than the
process time constants?

10. Has pretest analysis been performed to determine approximate test behavior?

11. Is there sufficient funding available to pursue a coordinated and focused test program to resolve

the issue?

W. Wulff (BNL), Source 11:

1. Which are the similarity groups and their NPP values that must be covered by the design and

operating conditions? Which flow, heat transfer or reaction regimes need be covered?

2. Which scaling groups are not likely to be met and what is the uncertainty arising from the

associated scale distortion?

3. Which are the parameters and their range of values that must be measured?

4. Which scaling groups are to be used to reduce the data?

5. What will be the range of NPP conditions covered by the experiments?
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Table C.3 - Questions related to post test data analysis and use

8. Boyack (LANL). Source 1:
1. How will the data be used?

N. Ishii (PU), Source 5:
1. What are the final products from the experiments?
2. What kind of modeling efforts will follow once data are obtained?

J. R. Lehner (BNL). Source 6:
1. What is the intended primary end use of the experimental results?

F. J. Moody (GE), Source 7:
1. How will the information be used?

H. P. Nourbakhsh (BNL). Source 8ý
1. (What is the) intended use of the data?

B. R. Sehgal (EPRI), Source 10:
1. Have plans been implemented to perform post test analysis and model verification?

6. E. Wilson (INEL). Source 12:
1. How will the uncertainty in the measured data associated with key phenomena and parameters

(including those which are derived) be quantified and documented? Are these techniques
state-of-the art for data processing, including on-line or next day analysis?

2. Will statistical error propagation analysis be performed on the data?
3. How will the qualified data be stored and transmitted to future users?
4. What assurance is there that test operation overruns will not reduce data qualification?

5. Has the proposed data qualification, storage, transmission and schedule been peer reviewed by a
representative user group including model developers, assessors and appliers?
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APPENDIX D

A HIERARCHICAL, TWO-TIERED SCALING ANALYSIS

Prepared by

Novak Zuber (NRC)
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ABSTRACT

The objective of this report is to propose and develop a methodology for

dealing with complex, interacting physico-chemical processes via

experiments, computer codes and/or dynamic analyses. The methodology uses

concepts from the hierarchical theory developed for analyzing large, complex

systems.

The architecture for the hierarchical, two-tiered approach to scaling

proposed in this report, is based on a pair of time ratios, that is, on the

specific and characteristic time ratios. It is shown that such a pair is

generated for each transfer process. One ratio scales the effect of the

transfer on the transmitter, the other on the receiver.

It is shown that for each process that occurs between the constituents of

a system, the characteristic time ratio:

a) combines the temporal and spatial scales of the transfer process and of

the system, and

b) provides a quantitative measure for evaluating the effect of the

process on the system.

The characteristic time ratios and the hierarchical structure provide a

scaling methodology that is systematic and practical; auditable and

traceable; and applicable to experiments and to computer code simulation.

For experiments, the characteristic time ratios and the hierarchical

structure:

a) furnish similarity groups which should be preserved between a test

facility and a full scale prototype, and

b) establish priorities for preserving similarity groups.

For computer code simulations, the characteristic time ratio and

hierarchical structure:

a) identify and prioritize the physico-chemical processes which should be

modeled in the code, and

b) identify important parameters for code sensitivity calculations and for

code uncertainty quantification.

For dynamic analyses, the time scale modeling and the resulting

classification of processes in fast and slow aggregates provide the

framework for addressing questions concerned with bifurcation phenomena and

with system stability.
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For technical management', the hierarchical, two-tiered scaling (H2TS)
methodology generates quantitative results and provides a technically

justifiable rationale to:
a) establish priorities for experiments (test facility design and

operation) and for computer code development and validation,

b) obtain a proper balance between experimentation and computer code
development, validation and uncertainty quantification, and

c) establish a procedure for conducting efficient and comprehensive
technical reviews.

This report demonstrates that scaling is determined by the question to be
addressed, that is, by the details of .information one seeks. As information
details are reflected in hierarchical levels, scaling is determined by the
level of resolution, that is, by the hierarchical level at which the problem
is to be formulated.

The report demonstrates also that the number of constraints imposed by
scaling groups decreases with increasing hierarchical levels. However, this
gain in flexibility is being paid by a loss of information details which

decrease with increasing hierarchical levels.
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NOMENCLATURE

AF cross sectional area for flow

A1 2  transfer area between Constituents 1 and 2

cp specific heat at constant pressure

cv specific heat at constant volume

d drop diameter

D diameter

h heat transfer coefficient

j flux

LsI specific spatial scale defined by Eq. 0.3.1

L12  characteristic spatial scale defined by Eq. D.3.2

Q volumetric flow rate

r inner radius

R outer radius

T temperature

u internal energy

v velocity

V volume

Vgi drift velocity defined by Eq. D.7.35

Greek

Ivolumetric fraction

6 film thickness

p density

0generalized conserved property per unit volume

go power
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us 1

112

7.

"21

"'12

D12

0931

specific time ratio defined by Eq. D.4.1

characteristic time ratio defined by EQ. 0.4.2

residence time

specific frequency defined by Eq. D.3.17

characteristic frequency defined by Eq. D.3.19

dimensionless temperature defined by Eq. D.7.12

dimensionless temperature defined by Eq. 0.7.13

Subscripts

C

cv

d

f

g

1

0

p

rv

S

w

constituený

control volume

drop

film

geometry, or gas

liquid

mixture

initial value

phase

relative velocity

system

water
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D.1 INTRODUCTION

D.1.1 OBJECTIVES

Weinberg [1], in discussing the general systems theory, distinguished

three classes of systems (problems), that is, small-number simple systems

(problems of organized simplicity); middle-number systems (problems of

organized complexity); and large-number simple systems (problems of

disorganized complexity). The first class, characterized by a small number

of entities and processes, can be treated appropriately by differential

equations. The third class, characterized by a large number of entities and

simple interactions between them, is amenable to statistical approaches

where exact values are replaced by averages. However, there are systems

consisting of a) too few entities or parts to permit a statistical approach

and/or of b) too many entities with intractably complex interactions between

the entities to be amenable to experimentation and/or computer simulation.

These limitations are imposed by financial demands often not possible to

meet, and/or by technical'requirements that are beyond the present state of

the art. These systems belong to Weinberg's second class, that is, to the

middle-number systems.

It is of interest to note that at the present time, many problems of

greatest interest to various technologies are characterized by complex

interactions between various entities and constituents of a system.

Consequently, these problems can be considered as belonging to Weinberg's

middle-number class.

The objective of this report is to propose and develop a methodology for

dealing with these middle-number systems via experiments, computer code

simulation and/or dynamic analyses. The methodology uses concepts from the

hierarchical theory presented by Mesarovic et al. [2] and used in refs. 3

through 7 (albeit, in different conceptual frameworks) to analyze large

systems. The methodology incorporates, also, the concept of time-scale

modeling used in ref. 8, to analyze large power systems.
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The architecture for the hierarchical, two-tiered approach to scaling
proposed in this report, is based on characteristic time ratios. It is
shown that for each transfer process that occurs between the constituents of
a system, the characteristic time ratio:

a) combines the temporal and spatial scales of the transfer process and
of the system, ani

b) provides a quantitative measure for evaluating the effect of the
transfer process on the system.

For experiments, the characteristic time ratios and the hierarchical
structure:

a) furnish silmilarity groups which should be preserved between a test
facility and a full scale prototype, and

b) establish priorities for preserving similarity groups.

For computer code simulations, the characteristic time ratio and
hierarchical structure:

a) identify and prioritize the physico-chemical processes which should be
modeled in the code, and

b) identify important parameters for code sensitivity calculations and for
code uncertainty quantification.

For dynamic analyses, the time scale modeling and the resulting
classification of processes, in fast and slow aggregates, provide the
framework for addressing questions concerned with bifurcation phenomena and
with system stability.

For technical management, the hierarchical, two-tiered scaling (H2TS)
methodology generates quantitative results and provides a technically
justifiable rationale to:

a) establish priorities for experiments (test facility design and
operation) and for computer code development and validation,
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b) obtain a proper balance between experimentation and computer code

development, validation and uncertainty quantification, and

c) establish a procedure for conducting efficient and comprehensive

technical reviews.

D.1.2 NEEDS,

The needs for scaling methodology of complex interacting processes between

various constituents of a system, can be grouped in three categories: one

concerned with experiments, the second with computer code simulations, and

the third with technical management.

D.1.2.1 EXPERIMENTS. In many technologies full-scale test

facilities, needed to generate experimental data of interest, are

prohibitively expensive to construct and to operate. Consequently, most

experiments have been and are being performed in reduced-scale facilities.

The premise made in following this approach is that experimental data from

such facilities are applicable and relevant to a full-scale prototype. This

implies that test facilities as well as the initial boundary conditions of

the experiment, are properly scaled so that distortions (if and when

present) will not affect the evolution of physical processes that are being

investigated.

Generally, an exact similitude cannot be achieved; see Kline (ref. 9). In

such a circumstance the designer attempts to optimize the similitude for

processes of greatest interest. This may lead to distortions of other

processes of lesser importance. The success of this approach and of the

experimental program rests, therefore, on engineering judgment and

experience in identifying relevant processes and in selecting appropriate

criteria to scale them.

This approach has been proven very successful in the past when applied to

simple systems; however, it raises several questions when applied to a

system with a large number of complex interactions between many

constituents. For example, how are the important processes identified; what

is the rationale for selecting those that will be addressed experimentally;
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what are the effects of the other process; how are the tests to be
performed, with what initial and boundary conditions, etc. As these
questions are still open, they bring up the. need for a quantitative
methodology that will:

1. Provide a scaling rationale and similarity criteria

2. Provide the rational for prioritizing and selecting processes to be
addressed experimentally

3. Assure that important processes have been identified and properly
addressed

4. Provide specifications for test facility design and operation (test

matrix, test initial and boundary conditions)

5. Ensure the prototypicality of test data

6. Quantify biases due to scale distortions or due to nonprototypical
test conditions.

D.1.2.2 COMPUTER CODE SIMULATION. Needs related to computer code
simulation can be divided into two groups: one dealing with the code
scale-up capability, the other with sensitivity analyses and uncertainty
quantifications.

D.1.2.2.1 SCALE-UP CAPABILITY OF A COMPUTER CODE. The reliance on
computer codes to simulate the behavior of a large and complex system during

a postulated scenario is predicated on three factors. First, it is too
costly to subject the system to such an event. Second, very often one
cannot directly apply results from test facilities to the prototype system.
Third, some scenarios can only be performed and analyzed by computer code

simulation.

Implicit to applications of computer codes, to analyses of postulated
events in large systems, is the premise that these codes have the capability
to scale-up phenomena and processes from reduced-scale test facilities to
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prototype conditions. For reasons discussed below, this premise must be

evaluated on a case-by case basis, that is, for each postulated scenario or

for a set of scenarios.

It is often stated that computer codes used to simulate large systems are

"mechanistic," based on "first principles" and ipso facto, they have the

scale-up capability. However, as a matter of fact, this is not true for the

following three reasons.

First, because the conservation equations used in computer codes are space

averaged and depend on numerous empirical correlations, computer codes are

not based on "first principles." Since the capability of a code to model a

particular process or phenomenon is provided by particular closure

relations, the scale-up capability will depend on whether or not the

empirically determined closure relations have this capability. If test

facilities, that generated the data from which the closure relations are

formulated, are well-scaled, and the experiments are performed with

appropriately scaled initial and boundary conditions, then the empirical

closure relations and, therefore, a code can be used in analyses of a

full-scale system. Otherwise, limitations due to scale distortions must be

assessed before meaningful analyses can be performed.

Second, the discretizatlon schemes, used to nodalize a large system and

perform calculations provide computed values that are not local but averaged

over large volumes. Consequently, these averages are functions of node size

that may affect the evolution or the timing of a physical or chemical

process calculated by the code. Furthermore, as nodalization, used to model

a full-scale system and a small- or reduced-scale test facility, differ (the

latter have most often a much finer nodalization), the events calculated to

occur in the prototype may differ from those observed in test facility

simulations.. This problem becomes even more serious if a test facility has

scale distortions that could affect a particular process of interest.

Finally, because of "compensating errors" that may be present in a code,

there is no automatic assurance that a code has the capability to scale-up

processes, observed in a small test facility, to a full-scale system.

"Compensating errors" are generated most often during the code validation
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process. Since codes, used to simulate large systems with complex

interactions, have numerous parameters and coefficients (i.e., "dials"),

improved agreement with experimental data is often achieved by adjusting

some of these "dials." This "tuning" process of a code to a set of

experimental data can and has introduced "compensating errors." The effect

of such errors on the scale-up capability of a code becomes even more

difficult to assess if scale distortions are present in the test facility,

or if the initial and boundary conditions of an experiment are not properly

scaled.

It can be concluded from this discussion, that the ability to determine

whether or not a code has a scale-up capability depends on the availability

of a quantitative method to:

7. Identify processes important to the scenario which must be modeled

by the code

8. Ensure that empirical correlations used in the code to model these

important processes have the scale-up capability

9. Identify test data to be used for code validation and assure that

they have been obtained from well-scaled experiments

10. Assess the effect of inadequate scale-up capabilities of closure

relations (because of scale distortions and/or nonprototypical test

conditions) on calculated results.

D.1.2.2.2 CODE SENSITIVITY ANALYSES AND UNCERTAINTY

QUANTIFICATIONS. One salient feature, of computer codes designed to

simulate large systems with complex interactions between many constituents,

is the presence of numerous parameters and coefficients; some of which are

not firmly established. To perform sensitivity analyses, addressing each

parameter and/or coefficient, is not feasible because of the time and cost

that such an effort would require. Furthermore, in some technologies, it is

very important to quantify the uncertainty of the results calculated by a

computer code. This, too, would not be feasible if each parameter and/or

coefficient were to be considered. Consequently, there is a need for a
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quantitative methodology that would

11. Provide a technically justifiable rationale for identifying and

selecting the smallest necessary number of parameters and/or

coefficients that will be considered in sensitivity studies and in

quantifying the uncertainties of code calculations.

D.1.2.3 TECHNICAL MANAGEMENT. The efficiency and sufficiency

requirements, imposed on technical management confronting the resolution of

a complex problem, generate the need for:

12. A scaling methodology that is systematic and practical, auditable

and traceable, and applicable to experiments and computer code

simulation

13. A methodology that generates quantitative results to be used in

setting up priorities for

a) test facility design and operation, and

b) computer code development, validation, sensitivity analyses,

and uncertainty quantifications.

14. A methodology that provides a procedure for conducting comprehensive

reviews of

a) test facility design, test matrix and results, and

b) computer code development and validation.

15. A methodology that can provide the proper balance between

experiments and computer code development and validation.

The methodology, proposed and developed in this report, addresses the

fifteen needs listed above.
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D.1.3 OVERVIEW AND RATIONALE OF THE METHODOLOGY

To guide the reader through the development of the scaling methodology, we

start with an overview and discuss the rationale for the steps and elements.

Fig. D.1.1 shows the flow diagram with the four elements of the

methodology which is based on a hierarchical two-tiered scaling (H2TS)

approach. As the systems of interest are characterized by complex

physicochemical interactions between many constituents, a hierarchical

approach is needed to make the problem tractable. Section D.2 summarizes

the characteristic features of the problem and of hierarchies that are

pertinent to the problem under consideration.

The hierarchical architecture, for addressing large systems with complex

interactions, is presented in Section D.3. The physical decomposition of

the system is carried out in the first element of the methodology, the

decomposition paradigm is discussed in Section D.3.1. To perform the

scaling analysis, three classes of scales (measures) need to be identified.

One class deals with the amounts of constituents present in the system; the

other two are concerned with the spatial and temporal characteristics of the

system and of various transfer processes. Hierarchies for the three classes

are established in the second element of the methodology; they are discussed

in Sections D.3.2, D.3.3, and D.3.4. There it is shown that, for each

constituent, there is a spatial and temporal scale that relates the

constituent to the system. Whereas, there are two spatial scales and two

temporal scales associated with each transfer process.

The characteristic time ratios, that form the basis for the proposed

methodology, are discussed in Section D.4. These ratios, that combine the

system and process points of view for each transfer process, provide a

quantitative measure to evaluate the relevance of a process. It is shown

that for each transfer process, the characteristic time ratio incorporates

the effects of the three scales i.e., of the amount of material present in

the system, of geometry, and of time. It is shown, also, that two

characteristic time ratios, having simple and appealing physical
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interpretations, are associated with each transfer area. They quantify the

effect of the transfer process on the two media separated by the transfer

area.

The characteristic time ratios are used in Section D.5 to quantify the

effects of scale distortion and/or of nonprototypical test conditions.

Section D.6 deals with the hierarchical, two-tiered scaling (H2TS)

analysis carried out in the third and fourth element of the methodology.

The top-down or system approach is used to derive scaling groups that are

expressed in terms of characteristic time ratios and used to establish a

scaling hierarchy. The latter identifies important processes and sets up

priorities for experiments and for computer code simulations. The second

tier of the proposed methodology (i.e., the bottom-up or process approach)

focuses on the important processes. Conducting a detailed analysis assures

that these processes are fully addressed and, thereby, ensures the

prototypicality of the test data.

The functions of the two tiers are illustrated in fig. D.1.2. At the top

tier, the methodology considers the complex interactions between the

constituents and their synergetic effects on the system. At the bottom

tier, it focuses on important processes and provides an analysis of their

mechanisms. The results are then synthesized to determine the significance

of these processes on the system. The proposed methodology combines,

therefore, some features of the holistic approach that considers the working

of the whole with those of the reductionist approach that focuses on the

workings of isolated parts.

The top-down/system approach provides the efficiency; whereas, the

bottom-up/process approach furnishes the sufficiency of the scaling

methodology. Together, the two approaches provide a methodology that is

practical and that yields technically justifiable results.

In Section D.7, the concepts and methodology are illustrated through an

application to a scaling analysis of a system consisting of two constituents
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and three phases. The analysis is performed at three hierarchical levels

for two reasons. One is to show that, for a given constituent at a given

hierarchical level, the three balance equations (for mass, energy, and

momentum) have the same characteristic response time. However, at the same

level, different constituents may have very different responses. The second

is to show the homogenization of different response times at a higher level

(i.e., to show how the different time constants from one hierarchical

level are combined to determine the characteristic response time of the

balance equations at a higher level).

In Section D.8 the same system of two constituents and three phases is

used to decompose the system in fast and slow aggregates that provide the

framework for dynamic and stability analyses.

Section D.9 discusses the benefits of applying the proposed methodology to

computer code sensitivity studies and to code uncertainty quantifications.

As the scaling hierarchy provides a quantitative method for identifying

important processes, it furnishes also a technically justifiable rationale

for neglecting processes of lesser importance. This reduces, greatly, the

number of processes that should be considered in code sensitivity and

uncertainty studies. Furthermore, for each transfer process, the

characteristic time ratio combines all parameters relevant to that process.

Consequently, instead of varying each parameter separately, the variation of

one parameter only (i.e., of the characteristic time ratio) will suffice.

This again reduces, considerably, the number of calculations that have to be

performed.

Section D.10 discusses the results and summarizes the attributes of the

H2TS methodology.

D.2 A HIERARCHICAL POINT OF VIEW

D.2.1 CHARACTERISTIC FEATURES OF THE PROBLEM

Scenarios of interest to this report are characterized by transient
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processes associated with interacting, and reacting media, consisting of many

constituents of different phases exchanging mass, momentum, and energy. The

amount and compositions of the interacting constituents vary from one

scenario to another.

To address the problem we note first that, although the various

interactions between the constituents appear to be complex and rather

chaotic, nevertheless, there are three parameters that characterize each

constituent and process.

One parameter is the mass of a constituent present in the system or

control volume. As we are dealing with a mixture of constituents and of

phases, we can express this parameter as a concentration of either mass or

of volume. For reasons that will become evident in Section D.3, volume

fraction is preferable as it leads to the definition of spatial scale.

As each transfer process occurs across a transfer area and proceeds at a

given rate, the other two parameters are the spatial and temporal scales of

the process. Furthermore, each component of the system has its own

characteristic response time and geometry. Therefore, the problem under

consideration is one of multiple concentrations, spatial and temporal

scales.

To analyze such a problem, one could adopt a reductionist point of view,

that is, to analyze in detail each process separately. However, in view of

the complex physicochemical interactions and the associated synergetic

effects, such an approach may not lead to an efficient resolution of the

problem, or any resolution at all.

The synergetic effects necessitate global considerations. This

requirement, together with the existence of multiple scales that

characterize each process, suggest a hierarchical approach to the problem to

make it tractable. In following such an approach, the goal is to establish

an organization (an order) among the complex interactions. This will be

done in Sections D.3.1 through D.3.4. However, we shall first discuss

modeling methods and summarize the important characteristics of hierarchies.
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D.2.2 Top-DowN VERSUS BOTTOM-UP MODELING

It was noted in ref. 10, that ".the most crucial step in the model-building

process is the selection of a structure for the model of a system under

consideration".

In general, two very different structures have been used for

model-building. One is based on the holistic approach (also known as the

inductive, or top-down, or system, or discovery method); whereas the other

is based on the reductionist approach (also known as the deductive, or

bottom-up, or process, or postulational method).

In the holistic approach one considers the behavior of the whole; whereas

in the reductionist approach one focuses on the behavior of isolated parts.

Advantages and disadvantages of each method were and continue to be,

topics of spirited discussions and of strongly held opinions as evidenced by

refs. 10 through 18, among others.

In what follows we shall list some of the attributes of each approach;

these attributes will provide the basis and the rationale for the proposed

two-tiered scaling methodology.

1. Holism places an emphasis upon the behavior of the whole structure

and from that behavior seeks to identify the questions to be asked,

the phenomenon to be explained. In analyzing the behavior of the

whole, holism attempts to find the simplest explanation, the casual

relationship between the smallest number of explanatory

principles [11].

2. In the holistic science concept there is an attempt to capture

complex consequences of simultaneous communications (interactions) at

different spatio-temporal scales [11].

3. The discovery (holistic) approach is data-driven. That is, models

are derived by processes that discover patterns in data and utilize

them for making inductive inferences [14].

4. In inductive modeling, background knowledge and various pragmatic

considerations are employed for restricting a class of possible
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models, whS"B empirical evidence is utilized inductively for

determining a particular model or possibly, a set of admissible

models from the delimited class [14].

5. Holism has two strengths. First, so long as the data are sufficient

to make a match, holism will find the minimum model, the simplest

explanation. Second, holism readily finds interesting things to

explain and tends no to go down blatantly wrong paths for long [11].

6. The main shortcoming (weakness) of holism, that is, of inductive

modeling is the limited predictive capability of its models. The

issue is not the agreement with empirical evidence (as the models

were derived from the data), but rather the issue is in justifying

the induction, in applying the models to conditions not covered by

the data, and in drawing inferences when such extrapolations are made

[14, 16].

7. Reductionism focuses on isolating interactions (in pairs) so that

through such simplification the behavior of the whole system can be

deduced, that is, expressed as the sum of the described

interactions [11].

8. The reductionist (deductive) approach is dominated by the ideal of

explaining a system (or phenomenon) in terms of the behavior of its

smallest component. Specifically, the system is first reduced to its
smallest structure whose behavior is then analyzed in some detail.

Once a casual relation (cause and effect) is discovered, that is,

once a mechanism is perceived for the behavior of the isolated part,

it is used to deduce the behavior of the whole system (11, 12, 17].

9. In reductionism the level of resolution is arbitrarily set so as to

map easily onto a perceived (often preconceived) casual relation.

Each scale is considered one at a time in a casual chain [11].
10. The strength of the reductionist (deductive) approach is in the

predictive capability of its models. Thus, given a particular set of

premises together with the initial and boundary conditions of the

system, the deductive model provides specific predictions and

conclusions regarding the state of the system (14, 16].

11. The success of mechanistic models based on the reductionist approach,

has been so great in physical sciences and technology, that there is

every temptation to reify mechanism and to assert that mechanism, as
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a modeling strategy, works because the world, in an ontological

sense, mechanistic [11].

12. Mechanistic, physical models based on the reductionist approach are

most powerful when the parts of a system are connected in a simple

fashion, that is, in absence of complex interactions and of

synergetic effects [11, 16].

13. Reductionism is susceptible to two types of practical errors. First,

it may miss completely phenomena which are more worthy of attention.

Second, it may ianore phenomena that have simple explanation:

a) because they cannot be distinguished from others in early

stages of investigation, or

b) because they result from synergetic effects [11].

In spite of the undeniable success and great value of reductionism, great

reservations have been expressed in the literature when it is applied to

complex systems [11 through 18, among others].

For example, it is noted in refs. 11 and 12, that reductionism is based on

two far reaching assumptions:

1. each system can be studied in isolation, and

2. any property of the system can be reconstructed from the properties

of the isolated gubsystems.

These assumptions hold for a broad class of physical (simple-number) systems

with a small number of weakly connected subsystems. However, it is not

clear that such assumptiops can be applied to complex (middle-number)

systems because complex phenomena are much more than the simple sum of the

properties of isolated casual chains, or the sum of the properties of their

components takeh separately [17]. Complex systems must be explained not

only in terms of their components, but also with regard to the entire set of

relations and interactions between the components [17]. Consequently, for

complex system modeling, one needs a "function preserving" reductionism that

is compatible with original system dynamics [12, 15].

According to ref. 12, the real problem in applying reductionism to complex

systems is not that reductionism advocates analysis into simpler subsystems

which is necessary to arrive at mechanistic explanations. The problem is
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that reductionism advocates, in advance, one set of subsystems, which it

posits to be the only admissible set of components. Similarly, it is
stressed in ref. 10, that in modeling a system, it is poor strategy to start

with a detailed mathematical model before the major hypotheses are tested

and a better understanding of the system is developed. Especially when the
system consists of a family of interrelated subsystems, it is more efficient

first to delineate the subsystems and to identify the major interfaces and

interactions before proceeding with a more detailed modeling of the
mechanisms of how various subsystems function.

For modeling complex systems many authors noted in ref. 18 that the
hierarchical theory offers the most promising approach. For example,

Mesarovic and Macko [19] suggested that the hierarchical theory resolves the
dilemma inherent in the study of complex systems, between simplifying
details (a characteristic of reductionism) and accounting for the behavior
of the entire system (a characteristic of holism).

According to ref. 10, the strength of the hierarchical theory is in its

flexibility and efficacy. The authors note that the complexity in the
description of a system with a large number of variables, might be due to:

a) the way in which the variables and the relationship between them are

described, or
b) the number of details taken into account, even though they are not

necessarily germane to the main purpose of the study.
In such case the hierarchical theory which is less structured and which

concentrates only on the key factors, can make the analysis more efficient,
or even make it possible at all.

A two-tiered approach to modeling complex systems, that is, ecosystems,

was suggested by Allen and Starr [11]. One tier is based on the top-down
(holistic) approach to generate a hierarchical structure. The other tier is

based on the bottom-up (reductionist) approach to address those ecosystem
phenomena which can be readily described as mechanisms.

In view of the discussion above, we shall adopt the hierarchical and

two-tiered modeling concepts, and apply them to the problem at hand, that
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is, to the scaling of complex systems. This will provide a methodology that

incorporates the positive characteristics of holism and of reductionism

while minimizing their shortcomings. The attributes of each tier are

summarized In fig. D.I.2.

D.2.3 CHARACTERISTIC FEATURES OF HIERARCHIES

The theory of hierarchical systems was developed in the 1970s [1-8] to

analyze large complex systems. As noted in ref. 20, "One of the most

fundamental and efficient ways of conceptualizing complex systems is to

organize them hierarchically.... It has repeatedly been observed that

virtually all complex systems that we recognize in the real world (i.e.,

model of the real world) have the tendency to organize hierarchically."

Refs. 1 through 8, and 10 through 12 present the theory of hierarchically

organized systems together with many applications and stimulating

discussions. In what follows, we shall only summarize the characteristic

features of hierarchies that are pertinent to the problem under

consideration:

1. A middle-number system is characterized by complex interactions and

transfer processes between many constituents. These processes evolve

at different rates and have different spatial scales.

2. Central to analyses of large, complex systems is the concept that a

hierarchy (i.e., order and organization) can be established from the

differences in temporal and spatial scales.

3. A hierarchical architecture of the system is generally accompanied

with a spatial, temporal,.and energetic hierarchy.

4. Processes can be grouped Into classes (strata) with similar rates.

If classes are sufficiently distinct, they can be decoupled one from

another, resulting in a hierarchical organization and dealt with as a

small-number system.
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5. The constraints imposed by difference in rates is sufficient to

decompose large systems into organizational levels and into discrete

components at each level.

6. Two hierarchical l~vels can be specified if, and only if, the ratio

of time constants characterizing the two levels is large.

7. Processes corresponding to higher levels occur at slow rates.

Conversely, lower organizational levels exhibit rapid rates.

8. High frequency processes are confined to lower hierarchical levels;

the high frequency response of the lower levels are filtered out;

only the average or the integrated response is transmitted to higher

levels.

9. Larger characteristic spatial scales are associated with

characteristic longer temporal scales.

10. Levels of hierarchy are isolated from each other because they operate

at distinctly different rates. For example, a process at a lower

hierarchical level may not last long enough to exert a significant

effect on a higher level. The overall system is nearly "decomposed"

because each level can be segregated on the basis of response time.

11. The relative disconnectedness (because of the differences in transfer

rates) provides the organizing principle for middle-number systems.

By focusing on transfer rates one can decompose and organize a

middle-number system in a hierarchical structure that reflects the

strength of interactions between various components and

constituents. Some components will interact strongly, others

weakly. This decomposition and the resulting hierarchy provide the

format for abstracting a small-number system from a middle-number

system.
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Therefore, the key to studying large complex systems is, to make

explicit, the rate-dependent organization.

12. The significance of a process (i.e., its effect on the system) is

evaluated at a high hierarchical level. The detailed mechanism of

that process is analyzed at a lower level.

13. Each lower level addresses more specific questions and provides,

therefore, more detailed information.

To apply these concepts and ideas to scaling, we need to establish a

system hierarchy and develop hierarchies for volume fractions, and for the

spatial and temporal scales. This will be done in the section that follows.

D.3 HIERARCHICAL ARCHITECTURE

D.3.1 SYSTEM DECOMPOSITION

To establish a hierarchical architecture for the system, we proceed with a

physically based decomposition described by a basic paradigm illustrated in

fig. 0.3.1; that is,

" Each system can be divided into (interacting) subsystems.

" Each subsystem can be divided into (interacting) modules.

* Each module can be divided into (interacting) constituents

(materials).

* Each constituent can be divided into (interacting) phases.

" Each phase can be characterized by one or more geometrical

configurations.

" Each geometrical configuration can be described by three field

equations, that is, by conservation equations for mass, energy, and

momentum.
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Figure D.3.1. Decomposition paradigm and hierarchy.
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a Each field can be characterized by several processes.

The need for such a decomposition is because the importance of a transfer

process is determined by the rate of transfer (temporal scale), as well as

by the available transfer area (spatial scale). The latter depends on the

amount and on the geometry that characterizes the presence of a given

interacting constituent and/or phase.

For example, one fraction of a constituent can be in solid form, the other

can be melted in the forms of pools, films, and/or droplets; each of which

has a different transfer area (i.e., a different spatial scale that must be

considered).

Four observations should be made with respect to the architecture shown in

fig. D.3.1; that is,

1. Each higher level is more complex than a lower level because the

levels are cumulative upwards.

2. Hierarchical levels reflect the question and the details that are

being addressed.

3. One looks at higher levels for synergism and significance; at a lower

level one looks for details and mechanisms.

4. From a hierarchical perspective, the definition of the system depends

on the "window" through which one views the world, that is, the

problem. Consequently, a control volume (the "window") can be placed

at any hierarchical level, depending on the problem and questions

under consideration.

It was noted in the preceding section that three measures can be used to

characterize transfer processes associated with interacting media. The

volumetric fraction a, accounts for the volume occupied by a given

constituent or phase. The spatial scale L accounts for the transfer area of

a particular process; whereas, the temporal scale T accounts for its
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rate. The architecture shown in fig. D.3.1, can be used to establish

hierarchies for these three measures. This is illustrated in fig. D.3.2.

At the lowest level, a specific transfer process, from a specific

geometry, can be characterized by two scales only: one for space, the other

for time. At each higher level with the addition of complexity because of

the presence of other constituents (phases and/or geometries), the third

measure (i.e., the volumetric fraction) must be taken into account.

The hierarchy shown in fig. D.3.2 illustrates several important features

of the problem, that is,

1. The hierarchical structure belongs to the class of nested or imbedded

hierarchies.

2. Each hierarchical level is characterized by three basic measures (mass

or volume, length, and time) that vary from level to level.

3. Complex interactions and transfer processes must be addressed

(measured and explained) at the relevant spatlo-temporal scale.

Designating such a scale defines the hierarchical. level and vice

versa.

4. Larger spatial scales and longer response times are associated with

higher levels. Conversely, lower levels are characterized by shorter

spatial and temporal scales.

5. A lower level in the hierarchy communicates only its average to the

higher level (less detailed information is needed at higher levels).

6. At each level of the hierarchy the function of each element can be

scaled, analyzed and assessed.

It can be seen from these comments and observations that the architecture

shown in figs. D.3 and D.4, conforms with the general postulates and

concepts of the hierarchical theory summarized in the preceding section.
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However, this intuitive architecture and its qualitative features must be

transformed into a mathematical procedure to provide quantitative results.

To this end, in the three sections that follow, we shall a) derive the

scales for the three measures (volumetric fraction, space, and time)

appropriate for a given level, and b) show how the outputs from a lower

level are averaged to provide the three scales for a higher level.

D.3.2 HIERARCHY FOR VOLUME FRACTIONS

The initial amount of a given constituent and/or mass very often

determines the path a scenario will follow. Consequently, it becomes

necessary to provide for each constituent and phase, a measure that

characterizes their presence in the system. For interacting aggregates of

various constituents and of phases, such a measure is provided by

concentrations that can be expressed either in terms of mass or volume. For

reasons discussed in more detail in the section that follows, the volumetric

concentration (fraction) a, appears to be more useful as it can be used

to determine, also, the spatial scale.

To establish a hierarchical tree for volume fraction a, we use the

architecture shown in fig. D.3.3
I

Consider a system with volume Vs occupied by several interacting

constituents. The volume Vc, occupied by a particular constituent C, is a

fraction ac of the system volume Vs (see fig. D.3.3).

The composition of this particular consti'tuent can be either single-phase

or two-phase. In the latter case, consider the volume Vcp, occupied by

phase P, it is a fraction acp, of the volume Vc, occupied by

constituent C (see fig. D.3.3).

A solid or liquid phase, if present; can have different geometrical

shapes. For example, a liquid can be in the form of pools, films, and

drops. Each geometrical shape has its own characteristic transfer area that

must be accounted for. Therefore, let Vcpg be the volume occupied by a

particular geometry G, of phase P, of constituent C. This volume qccupies a
I
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Figure D.3.3. Hierarchy for volume fraction of geometric configuration G in
system volume Vs.

fraction acpg, of the volume Vcp, occupied by phase P, of
constituent C (see fig. D.3.3).

This last step establishes the hierarchical tree for evaluating the
volumetric concentration of a specific geometry. To determine its effect on

the system we synthesize the results by proceeding up the hierarchical
levels. It can be seen in fig. 0.3.3, that the volumetric concentration of
a specific geometry is a product of three concentrations (i.e., fractions),
each of which has a valde less than or equal to unity. Thus, the effect of
the presence of a specific geometrical configuration, decreases at each
higher level. This observation is in agreement with the general
characteristics of hierarchies noted in Section D.2.
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D.3.3 HIERARCHY FOR SPATIAL SCALE

We proceed to evaluate the characteristic spatial scale for a transfer

process and to establish its hierarchical tree.

In discussing the effect of scale in ecological hierarchies, the authors

of ref. 11, made three interesting observations:

1. The scale of a structure can be defined by the time and space

constants whereby Ai receives and transmits information. That

information may be carried as energy, matter, etc.

2. A scale is a period of time or portion of space over which signals are

integrated to give a message.

3. Three scales can be associated with each signal (information in

transit), one is associated with the transmitter, the second with the

receiver, and the third with the level of observation.

These three observations are also valid for the problem at hand. To show

this we note that a transfer process to or from a volume occurs across a

specific area. A signal transferred across an area is being felt

(integrated) within the volume. As the volume is a measure of the

capacitance and the transfer area is a measure for the intensity of the

process, the spatial scale that characterizes a transfer process to or from

a specific geometry, is the transfer area concentration (i.e., the transfer

area to volume ratib).

For example, for a fluid flowing through a circular pipe with an inner

diameter D, and length L, the area concentration for heat transfer is 4/D;

whereas, the area concentration for flow is I/L. For a sphere of diameter

d, the transfer area concentration is 6/d. For a film of thickness 6,

the transfer area concentration is 1/6, etc.

Note, however, there are two media, in two volumes, associated with each

transfer process across a transfer area. Consequently, there are two
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transfer area concentrations; that is, there are two spatial scales

associated with each transfer area: one that characterizes the transmitter

and the other the receiver.

To illustrate this important feature consider a system volume Vs)

occupied by two'constituents with volumes V1 and V2 , and volumetric

fractions a, and &2 (see fig. D.3.4). Assume, also, that the

geometrical configuration of V2 is specified (say, by a population of

spheres, or of ellipsoids, or rods, or pools, or films, etc.) and that the

transfer process between V1 and V2 occurs across an area A1 2 (across a

stationary area: A21 - A12 ). Note that this area need not be the

entire envelope of V2 .

The area concentration for volume V is then

A2 1  I (D.3.1)

V2  2~1

where the first digit in' the subscript denotes the volume that is being

considered; and the superscript s, stands for "specific" because this

spatial scale is specified by the geometrical configuration (e.g., 6/d for

spheres, 1/6 for films).

The area concentration for volume V1 , can be expressed in terms of

Eq. (D.3.1), by means of volumetric fractions; thus,

A 1 1"2. ]--- 1-- a (D.3.2)
V1  L12  L2 a 1

It can be seen that unless the two volumes are equal, two spatial scales

are associated with a transfer process (signal) across a given transfer

area. In other words, the effects of a transfer process on the transmitter

will be different from those on the receiver, because the signal is being

integrated over different volumes. One of the two scales (i.e., the

specific spatial scale) is a function of geometry only; whereas, the other

depends, also, on the ratio of the two volumes. Note, that for a given
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transfer process, the spatial scale it specified by the characteristic

length along the normal to the transfer area.

The spatial scales discussed above were derived by considering each

constituent separately, that is, by focusing on the hierarchical level for

constituents. When we raise the observations to the system level, we change

the spatial scale because the system includes two constituents (an imbedded

or nested hierarchy), that is, the control volume (the "window") consists of

two volumes. Therefore, for the system, the area concentration is given by

A12  = 1 - . ý2 . "I (D.3.3)

Vs Ls 21 112

which can be expressed, also, as

1 1
- - J+ (D.3.4)

or as

Ls = LI S+ 12 . (D.3.5)

It can be seen from Eqs. (D.3.3) or (D.3.5), that for the hierarchical

architecture shown in fig. D.4, a higher level has a larger spatial scale

than a lower one. This conforms with the general characteristics of

hierarchies noted in Section D.2.

To extend this approach to the entire hierarchical structure, consider a

system consisting of several constituents one of which is water occupying a

volumetric fraction ew,of the system volume Vs. Assume that two

phases of water are present: gas and liquid; the latter occupies a

volumetric fraction aw,L, of the water volume Vw. Assume, also,

that the liquid is present in the form of films and drops, occupying

fractions aw,L,F and ew,L,D of the liquid volume Vw,L. By

applying the procedure discussed above to each level, we obtain the area
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concentration hierarchy (shown in fig. 0.3.5) for transfer processes between

liquid and gas.

It is of interest to note here that the transfer area concentration is

similar to a wave number (number of waves per length). It provides the

spatial measure for the intensity of a process. Conversely, its inverse

(i.e., the spatial scale) is similar to a wave length.

The hierarchy in fig. D.3.5 provides the quantitative results that

support the qualitative discussion of Section D.3.1. Specifically, it shows

that:

1. Each geometrical configuration has its own specific spatial scale.

2. A spatial scale is associated with each level and vice versa.

3. Spatial scales (wave lengths) vary from one level to another,

increasing with each higher level.

4. Lower levels provide spatial scales to higher levels after being

homogenized (averaged) by means of volumetric fractions.

5. The intensity of a process (the wave number) decreases with each

increasing level (as the signal is being integrated over larger

volumes).

D.3.4 HIERARCHY FOR, TEMPORAL SCALES
II

We shall establish the hierarchy for temporal scales by considering the

time period over which the signal is being integrated. However, in open

systems there are two classes of temporal scales: one is associated with

the system response, the other with transfer processes. Consequently, we

shall consider each class separately.
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D.3.4.1 SYSTEM RESPONSE: RESIDENCE TIMES. To illustrate the

approach, consider again a system consisting of two constituents occupying

the two volumes VI and V2 , with volumetric fractions a, and a 2 .

Let Q, and Q2 denote the volumetric flow rates of the constituents.

If we set our observations at the hierarchical level for constituents, we

consider each constituent separately. Then, the residence time for the

first constituent moving through volume V1, at a rate of Q1, is

1 ,=V (D.3.6)Q]

Similarly, the residence time for the second constituent is

7 2 = V2 (0.3.7)Q2

However, if we set our observations at the system level, we consider the

constituents together. Then, the residence time of the aggregate moving

through the system volume Vs is

Vs

7s =, (D.3.8)
Q1 + Q2

which can be expressed, also, as

I1 + c2 (D.3.9)
Ts IT1 2

or as

is W 71 + 72 (D.3.10)ql q2 Ql + Q2
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Generalizing to "i" constituents, Eqs. (D.3.9) and (D.3.10), become

1 • (D.3.11)
7 .T.

and

Qt Ti
7s Q1 (D.3.12)

Note, that instead of the definitions given by Eqs. (D.3.6) and (D.3.7), a

pair of residence times could have been defined as the time it would take

each constituent to transit the system volume Vs; that is,

Vs 7 , (D.3.13)I's Q , a,

and

Vs 72 (0.3.14)

'2,s Q2  a 2

However, it is the aggregate that occupies the system volume Vs and not

each constituent separately. Consequently, the residence time for the

aggregate is given by Eq. (D.3.8). It is shown in Section D.7, that this

is, indeed, the response time of the system. By means of Eqs. (D.3.9),

(D.13), and (D.14), the resident time Ts, of the aggregate, can be

expressed, also, as

I7 .s 72.s (D.3.15)

71,s + 7 2,s

which is the harmonic mean of and T),s and T2 ,s"
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It follows, therefore, that the residence time, of an aggregate at any

hierarchical level, can be evaluated by dividing the volume occupied by the

aggregate with the throughput of the aggregate. The results are shown in

fig. D.3.6.

D.3.4.2 TRANSFER PROCESS TIMES. We shall show now that two temporal

scales are associated with each transfer process.

A transfer process is characterized by a rate and by a transfer area. The

property being transferred can be mass, momentum, energy, etc. To obtain a

generalized expression for temporal scales associated with such a transfer,

let 0 be a property per unit volume; that is,

- p, pV, Pu , (D.3.16)

where p is the density, and pu and pu are the momentum and energy per

unit volume. Consider again, the system with two constituents occupying

volumes V1 and V2 and having properties 01 and 02, respectively (see

fig. D.3.7). Then 02 V2 is the total amount (i.e., a measure) of the

property 0 contained in V2 ; similarly 01 V1 , is the total amount of 0

in VI. Let J12 be the flux of 0 (energy flux, if 0 is energy per unit

volume) to or from V2 across transfer area A2 1 . Then j 1 2 A1 2 is the total

transfer rate of 0 due to the flux j 1 2 "

This transfer rate (signal) will have different effects on the two

constituents because the transmitter and the receiver occupy different

volumes and have different physical properties. To quantify these two

effects we form, for each constituent, the ratio of transfer rate to

property content (i.e., the ratio of transfer intensity to storage

capacity).
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Figure D.3.6. Residence time hierarchy.
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The effect, of the transfer process of the constituent occupying volume

V2, is then specified by

:21 A21 . _2 I. (D.3.17)
Ls22

02 V2  02 21

where we have used the definition of the specific spatial scale L21 (from

Eq. 3.3.1). Eq. (D.3.17) defines the specific freauency ws (specific

to the transfer process and geometric configuration). It can be interpreted

as the number of times per second the (reference or original) amount of the

property 02, contained in volume V2 , is being changed due to the

transfer process J 2 1A21 .

Similarly the effect of the transfer process J12 A12 , on the

constituent occupying volume V1, is specified by the ratio

j12J J2..Lk12 1-, 1 (D.3.18)
01 V, 01 L12

that can be expressed in terms of the specific frequency by means of

Eqs. (D.3.2) and (D.3.17); thus,

W'1 WS M 0~2 V2 Ws (D.3.19)

12 w 0 1  21 i01 V, "21

We shall refer to 012 as the characteristic frequency because it is

characterized by both constituents.

Consequently there are two temporal scales (the specific frequency and the

characteristic frequency) associated with each transfer process. For a

conserved property 0 (mass, momentum or energy), these two frequencies

specify the percent rate of chanQe of 0, in the two media brought about

by the transfer process.

To illustrate the important features of these two scales, consider heat

transfer to a fluid from a population of spheres of diameter d. The
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specific frequency is then given by

s h2 1  6 (D.3.20)

21 C2 P2 d

where h2 1 is the heat transfer coefficient, C2 and P2 are the

specific heat and density of the spheres. Whereas, the characteristic

'frequency is given by

, AT2 C P s (D.3.21)

12 ATI C1 P1 "1 (321

Note that the heat transfer coefficient h2 1 , in Eq. (D.3.20), depends on

the mode of heat transfer, whether it is by natural convection, forced

convection, radiation, etc. Consequently, the specific frequency combines

the effects of geometrical configuration (specific spatial scale) with the

effects of the transfer rate (temporal effects). Thus one measure, that

combines the effects of two, characterizes completely the transfer process

to or from the specified volume.

To assess the effects of the heat transfer process on the fluid, we use

the characteristic frequency Eq. (D.3.21), where the energy content ratio

provides the scale (i.e., the relation between the two frequencies). Thus,

the characteristic frequency can be larger or smaller than the specific

frequency depending on whether or not the energy content ratio is larger or

smaller than unity.

It is of interest to note here, that the ratio h/Cp, which has

dimensions of velocity, was the cornerstone in Spaulding's analysis of mass

transfer processes [21]. Eq. (D.3.20) shows that the specific frequency

combines this measure of the rate process with that of the geometry, to

provide a sijgle criterion.

By applying these considerations to each level of fig. D.3.3, one can

generate the hierarchical architecture shown in fig. D.3.8.
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Figure D.3.8. Process time hierarchy.
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The hierarchy in fig. D.3.8 shows that the effect of the specific

frequency decreases with increasing levels. As in the hierarchical theory,

the signal from lower levels becomes diluted (through the volume fraction

averaging process) transmitting less information to higher levels. This can

be seen by considering the ratio jij Ac,p,g /*c,p' which has dimensions

of volumetric flow rate. The effect of this source is largest at the lowest

levels; it becomes weaker as the levels increase because it is integrated

over larger volumes.

D.4 SPECIFIC AND CHARACTERISTIC TIME RATIOS

In the preceding section we have developed hierarchical trees for the

three measures (of mass or volume, of length, and of rate/time) that

characterize a transfer process. In this section we shall synthesize these

results to generate dimensionless groups that scale the transfer process.

There are several methods for establishing dimensionless groups (see, for

example, refs. 9, 22, and 23). In what follows we shall establish these

groups in' terms of time ratios, a concept used previously in refs. 24 and

25, among others.

There are two reasons for selecting time ratios as scaling groups. One,

noted already in refs. 24 and 25, is the ability to evaluate all transfer

processes (of mass, momentum, and energy) in terms of one parameter

(measure) only (i.e., in terms of time). The second reason is the ability

to decouple processes and establish, thereby, a scaling hierarchy.

Specifically, as transfer processes proceed at some characteristic rates,

they can operate at different time scales. Differences in time scales lead

to and indicate weak connections (i.e., poor interactions between some

processes). Consequently, some processes can be decoupled. Criteria for

evaluating the strength of these interactions, that is for evaluating the

degree of coupling, are provided by the time ratios.
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The derivation of characteristic time ratios presented in this section is

based on physical arguments in order to illustrate the role and origin of

each parameter as well as to provide a physical interpretation of these

ratios. It is shown in Section D.6 that these characteristic time ratios

can be derived directly from the general balance equation for a control

volume.

Consider again the system of two constituents occupying volumes V, and

V2 , and moving at volumetric flow rates Q, and Q2 (see fig. 0.4.1).
As the transfer process J12 A12 has different effects on the two

constituents, we have to address each constituent separately.

We start with the constituent occupying volume V2 ; its residence time

in V2 is 72 [given by Eq. (D.3.7)], and the specific frequency W 1

[given by Eq. (0.3.17)] specifies how many times per second the property

02, contained in V2 , is being changed because of the transfer

process J21 A121. Consequently, the product,

]21 = 5js (0.4.1)
'2172

represents the total change of the reference amount (02 V2 ) during

the residence time T2 , brought about by J 2 1 A2 1. We shall refer

to Eq. (D.4.1) as the specific time ratio, because it scales the effect of a

transfer process on the constituent in the specified volume.

Similarly for the constituent occupying volume V1 , the characteristic

frequency W12 [given by Eqs. (D.3.18) or (D.3.19)] specifies how many

times per second the property 01, contained in volume V1 , is being

changed because of the transfer process J 1 2 A1 2. Consequently, the

product

___ 22 (0.4.2)

1912 - 0J1271 217

represents the total change of the reference amount (01 Vl) during

the residence time 71, brought about by J12 A12 - We shall refer
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Figure D.4.1. Two time ratios associated with transfer flux j12 across
transfer area A1 2 .
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to Eq. (D.4.2) as the characteristic time ratio, because it is characterized

by both constituents i.e., it can be expressed as a simple function of both

constituents.

The time ratios defined by Eqs. (D.4.1) and (D.4.2) are the cornerstones

for the proposed scaling methodology. Therefore, in what follows, we shall

note and briefly discuss the salient features and the significance of these

two groups:

1. Each transfer process generates two dimensionless groups [Eqs. (D.4.1)

and (D.4.2)]. One scales the effects of the transfer on the

transmitter, the other on the receiver.

2. Each group is expressed as a ratio of system-to-process response

times. Consequently Eqs. (D.4.1) and (D.4.2) provide the elements for

establishing a rate-dependent hierarchical organization, needed to

address complex (middle-number) systems.

3. Both groups combine the temporal and spatial scales associated with

the process (accounted for in the specific and characteristic

frequencies) with those associated with the control volume/system

(accounted for in the residence times). Consequently, each time ratio

combines the system and process points of view.

4. The specific time ratio [Eq. (D.4.1)] scales the effect of the

transfer process on the constituent contained in the specified

geometrical configuration. Consequently, it can be evaluated by

considering the transfer process to or from a single entity (i.e., to

or from a single sphere, single rod, single slab).

5. The effect of the transfer process on the other constituent is scaled

by the characteristic time ratio [Eq. (D.4.2)], which takes into

account the spatial and temporal scales of the process and of the

constituent, as well as the amounts of the property 0 (say, of

energy) in the two constituents. Consequently, the three measures (of

mass or volume, of space, and of time), for the process and for the

constituent, are combined in a single dimensionless group.
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6. The ratio of the residence times [i.e., Eqs. (0.3.6) and (D.3.7)],

indicates the degree of coupling betwben the motions of the two

constituents.

For decoupled (separated) flows, the ratio is large; that is,

72 (D.4.3)
>> 171

For strongly coupled flows, the ratio is close to unity; that is,

72

It follows then, from Eqs. (D.3.6) and (D.3.7), that

a, Vs a2 Vs
_ýI =Q2

(0.4.4)

(D.4.5)

where we have used the volumetric fractions to express the volumes V, and
V2 . Consequently, for strongly coupled flows, the ratio of the volumetric
fractions can be approximated by the ratio of the volumetric flow rates,

C1 _ Q1
a2 Q2

(0.4.6)

which is the familiar HEM approximation used to model dispersed, two-phase

flow systems.

It follows, therefore, from Eqs. (D.4.6) and (D.4.2), that when the motions

of the two constituents are strongly coupled, the characteristic time ratio

can be expressed as

1l2 2ýQ1 01 1
(D.4.7)
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7. The time ratios [Eqs. (D.4.1) and (D.4.2)] quantify the effects that a

transfer process has on a given constituent. Consequently, the time

ratio must be preserved if the transfer process is to have the same

effects in two facilities of different dimensions (scales).

8. For a 9iven constituent, there are as many time ratios as there are

transfer processes. Each time ratio provides a measure for the

relevance of a particular process. The larger the ratio, the more

important is the transfer process. Consequently for a given

constituent, time ratios can be used to establish a hierarchy for

ranking processes.

In the sections that follow, we shall use the characteristic time ratios

to assess the effects of scale distortions and to develop a hierarchical,

two-tiered scaling (H2TS) methodology.

D.5 EFFECTS OF SCALE DISTORTIONS.

In studies of complex processes, a designer attempts to optimize the

similitude for processes of greatest interest. Most often, this leads to
distortions of less important processes and the need to evaluate their

effects on the evolution of a transient. The characteristic time ratio

derived in Section D.4, can be used to quantify the effects of such

distortions.

We recall that the characteristic time ratio given by Eq. (D.4.2)

represents the total change of a reference quantity (say, energy) in the

control volume, during the residence time 'cv, brought about by a

specific transfer process (say, heat transfer by convection). Denoting by

subscript I, a specific transfer process, we have, for the prototype

(plant),

[fli]P" [Wircv]p ' (0.5.1)

and for the model (test facility),

[ilm - [(aiTcvlm " (D.5.2)
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If this specific transfer process is to have the same effects in the

prototype and the model, then the characteristic time ratio must be

preserved; thus,

M [11i]p • (D.5.3)

The effect of a distortion in the model can then be evaluated (quantified)

from

D = hip- MOM (0.5.4)

This ratio represents the percent difference as a specific transfer

process changes the reference quantity during the transit (residence) time

in the prototype and in the model.

D.6 HIERARCHICAL, TWO-TIERED SCALING ANALYSIS

In this section we shall combine some features of the holistic (top-down)

approach to modeling with some features of the reductionist (bottom-up)

approach to generate a hierarchical, two-tiered scaling methodology.

D.6.1 SCALING HIERARCHY

Scaling is a technique whereby a designer or analyst tries to maintain

geometric, kinematic and dynamic similarity between physical processes

occurring in a full scale system and those taking place in a scaled-down

test facility. When an exact similarity cannot be reached (as most often is

the case), the designer attempts to optimize the similitude for processes of

greatest interest. This optimization process however, is predicated on his

ability to identify and rank processes according to their importance on the

system. Although for simple systems this not a difficult task, for complex

systems this becomes indeed a rather difficult problem.
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One of the reasons for this difficulty stems from the procedure used in

obtaining similarity groups. Most often, these groups are derived from

conservation equations by expressing them in nondimensionless form. Thus,

the mass conservation equation yields criteria in terms of mass flow ratios;

the momentum equation in terms of force ratios; and the energy equation in

terms of energy ratios. Consequently, it becomes difficult to compare

similarity groups obtained from different equations. As discussed in

refs. 24 and 25, among others, this difficulty is removed when the

similarity groups are expressed in terms of time ratios; in which case, all

processes can be evaluated in terms of the same metric, that is, in terms of

time.

It was shown in Section D.4, using physical arguments, that a pair of time

ratios, that is, the specific and characteristic time ratios, is associated

with each transfer process. This pair measures the effects that a

particular transfer process has on the two media connected through this

process.

The same ratios can be obtained from the generalized balance equations

written for a control volume. To show this consider an aggregate of "m"

constituents exchanging mass, momentum and energy. Let Oi, be a

conserved property per unit volume of constituent "i" occupying volume Vi.

Let Jik and Alk be the flux and area for a transfer process between

constituents "i" and "k"; and define Qi to be the volumetric flow rate of

constituent "i". Then the control volume balance equation for constituent

"i" can be written as:

m- 1

dVlA - A[QioI] ± m jikAik (D.6.1)

dt kli

where []- [-]in - []out (D.6.2)

Note that! the transfer terms can act as sources of sinks of the property

0, whence the positive and negative signs in front of the summation in

Eq. (D.6.1.)
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In most problems the initial and boundary conditions are known;

consequently, we shall use them to express the variables in dimensionless

form, thus:

+ .Vt + 0 Qivi -" 0, ri , Q+ =
Vto 0t,o i'o

(D.6.3)

iik AAL A,
Jik,o Aik,o

Substituting these relations in Eq. (D.6.1), results in

+M1 + +
1t,o1,0od = Qi,o0 ib,oA[Q1ib1i]

± 1 (Jik,oAik,o)jikAik (D.6.4)

k-i

and normalizing this equation with the convective term yields:

++ M-1
7d;• Al11 + 1 "+dV4= A[Qti1i + rn-IjA

dt 1 1 k1 ikJikAik (D.6.5)

where Ti VM1 0  (0.6.6)

Qio

is the residence time of constituent "i" in Volume Vi, and

Hik k Jik'°Aik'o (D.6.7)
Qio 0i,o

can be expressed as a characteristic time ratio for a transfer process
between constituents "i" and 'k", following the procedure developed in
Section D.4, thus

D-56



ik = koVk 'o

Oi'oVi'o

Jki o
Ok,o

ok,o

Aki0V.
V k,o Qi,0

1 7 1 (D.6.8)

O k~ovk.o W s 7*j
i'~iovi'ok

From the results of Section D.4, we can also deduce that the specific time

ratio for the constituent "'k", is given by

Qk, o
(D.6.9)

That this is indeed the case, is shown in Section D.7.

Note that:

1. There are as many characteristic time ratios in Eq. (D.6.5), as there

are transfer processes between constituent "i", and the other m-1

constituents.

2. Each characteristic time ratio indicates the number of transfer units

(of mass, of energy, and of momentum) transferred by a particular

process to or from constituent "i", during its residence time

7 •.
3. Each characteristic time ratio provides a metric for evaluating the

relevance of a particular process on the response (behavior) of

constituent "i".

Note also that the conserved property 0t, in Eq. (D.6.1), can be

mass, momentum, or energy per unit volume. Consequently, all processes

modeled by the three conservation equations (of mass, momentum and energy)

for each constituent, each phase and each geometrical configuration can be:

1. evaluated in terms of the same metric, that is, in terms of time, and

2. ranked according to their importance on the system.
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Thus, an analysis based on control volume conservation equations, that is,

on the top-down or system approach, provides a method for establishing a

scaling hierarchy.

Such a scaling hierarchy has five important functions:

1. To identify important processes which must be addressed in greater

detail via experiments and analysis.

2. To identify similarity groups which must be preserved between full

scale systems and tests performed in scaled-down facilities.

3. To provide a technically justifiable rationale for establishing

priorities which are needed for test facility design and operation;

for computer code development, validation and uncertainty

quantification; and for efficient technical management.

4. To provide a technically justifiable basis for simplifying the

problem, that is, for extracting a simple-number system from a

middle-number system.

5. To provide a procedure for decoupling the system in fast and slow

aggregates (needed for stability and dynamic analyses of the system).

0.6.2 SCALING HIERARCHY AND HIERARCHICAL LEVELS

One of the most important features of scaling is that the choice of scale

and therefore, of scaling parameters is determined by the specifics of the

problem, that is, by the specifics of the question being asked. This

important feature has been discussed-extensively if refs. 11 and 12, among

others. For example, ref. 12 presents detailed discussions of the relations

between the spatial and temporal scales, the specifics of a problem and the

hierarchical levels of ecosystems.

In what follows, we shall show that the form and the number of

characteristic time ratios and therefore, the scaling hierarchy developed in

the preceding section, are determined by the level of resolution at which

the question is being addressed, that is, by the level at which the problem

is being formulated.
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It was shown in Sections D.3.3 and D.3.4 that spatial and temporal scales

change with hierarchical levels. As characteristic time ratios incorporate

both scales, they too will change with hierarchical levels.

Furthermore, from a hierarchical perspective, the definition of the system

depends on the "window" through which one views the world. Consequently,

depending on the problem and on the question being asked, a control volume

can be placed at any hierarchical level of fig. D.3.1; and control volume

balance equations can be written for such a level.

It follows therefore, that each hierarchical level of fig. D.3.1 will

generate a new set of characteristic time ratios and establish a new scaling

hierarchy.

This is illustrated in Section D.7, where it is shown also, that the

number of characteristic time ratios decreases with increasing hierarchical

levels. As characteristic time ratios can be interpreted to be constraints

(imposed on the designer), this decrease implies a reduction of design

constraints with increasing hierarchical levels. However, this benefit is

being paid for by a loss of the information content, which decreases with

increasing hierarchical levels. Thus, as more detailed and specific

questions are being raised (which need to be addressed at lower hierarchical

levels), more constraints have to be met.

D.6.3 A Two-TIERED SCALING METHOD

It was noted in Section D.6.1, that Allen and Starr [11] suggested a

two-tiered approach for modeling complex, middle-number systems. In what

follows, we shall use this concept to develop a two-tiered scaling method;

one tier based on the top-down approach and, the other based on the

bottom-up approach. Functions and contents of each tier are illustrated in

figs. D.1.1 and D.1.2.

The top-down approach considers the behavior of the system and following

the procedure presented in Sections D.6.2 and D.6.3, it generates a scaling

D-59



hierarchy that:

I. identifies important processes which need to be addressed in more

detail following the bottom-up approach, and

2. specifies the constraints for the latter approach, that is, it

specifies the parameter range to be covered in the experiments to

ensure that the data and results are relevant and applicable to a full

scale system.

At each level of the scaling hierarchy, the function of each element

(transfer process) can be examined and assessed; consequently, the top-down

or system scaling approach provides a methodology that is comprehensive,

systematic, auditable and traceable.

The bottom-up approach addresses only those processes which were

identified (by means of the scaling hierarchy) as being important to the

behavior of the system. It focuses therefore, on specific processes. As

the characteristic time ratio provides a metric for evaluating a process,

the bottom-up approach focuses on the flux terms and when needed, on the

geometrical terms that appear in Eqs. D.4.1, D.4.2 or D.4.7 (see also

fig. D.4.1).

In general, the flux terms depend on operating conditions and may very

often, depend on local conditions. Therefore, the objectives of the

bottom-up scaling approach are to:

1. discern the mechanisms that govern the flux term and (when needed) the

geometric terms,

2. establish and validate functional relations for calculating these

terms, and

3. demonstrate that these functional relations (or models) can be applied

to a full scale system.

Consequently, the bottom-up scaling approach ensures that processes

important to system behavior are properly and adequately addressed.

In the proposed two-tiered scaling methodology, the top-down approach

scales the behavior of the whole system (synergism); whereas the bottom-up

approach focuses on specific processes (monergism) (see fig. D.l.2).
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Specific mechanisms are investigated and analyzed at the lower level, their

significance is synthesized and evaluated at the top one. The top-down or

system approach provides the efficiency; whereas, the bottom-up or process

approach provides the sufficiency of scaling analysis. Together, the two

approaches provide a methodology that is practical and that yields

technically justifiable results.

The concepts and relations developed in this and the preceding sections,

will be applied (in the section that follows), to a three phase flow system

to illustrate the proposed methodology.
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D.7 APPLICATION TO A THREE PHASE SYSTEM

D.7.1 PROBLEM DECOMPOSITION

The purpose of this section is to:

1. Show that characteristic time ratios change with hierarchical levels,

2. Show that the number of characteristic time ratios decreases with

increasing hierarchical levels, and

3. Illustrate the two tiered approach to scaling.

To this end, we consider a three phase, two constituents (water and a metal)

system. Specifically, le shall analyze heat transfer from a solid structure

to a flowing gas containing entrained drops. The hierarchical architecture

is illustrated in fig. D.7.1, which shows also two constraints imposed by

the volumetric fractions of the three phases. Note that:

1. The liquid is characterized by one geometrical configuration only

(i.e., by spheres of diameter d) because we are considering only

dispersed droplet flow. Had we considered also liquid film flow, we

would have to include three additional field equations in fig. D.7.1

2. The geometry of the gas phase is specified by the geometries of the

liquid phase (spheres) and of the solid phase.

To meet the objectives of this section, we shall perform scaling analyses

at three hierarchical levels, of fig. D.7.1, that is, at the phase,

constituent and system levels. This will also illustrate that scaling is

determined by the level of resolution at which the question is being

addressed.
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D.7.2 PHASE LEVEL SCALING

D.7.2.1 DIMENSIONLESS FIELD EQUATIONS. Let us assume that the

question of interest is the temperature history of the gas as it flows

through the system volume Vs. The energy is transferred from the solid

to the gas and from the gas to the liquid, the gas temperature will depend

on the partition of energy between the gas and liquid phases.

'Consequently, to address this question, we focus our attention on the phase

level of fig. D.7.1, and formulate the problem by considering each phase

separately.

For the purpose of illustrating and demonstrating the concepts, we shall

consider only the three energy equations of fig. D.7.1; and assume no

evaporation of drops. For a control volume approach, the three energy

equations can be written then as:

d [ VipiCviT ]=A [Q1pICpiTj h1 (i-12A 2

+ h13 (T3 - TI)AI 3  (D.7.1)

dF [V 2 P 2Cv2 2 ] 2 A. [ Q2 P2Cp2T2 ] + h21 (Tj - T2 ) A2 1  (D.7.2)

d T -h-1jFL V3 P3 Cv3 T3 ]--h3 1 (T3 - Ti)A 3 1  (D.7.3)

where for simplicity, we have used the subscripts 1, 2 and 3, to denote the

gas, liquid and solid phase respectively. In the heat transfer terms, the

first subscript denotes the volume, that is, the phase under consideration;

whereas the second one, denotes the other phase associated with the

transfer process.

In Eq. D.7.1, the first term on the right-hand side accounts for the

difference between the in-flow and out-flow rates of gas enthalpy; whereas

the second and third terms describe heat transfer processes associated with

the liquid (an energy sink) and with the solid (an energy source).
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We express the dimensionless quantities in terms of initial and
boundary conditions, that is, in terms of:

V] Vo V4; V2 =V 2 , V ; V3 = V3 , V12

TI = 1,o

Q, Ql'o

T+ T =

I Q2 =

T T +
2,o 2

I +

Q2, 0 Q2

2,o

(D.7.4)

h12 A12 = h2 1 A2 1

h13 A13 = h3 1 A31

and express Eqs. D.7.1, D.7.2, and D.7.3 in dimensionless form, thus

11,o dt 1 I
+ T, A-[+ +ICv T ] = AI [Ql + C + T~ +

2 1
T1+ G ( - o 12) T +

] +
h12 +

A12 (D.7.5)
0o

+ [a3 P2 CV2
1 IP1 C Pi ]0

-
03

T* [+T0 - o 1) T + h +
3 1 1 31

2 dt 12
+ + 1
p2 CV2 +~ I I=

p2 t Cp+ T; 2

+ i92 +2[- (1-912) T+2 ] (D.7.6)

3 dt [13
+

p3
C + T + ~T + - (1-e31) T1] h311 + 3 (D.7.7)
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where Il'o, is the ratio of specific heats for the gas phase;

71 R (D.7.8)

7T] (D.7.9)

are the residence times of the gas and of the liquid, respectively;

1 h3 1  A3 1  h3 1  1
9 3 -73 3Cv3 V3 P3Cv3 L-- - 3 L (D.7.10)

is the specific frequency of the solid structure;

h21  A21 h2 1  1
- = (D.7.11)P2Cv2  V2 P2 Cv2 L(

is the specific frequency of a single drop; and

01 -T T2 ( D.7.12)

T31 - T ] (D.7.13)

scale the initial temperature differences between the gas and the liquid

012), and between the solid and the gas (031). Note that both

have values less than one.
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Consider now Eqs. D.7.5, D.7.6 and D.7.7, and note that:

1) Initial and/or boundary conditions (Eq. D.7.4) were used to

express Eqs. D.7.1, D.7.2 and D.7.3, in nondimensionless form for

two reasons:

(a) These conditions are known, and

(b) The response (i.e., the behavior) of a system must be

explicitly tied to the spatio-temporal properties of

disturbances which are specified by the initial and boundary

conditions.

2) All dimensionless variables in Eqs. D.7.5, D.7.6 and D.7.7, have

initial values equal to one (a consequence of Eq. D.7.4).

3) Each phase has a different response time (i.e., Eqs. D.7.7, D.7.8

and D.7.9).

4) For a given phase (gas or liquid) the other two conservation

equations, that is, of mass and momentum (not written here), have

the same response time as the energy equation. Thus, the three

conservation equations for the gas have a response (residence)

time equal to rl, whereas those for the liquid have one

equal to 72-

5) The transfer processes in Eqs. D.7.5, D.7.6 and D.7.7, are all

characterized by different spatial and temporal scales (see Eqs.

D.7.8 through D.7.11).
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6) For stronglv coupled two phase flow systems (such as dispersed

droplet flows), the residence times of the liquid 72 and of

the gas 71, are nearly equal. As the velocities of the gas

vj, and of the liquid v2 , are defined by

v Qi1I alA F ; Q2
2 2AF

(D.7.14)

where AF, is the cross sectional area for flow, it follows from Eq. D.4.6,

that for strongly coupled flows, the velocities v1 and v2 are nearly

equal, that is:

7 2 vi
(D.7.15)

D.7.2.2
note that:

COMMENTS ON SOLID PHASE GROUPS. Consider now Eq. D.7.7, and

1. The thermal behavior of the solid is determined by two

parameters, that is, by the specific frequency w(Eq.

D.7.10) that scales the time response of the solid; and by the

dimensionless temperature difference 031 (Eq. D.7.13)

that scales the initial condition.

2. The specific spatial scale in Eq. D.7.10, depends on the

geometry of the solid. Thus, if the solid is a pipe with inner

and outer radii equal to r and R, respectively, the specific

spatial length is:

A31

V3

1

L 3S

2r
R 2

1[1 )2] (D.7.16)
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Whereas if the solid structure consists of N rods of diameter

D, the specific spatial scale is

1 4

Ls D
(D.7.17)

Therefore, as discussed in Sec. D.3.2, the specific frequency

is evaluated by considering the geometry of a single solid

entity.

3. The heat transfer coefficient h3 i, in Eq. D.7.1O, depends

on the mode of heat transfer, that is, it depends on whether

the transfer is by forced or natural convection,.radiation,

etc.

4. The energy equation (Eq. D.7.3) is valid when the Blot number

is less than unity. (see for example Ref. 26). If this

condition is not satisfied, Eq. D.7.3, should be modified

using the integral approach with moving thermal boundaries

(see for example Ref. 27 or Ref. 28).

D.7.2.3
note that:

COMMENTS ON LWUID PHASE GROUPS. Consider now Eq. 7-6, and

1) The thermal

parameters,
that scales
time ratio:

behavior of the liquid is determined by three

that is, by the residence time 72 (eq. D.7.9)

the time response of the liquid; by the specific

s s (D.7.18)
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that scales the effect that the gas to liquid heat transfer

process has on the dro2; and by the dimensionless temperature

difference 031 (Eq. D.7.12) that scales the initial

condition.

2) The specific spatial scale in Eq. D.7.11, is given by

A21 _ 1 6 (D.7.19)

~2 2

where d, is the drop diameter. Therefore, as discussed in

Sec. D.4, the specific time ratio is evaluated by considering

a single entity, that is, a single drop.

3) The heat transfer coefficient h2 1 , in Eq. D.7.11, depends

on the mode of heat transfer.

4) As the specific temperature ratio 1 is the metric

for evaluating the effect of heat transfer on the liquid, the

temperature of a drop will not change (significantly) during

its residence time 72, if

S< 1 (D.7.20Y

In such a case, any change of liquid energy will be due to

the convected term in Eq. D.7.11.

7.2.4 COMMENTS ON GAS PHASE GROUPS. Consider now Eq. D.7.5, and note

that:

1) The thermal behavior of the gas is determined by six parameters,

that is, by li,0, that scales thermal properties; by the

residence time 71, (Eq. D.7.8) that scales the time response

of the gas; and by two sets of two groups (discussed below) which

scale the effects that the two heat transfer processes have on the
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2) The effect of the gas to liquid heat transfer process is governed

by the characteristic time ratio:

12 [a2P2Cv2" s S 1 (0.7.21)

that scales the process, and by the dimensionless temperature
difference e12 (Eq. D.7.12) that scales initial conditions.

By means of Eq. D.7.12, we can express the characteristic time

ratio in terms of initial conditions, thus:

1 2P2Cv2 (TiT2) 7 (.7.22)12 . 01PIC 1  1 Jo 2 1

For strongly coupled flows, we can substitute Eq. 0.4.6 in Eq.

0.7.22 and obtain

[Q2P2Cv2 (TI-T 2 )] (
12 Q1P1.CP1T_ W2  1D7.3

3) The effect of the solid to gas heat transfer process is governed

by the characteristic time ratio

* [* 3P3Cv31  s(72

that scales the process; and by the dimensionless temperature

difference 031 (Eq. D.7.13), that scales initial

conditions. By means of Eq. D.7.13, we can express the

characteristic time ratio in terms of initial conditions, thus:

3 [ 3P3Cv3 (T3 T11) "(.7.25)
13 0. &1I~pI1Tj 0 31
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4) The amounts of materials that participate in the two heat transfer

processes, appear only in the groups that scale the thermal

behaviors of the gas (compare Eqs. D.7.5, D.7.6 and D.7.7), that

is, they appear in the characteristic time ratios H12 and

13. The groups that scale the effects of heat transfer in

the liquid and in the solid, that is, the specific time ratios, do

not depend on these amounts. (see Eq. D.7.6 and D.7.8). This

illustrates and confirms the statements made in Section D.4.

5) For each heat transfer process, the corresponding characteristic

time ratio incorporates the effects of temporal and of spatial

scales associated with the process (see Eqs. D.7.22 and D.7.11;

Eqs. D.7.25 and D.7.10).

6) The characteristic time ratios 112 and H13, represent

the number of transfer units (measured in terms of the initial

state of the gas) associated with the two heat transfer processes;

thus:

a) If U12>>1113, the temperature of the gas will be

governed by the gas to liquid heat transfer and may decrease.

b) If 1112<<H13, the temperature of the gas will be

governed by the solid to gas heat transfer and may increase,

and

c) If 1112"1, 1113"1, neither process has a

significant effect on the gas temperature.

7) If the gas temperature is governed by the gas to liquid heat

transfer (P12"113) the characteristic time ratio

112, must be preserved to ensure that this process will
have the same effect on the gas phase in two facilities of

different dimensions. A similar comment can be made with respect

to H13, when the solid to gas heat transfer process is

important, and
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8) A characteristic time ratio identifies parameters important to a

particular transfer process.

7.2.4 COMMENTS ON Two-TIERED SCALING. The preceding section

illustrated how the top-down approach:

1) Generates a pair of time ratios (the specific and the

characteristic time ratio) for each transfer process. One ratio

scales the effects of the transfer on the transmitter, the other

on the receiver.

2) Generates a scaling hierarchy expressed in terms of characteristic
time ratios, that ranks processes according to the importance of

their effect.

3) Specifies characteristic time ratios (i.e. similarity groups) that

must be preserved between test facility and a full scale system,

and

4) Identifies parameters important to a particular process.

It illustrated also how the objectives of the top-down approach (see

fig. 1.1) can be met. In what follows, we shall illustrate how these

results are used to meet the objectives of'the bottom-up approach.

We recall first, that the bottom-up scaling approach addresses only

those processes which the scaling hierarchy has identified as being

important to the behavior of the system. We recall also, that the

characteristic time ratio identifies the parameters important to a

particular process. Whether or not one needs to perform a bottom-up

analysis depends on:

a) Whether or not these parameters are known with sufficient

accuracy, and:
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b) Whether or not these parameters can be applied to the conditions

of a full scale system.

To illustrate these comments let us assume that the gas to liquid heat

transfer has been identified (by the scaling hierarchy) as the process that

governs the temperature of the gas. The characteristic time ratio (Eq.

D.7.23, with Eqs. D.7.11 and D.7.19) indicates that for specified initial

conditions of the gas, its temperature depends on mass flow rates and

thermal properties of the two phases; on the initial temperature difference;

on the heat transfer coefficient and on drop diameter. Of these parameters,

the evaluations of liquid mass flow rate (entrainment) as well as of the

heat tran'sfer coefficient and drop diameters, introduce the largest

uncertainties. This is pirticularly true if the system has some specific

geometrical features and/or if the operating conditions of the system are

not accounted for in the empirical correlations presently available for

calculating these parameters.

To address and reduce these uncertainties, bottom-up scaling studies

need to be performed; the specific objectives of such studies were listed in

Sec. D.6.3. Here we note, that these studies will have to be performed

under the constraints specified by the top-down approach, that is, they will

have to be performed by preserving relevant characteristic time ratios.

This will ensure that the data and results are relevant and applicable to a

full scale system.

7.3 CONSTITUENT LEVEL SCALING
1

7.3.1 DIMENSIONLESS FIELD EQUATIONS. Consider again the same

three-phase, two constituents system (fig. D.7.1). However, instead of

being interested in the behavior of the gas phase and in the partition of

energy between the gas ind liquid phases (as in the preceding section), let

us assume that the question of interest is the behavior of the two-phase,

gas-liquid mixture as it interacts with the solid structure. Consequently,

to address this question, we focus on the constituent level of fig. D.7.1,
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and formulate the problem by considering the two constituents, that is,

water and solid. Note, that we could write immediately, the control volume

balance equations for these two constituents. However, we shall not do this

because we want to illustrate the loss of information content associated

with higher hierarchical levels. Consequently, we shall start with Eqs.

D.7.1, 0.7.2 and D.7.3.

As we are interested in the behavior of the two-phase mixture, we shall

formulate the problem in terms of mixture properties. We define therefore,

the volume occupied by the mixture by:

Vm= V1 + V2  (D.7.26)

and its volumetric flow rate:

Qm Q1 + Q2 (0.7.27)

As the constraint imposed by the volumetric fractions of the three phases

is:

d I + 0!2 + a 3 = I (D.7.28)

we can express the mixture property Om, per unit volume by:

aI a2
1 2 (D.7.29)

Consequently, the density of the mixture is given by:

P , Pl + 0!P2 (D.7.30)

and the enthalpy of the mixture per unit volume by:

Pm CpiP Tm T + 1- p T (D.7.31)p TM -I3 Pl 1p 1-aC3 P2 Tp2
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Using the fundamental identity (see for example Refs. 29 and 30, among

others) we shall express the sum of the gas and liquid property flow rates

in terms of the flow rate of mixture properties. Thus

C 1 I C 12
QI *1 + Q2 2 W Qm Om + -a AF (vl-v 2 ) 1i1-02) (D.7.32)(1-Q1)

where v, and v2 are the velocities of the gas and of the liquid; and

AF is the cross sectional area for flow. It is important to stress here,

that if we do not make this transformation, the three conservation

equations (of mass, of momentum and of energy) for the mixture would not

have the same response time which is patently incorrect. In view of Eq.

D.7.32, we can express the sum of gas and liquid enthalpy flow rates by

Qi Pi Cpl TI + Q2 P2 Cp2' T2 = QmPmCpm Tm +

(1-w)2

X [AF (vl-v 2 ) (PI Cp1 T1 - P2 Cp2 T2 )] (D.7.33)

The energy equation for the water constituent, that is, for the gas and

liquid mixture is obtained by adding Eqs. D.7.1 and D.7.2, and expressing

the phase parameters in terms of mixture parameters (Eqs. D.7.26, D.7.30,

D.7.31 and D.7.32) thus

dt
F [V MPM CvmTmj I AO [ Qm Pm Cpm Tm ] +

(D.7.34)

+ A• 2 2 AF (v1 - v2) (P 1CplTI-P 2 Cp2 T22) + h13 (T3 -Tj) A13(If-a 3) 2

The energy equation for the solid constituent remains the same that is

d ['3 P3 CvO T 3 ] = 31 [ T 3 - T, ] A 31 (D.7.35).
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Consider now Eqs. 0.7.34 and D.7.35, and note that:

1) The second term on the right-hand side (RHS) of Eq. D.7.34, is an

enthalpy flux due to the relative velocity between the two phases.

Even if both phases had the same temperature, this term would still

appear because the two phases do not have the same enthalpy per unit

volume.

2) For strongly coupled flows, the velocities of the two phases are

nearly equal (see Eq. D.7.15). Consequently, even if the two phases

had vastly different temperatures, the second term on the RHS of Eq.

D.7.34, would have a small effect; and indeed, this term does not

even appear in the homogeneous equilibrium model (HEM) because of

the assumption that v, - v2.

3) To evaluate the relative velocity one can express it in terms of the

drift velocity Vgj (Ref. 31)

1-a3
v1 - v2 - V gj (D.7.35)

and use correlations presently available (Refs. 32, 33, 34, among

others) to calculate Vgj.

4) The heat transfer coefficient h1 3 , which appears in Eqs. D.7.34

and D.7.35, is for single phase gas flow, that is, it accounts for

the solid to gas heat transfer process. However, as we are

interested in the heat transfer process from a solid to a two-phase

mixture, we should replace h13 , with the two-phase heat transfer

coefficient hm3. Furthermore, as we are interested in the

behavior of the mixture (and not of the gas) we should replace the

gas temperature T1, with the mixture temperatures defined by Eq.

D.7.31. Consequently, the heat transfer term in Eqs. D.7.34 and

D.7.35, should be expressed in terms of mixture parameters, that is
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h 13 ( T3 -1T,) -hm3 ( T3- m ) (..6(D. 7.36)

Note, that both heat transfer coefficients have to be determined

from empirical correlations.

As in the preceding section and for the same two reasons, we shall

express the dimensionless quantities in terms of initial and boundary

conditions, that is, in terms of:

Vm IVm,o Vm

+
C1 O l1,o o I

pm pm,o 0pm

Qm Qm,o Qm Pm m=Pm,o Pm

+
o2 = 2,o a2

C M C Cv+
vm vm'o vm

CM If I + (D. 7.37)

Cvm ' m

PI Cp1 T, = [p, Cpj T1 ]o p+ Cp+ T+ P2Cp2T2 [P2 Cp2 T2 p4Cp+T+

+
v M V v +
1 1'0o V2 - 2 ,o V2

Vo= ( v 1 - v2 )o

hm3 Am3 =h 3 m A3 m= [ h 3 m A3 m 1oh3m

Substituting these parameters in Eqs. D.7.34 and D.7.35, we can express

them in nondimensionless form; thus, the mixture energy equation becomes:

D-78



1m
Im,O0

S+ + + T+ [ +
m Pm vm Tm [mm Pm P mI+

Trvl1 cl 2
9,Lo
vr,o v+vI Vro v+

V2 ][I Pm+ m + J 
+PM C pm T m o01p

(D.7.38)

+[

P2 CP,2 T2 1
PM Cpm Tm o 1

a3 P3 Cv3

I-a 3) Pm Cpm

+ C+ T+
'2 P2 '2

Tm [ T+ ~~m T+] h+m
I0

U'sS
l-e 3m

whereas the energy equation for the solid becomes:

7 r d • +p Cv+ T+ 1s dt L 3 p3 ~V3 3 ]= I T 3 - (1 - 3m) Tm+] hm (D.7.39)

where

Vm
m= m

V1 + V2

Q1 + Q2
(D.7.40)

is the residence time for the mixture;

S
('s

= L h3m A3m

P3Cv3 V3

h~m -
q 3Cv3 Ls (D.7.41)

is the specific frequency for the solid structure;

ilrv = [ 1 a]2 AF (vI - J2 o
(I -a3 )2 Qm 1 (D.7.42)

scales the effect of relative velocity; that is, it scales the coupling of
-gas and liquid flows; and

03 m = T3 o1

scales the initial conditions.

(D.7.43)
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Consider now Eqs. D.7.38 and D.7.39, and note that:

1) All dimensionless variables have initial values equal to one (a

consequence of Eq. D.7.37).

2) The two constituents (water and solid) have different response times

(Eqs. D.7.40 and D.7.41) each of which differs from the response

times that characterize phase level scaling (Eqs. D.7.8, D.7.9 and

D.7.10).

3) The conservation equations of mass and of momentum for the gas-liquid

mixture (not written here), have the same response time Tm (Eq.

D.7.40) as the mixture energy equation.

7.3.2 COMMENTS ON SOLID PHASE GROUPS. Consider now Eq. D.7.39, and

note that:

1) The thermal behavior of the solid is determined again by two

parameters, that is, by the specific frequency wss

(Eq. D.7.41) that scales the response of the solid to

disturbances in the mixture; and by the dimensionless

temperature difference 83m (Eq. D.7.43) that scales

initial conditions. However, these two parameters differ from

those obtained from phase level scaling,

s (Eq D.1.41) and 03m model the couplingt h a t i s , ws ( E . D . 4 1 a n 0 3

of the solid with the mixture, w3 and 31, model the

coupling with the gas phase only.

2) The energy equations at the constituent level (Eq. D.7.39) and

at the phase level (Eq. D.7.7) have an identical form. They

differ however in the definitions of variables and of

parameters.
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7.3.3 COMMENTS ON Two-PHASE MIXTURE GROUPS. Consider now

Eq. D.7.38, and note that:

1) The thermal behavior of the mixture is determined by six

parameters, that is, by 1m'o that scales mixture

properties by the residence time Tm (Eq. D.7.40), that
scales the response of the mixture; by three parameters

(discussed bplow) that scale the effect of relative velocity;
and by two parameters (discussed below) that scale the effect

of the solid to mixture heat transfer process.

2) The gas, the liquid and the mixture each have different

response times specified by Eqs. D.7.8, D.7.9 and D.7.40,

respectively. This illustrates and confirms the results

presented in Section D.3.4.1.

3) The effect of relative velocity is scaled by Eq. D.7.42, which

can be expressed in terms of the drift velocity Vgj (Eq.

D.7.35) thus

rv 1a 2  AF -VQ'- 10  (D.7.44)

If the ratio of volumetric fraction is omitted in Eq. D.7.44,
this criterion reduced to that presented in ref. 34.

4) For-strongly coupled flows, that is, for dispersed two-phase

flows, arv is small so that the second term on the

RHS of Eq. D.7.38 can be omitted. For this case, all terms in
Eq. D.7.38 are expressed as functions of mixture variables.

There is no information on the state of a specific phase. Nor

is this information needed to solve the problem. This
observation is in agreement with the general characteristics of

hierarchies (see Sec. D.2.3), that is, that higher levels act

only on averages transmitted from lower levels with an

attendant loss of information content.
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5) For weakly coupled flows, that is, for separated flows, the

effects of relative velocity may become important. In such a

case, two additional groups need to be considered, that is, one

needs to consider one of the two velocity ratios and one of the

two enthalpy ratios that appear in Eq. D.7.38. Furthermore, to

solve the problem, additional information is needed to relate

the dimensionless temperature of the two phases Tt and T+

to the mixture temperature Tm. To this end, one can either

assume equilibrium that is Tm = T, - T2 , or use an

empirical relation to connect these three variables.

6) The effect of the gas mixture heat transfer process is governed

by the characteristic time ratio

11m3 = [ (1-P 3 Cv3 W s m (D.7.45)

that scales the process, and by the dimensionless temperature

difference 9 3m (Eq. D.7.43) that scales initial

conditions. By means of Eq. D.7.43, we can express the

characteristic time ratio in terms of initial conditions, thus

a3 P3 COvLT3 - 0] WS m (D.7.46)rm3 1 " a 3) Pm C pm Tm o0 s

7) The characteristic time ratios B13 (Eq. D.7.25) and

11m3 (Eq. D.7.45) that scale the effects of heat transfer
from the solid, have an identical form. However, as they use

different parameters, they have different meanings and provide

different information.

Thus 1113, uses gas parameters and shows the effects that

the process has on the gas by providing the number of transfer

units measured in terms of the initial state of the gas.
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Whereas 11m3, uses mixture parameters and shows the

effects that the process has on the mixture by providing the

number of transfer units measured in terms of the initial state

of the mixture.

8) For a heat transfer process to have the same effects on a

mixture in two facilities of different scale, the

characteristic time ratio 11m3 must be preserved.

9) As the rate of heat transfer (from solid to mixture), that is,

as the power input to the mixture is scaled by
I

0=[ h3m (T3 - Tm) A3m ]o (D.7.47)

We can express the characteristic time ratio 11m3 (Eq.

D.7.46) also in terms of Vo. Thus from Eqs. D.7.26,

D.7.28, D.7.41 and D.7.47, we obtain

11m3 pm CpmTm Vm T7m (D.7.48)

This criterion reduced to: the well known power to volume

scaling rule, if time and the initial state of the mixture are

preserved between a test facility (TF) and a plant (P), thus

1 = [mp (D.7.49)
•oo ]p

[ ITF= [']
10) In going from phase level to constituent level scaling, two

groups disappear from the set of criteria. Specifically, the

groups that scale the effects that the gas to liquid heat

transfer process has on the liquid (i.e., the specific time

ratio, Eq. D.7.18) and on the gas (the characteristic time

ratio, Eq. D.7.22) do not appear at the constituent level.

Only one characteristic time ratio 11m3, Eq. D.7.46,

remains at that level. This reduces the number of

D-83



constraints and provides more flexibility to the designer.

However, as the constituent level provides information on the

state of the mixture, this gain in flexibility is being paid by

a loss of information on the specific states of the gas and of

the liquid.

We have already noted that the results presented in this section, could

have been obtained more directly by writing the control volume balance

equation at the constituent level and making the HEM assumption. One

reason for starting with the phase level was to illustrate the loss of

information associated with higher levels. The second reason was to

demonstrate how at each level, the effect of any process (say of transport

due to relative velocity), or any assumption can be identified, addressed

and when needed, quantitatively evaluated. This confirms the statement

that the proposed scaling methodology is systematic and practical;

auditable and traceable.

7.4 SYSTEM LEVEL SCALING

7.4.1 DIMENSIONLESS EQUATION. As a final step in illustrating the

concepts and results associated with hierarchical scaling, consider again

the same three-phase, two constituents system and assume that the question

of interest is the response of the gas-liquid-solid aggregate to variations

of input/output parameters. Consequently, to address this question we

focus our attention on the system level of fig. D.7.1, and formulate the

problem by considering the aggregate.

To write a control volume balance equation for the entire system we

define the internal energy of the aggregate by:

Vs Pa Cva Ta = VI P1 Cv1 Ti + V2 P2 Cv2 T2 + V3 P3 Cv3 T3  (0.7.50)

which can be expressed also in terms of mixture parameters (Eq. D.7.31),

thus
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Pa Cva Ta 1 cr3) pm Cvm Tm + '3 p3 CO3 T3  (D.7.51)

The energy balance equation for the control, volume (system) then becomes:

s5 [t Ia Cva 'a] -A.[ 1 1 piT ' + 2 102 Cp2 T2  (D.7.52)

By means of Eq. D.7.33, we can formulate Eq. D.7.52 in terms of mixture

parameters thus:

v PaCv T.rp 11 FQM p0C pmT I
V dt Pa va a] =A m m pm m (D.7.53)

- A [--3)2 AF(vl - v2 ) (p1 Cp TI - P2 Cp2  2 ) ]

We express again the dimensionless quantities in terms of initial

values, that is, in terms of:

Pa Cva Ta a

Pm Cpm Tm 0

vMV - v +
1 1,o 1

P1 CpI T1 I

Substituting

c T + T+ ; Q+ mo +aCva a o P~a Cva a Qm mT] m ++'o

Pm mJT Pm Cpm m ; a 1,o Ct I 1 e2 ,o 02

; v2 = v2 ,o v 2 ; Vr,o - (v1  v2)o (D.7.54)

[PCpT1]o p+ C+ + T2 T T++

[P1C 1T1] I4 CplT1 ; P2 Cp2 "2 [P2 Cp2T2]o P2 Cp2 T2

these parameters in Eq. D.7.53, we obtain
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+ + + + +Ta dt a[+ Cva Ta] IA ' [QPmC÷+ I +

V 2  I Al T C IT P +

J+ 1P C pm C I Ti

(D. 7.55)

Hrv {al c14 [11-0

IVr,o

÷
VI +

V2, 0
V ro

-" P 2 C~TI 14 + 2 411[Pm CpmTm 10 I

where

Ta = 7m [1 + C3 P3 C,3Tý3  1(1-0 3) PM Cpm TM] (D.7.56)

is the response time of the system; Tm given by Eq. 0.7.40, is the

response time of the.mixture; and Hrv is given by Eq. D.7.42.

Note that all dimensionless variables in Eq. 0.7.55, have initial

values equal to one.

7.4.2 COMMENTS ON SYSTEM GROUPS

Consider now Eq. 0.7.55, and note that:

1) The thermal behavior of the system is determined by the aggregate

response time 7a; by Hrv, that scales the effect of

relative velocity, that is, it scales the coupling of gas and

liquid flows; by the ratios of velocity and of. enthalpy in the

second term on the RHS of Eq. D.7.55; and by the initial condition

that specify the initial state, i.e., the initial internal energy

of the aggregate:
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Uo - (P Cva Ta)o (0.7.57)

2) The response time of the system Ta (Eq. D.7.56) is longer

than the response time of the mixture 7m (Eq. D.7.40). This

conforms with the general characteristic of hierarchies discussed

in Sec. D.2.3.

3) When the second term on the RHS is omitted (well justified for

strongly coupled flows) Eq. D.7.55 provides information on system,

i.e., on aggregate response to specified inlet/outlet conditions.

It provides neither information on the transfer process that occur

within the system (a nested hierarchy) nor on the Darticular

states of the gas and liquid phases. This information has to be

sought at lower hierarchical levels.

7.5 COMMENTS ON THE THREE LEVELS OF SCALING

The three examples discussed above have demonstrated that scaling is

determined by the question to be addressed, that is by details of

information one seeks. As information is reflected in hierarchical levels

of fig. D.3.1, scaling is determined by the level of resolution, that is, by

the hierarchical level at which the problem is to be formulated.

The results of these three examples are summarized in fig. D.7.2, which

shows that:

1) Scaling parameters change with hierarchical levels, and

2) The number of scaling parameters decreases with increasing

hierarchical levels.

This figure also illustrates and confirms the statement that the number

of constraints increases as more detailed information is being sought at

lower hierarchical levels.
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Figure D.7.2. Change of scaling parameters with hierarchical levels.
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D.8 DECOMPOSITION IN FAST AND SLOW AGGREGATES

In this section we shall illustrate how the theory of manifolds can be

used to analyze the dynamics of state variables at each hierarchical level

or between hierarchical levels.

Under certain conditions, specified by the theorem of Tihonov [35], the

dynamics of a system having n-state variables can be represented by a

smaller one having m-state variables, referred to as the manifold. The

approach is based on dividing the system in m equations having slow rates of

change ("slow" variables) and p = n - m equations with rapid rates of change

("fast" variables).

This time scale decomposition reflects the degree of coupling between the

components of a large system. In systems with weak couplings, the fast

components change rapidly and reach a quasi-steady state, i.e., a local

equilibrium, before being affected by the changes of slow components.

Consequently, for short time terms (fast transients) the behavior of the

system can be approximated by analyzing the behavior of the fast components

while considering the slow ones as constants. Thereafter (for long time

terms), the behavior of the system is governed by the slow components while

the fast ones simply follow along. Such a behavior of large system has been

observed in the fields of physics, engineering, economics, etc. (see for

example refs. 8 and 36, among others).

To illustrate an application of the above time-scale modeling methodology

[8], consider the two equations at the constituent level, that is Eqs.

D.7.38 and D.7.39, which we shall rewrite in the form of:

dt[V+ + + +
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and

d' l 3 3~ v3 3 ] (0.8.2)

where Fm and.Fs are the terms on the right hand side of Eqs. D.7.38 and

0.7.39 respectively. Assume now that mixture variables change more rapidly

than those of the solid so that

=m <<I (0.8.3)
Is

where the response times of the mixture Tm, and of the solid Ts,

are given by Eqs. D.7.40 and D.7.41.

To analyze the longtime behavior of the two constituents, we scale the

time in terms of the response time of the solid, that is, in terms of

t+ = t
st = -s (D.8.4)

so that in the slow time scale, Eqs. D.8.1 and 0.8.2, become

[Vm Pm Cv+ Tm] = F (D.8.5)
dt+ t m vm m mdst

and

d IV( + + C + T + F3  (0.8.6)

dtt

Thus, in the limit as c 0 0, the behavior of the two constituents is

governed by the behavior of the solid, whereas the mixture has reached a

quasi-steady state that follows the slow variable.
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To analyze the short time behavior of the two constituents, we rescale

the time which we express now in terms of the response time of the mixture

t+ t
tft (D.8.7)

so that in the fast time scale, Eqs. 8-1 and 8-2, become

d
dt+
dtft

IV + :'P + C + T + I - Fm m vm m m (D.8.8)

and

d
dt +
dft

3V 3 0 3 3~ (D.8.9)

Thus, in the limit as c =0 , the behavior

determined by the behavior of the mixture

solid are constant.

of the two constituents is
while the variables describing the

For a more detailed discussion of the time-scale modeling method and of

perturbation methods in general, see refs. 8 and 36 among others.
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D.9 APPLICATION TO SENSITIVITY AND UNCERTAINTY ANALYSES

In this sections we shall illustrate how the results presented in this

report can be used to perform more efficient computer code simulations

concerned with sensitivity analyses and with quantifying uncertainties.

As noted in Sec. D.1.2.2, one salient feature of computer codes designed

to simulate large systems with complex interactions between many components

and constituents, is the presence of numerous parameters and coefficients;

some of which are not firmly established. Consequently, it becomes

necessary to perform sensitivity analyses having two objectives: one, to

identify important processes and parameters; the other, to quantify

uncertainties of results calculated by the code. To perform sensitivity

analyses, by addressing each parameter and/or coefficient, is not feasible

because of the time and cost that such an effort would require.a The

results presented in this report can be used to improve, considerably, this

state of the art.

Specifically, the results presented in this report, that is the scaling

hierarchy and the specific time ratios, can be used:

a) To reduce the number of code calculations required for sensitivity

analyses and for quantifying uncertainties, and

b) To orovide a technically justifiable rationale for performing these

analyses based on the reduced number of calculations.

We recall that the scaling hierarchy (Sec. D.6.1) provides a quantitative

method for identifying important processes, therefore it furnishes also a

technically justifiable rationale for neglecting processes of lesser

importance. This reduces the number of processes that should be considered

in sensitivity analyses.

a We note that the code uncertainty analysis discussed in refs. 37 and

38, was made feasible only by reducing the number of code calculations.
These two references present and discuss the specific methods used to
realize and justify this reduction.
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Furthermore, for each important process identified by the scaling

hierarchy, the corresponding characteristic time ratio combines all

parameters relevant to that process. Consequently, instead of varying each

parameter separately, as it is done in standard sensitivity analyses, the

variation of one parameter only (i.e., of the characteristic time ratio)

will suffice. This again reduces, considerably, the number of calculations

that have to be performed.

To illustrate these two comments, consider the example of Sec. D.7.2, and

assume again, that gas to liquid heat transfer has been identified (by the

scaling hierarchy) as the process that governs the temperature of the gas.

The characteristic time ratio that scales this process, is given by Eq.

D.7.23, that is, by

H 12 = Q2 P2 Cv2(Tj - T2) 1 21  6 , (D.9.1)
Ql P1 Cp1T 1 Jo P2 Cv2 d

This equation indicates that the process depends on nine parameters, that

is, on two volumetric flow rates, two thermal properties, two initial

temperatures on the heat transfer coefficient, drop diameter and on the

residence time.

In practice, some of these parameters (for example: drop diameter,

initial conditions, liquid entrainment, heat transfer coefficient, etc.) may

not be known with sufficient accuracy. To determine the effect of these

uncertainties on the calculated results, it is standard procedure first, to

establish the uncertainty range associated with each parameter; and then, to

perform sensitivity calculations by varying each parameter over the

specified range. It is evident how this procedure generates and

necessitates many calculations.
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As the effects of all parameters (and of their uncertainties) are

incorporated in the characteristic time ratio B12, the number of

calculations can be greatly reduced by varying only 1112 (over the

specified uncertainty range) and use dimensionless equations to perform

sensitivity analyses.
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D.10 SUMMARY

The objective of this report was to propose and develop a methbdology for

dealing with complex systems (i.e., systems with complex, interacting

physico-chemical processes) via experiments, computer codes and/or dynamic

analyses. In what follows we shall summarize the results presented in the

preceding sections and show, how these results meet the fifteen needs listed

in Section D.1.2. To facilitate this summary, we shall follow the topics

addressed in the report.

D.10.1 HIERARCHICAL ARCHITECTURE

1. As the systems of interest are characterized by complex

physico-chemical interactions between many constituents, a

hierarchical approach was adopted to make the problem tractable.

2. A nested hierarchical architecture was generated from a physically

based decomposition paradigm.

The levels of this hierarchy reflect the details of information one

seeks. Thus, one looks at higher levels for synergetics and

significance; whereas one looks at lower levels for details and

mechanisms.

3. It was shown that each hierarchical level is characterized by three

metrics (i.e., by volumetric fraction, length and time) that vary

from level to level.

4. Complex interactions and transfer processes must be addressed

(measured and explained) at the relevant spatio-temporal scale.

Designating such a scale defines the hierarchical level and

vice-versa.

5. It was shown that longer spatial scales and longer response times are

associated with higher levels. Conversely, lower levels are

characterized by shorter spatial and temporal scales.
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A lower level in the hierarchy communicates only its average

(homogenized by means of volumetric fractions) to the higher level

(less detailed information is provided to and needed at higher

levels).

6. The scale of an entity was defined by the time and space constants

whereby it receives and transmits information. That information may

be in the form of energy, matter or momentum.

Specifically, the scale was defined as a period of time or portion of

space over which the signals (information in transit) are integrated

to give a message.

7. It was shown that two response times, two spatial scales and two

temporal scales (frequencies) are associated with each transfer

process between two entities (media). One set characterizes the

transmitter, the other the receiver.

Two response times exist, because time periods for integrating a

signal in the transmitter and in the receive may differ.

Two spatial scales (may) exist because the space (volume) available

for integrating a signal in the transmitter may be different from

that available in the receiver.

Two process times (frequencies) exist because the transmitter and the

receiver have different physical properties.

It was shown that these spatial and temporal scales are associated

and change with each hierarchical level.

8. For each transfer process, the spatial scales were expressed in terms

of, two transfer area concentrations (one for the transmitter, the

other for the receiver). These area concentrations have a meaning

similar to wave numbers, that is, they provide the spatial metric for

evaluating the intensity of a process.
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One of the two scales, that is, the specific spatial scales is

specified by the geometrical configuration of a single entity.

Whereas the other one, that is, the characteristic spatial scale,

depends also on the ratio of the volumetric concentrations of the two

media. Therefore, the effect of changing the amounts of material

that participate in the transfer process, is accounted for in the

characteristic spatial scale (it characterizes the participants in

the process).

9. There are two temporal scales (the specific frequency and the

characteristic frequency) associated with each transfer process.

For a conserved property 0 (mass, momentum or energy), these two

frequencies specify the percent rate of change of 0, in the two

media-brought about by the transfer process.

The specific frequency combines the effects of geometrical

configuration (i.e., the specific spatial scale) with the effects of

the transfer rate; it can be evaluated by considering a single

entity. Whereas the characteristic frequency depends also on the

amounts of ' contained in the two media. Consequently, it scales

the effect of changing the mass, or momentum or energy contents in

the two media.

These two frequencies provide the temporal metric for evaluating the

intensity of a transfer process. It was shown that this intensity,

that is, the effect of a transfer process decreases with increasing

hierarchical levels because the signal is being integrated over large

volumes.

D.10.2 SPECIFIC AND CHARACTERISTIC TIME RATIOS

1. The scaling groups presented in this report are expressed in terms of

time ratios. There were three reasons for adopting such an

approach. First, the time ratios provide the same metric for

evaluating all transfer processes. Second, they furnish criteria for

evaluating the strength of interactions, that is, the degree of
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coupling between various components and processes. Finally, time

ratios provide the basis for establishing a scaling hierarchy that

ranks processes according to their effect on the system.

2. It was shown that each transfer process generates two dimensionless

parameters i.e., the specific time ratio and the characteristic time

ratio. One scales the effects of the transfer on the transmitter,

the other on the receiver. These effects are evaluated in terms of

the number of transfer units (NTU) associated with the process.

Thus, one time ratio based on the initial state of the transmitter,

provides the NTU for the transmitter; whereas the other time ratio

based on the initial state of the receiver, provides the NTU for the

receiver.

3. Both dimensionless parameters are expressed as ratios of

system-to-process response time. Consequently, they provide the

elements for establishing a rate-dependent hierarchical architecture.

4. Both time ratios combine the temporal and spatial scales associated

with the process (accounted for in the specific and characteristic

frequencies) with those associated with the control volume/system

(accounted for in the residence time). Consequently, each time ratio

combines the system and process points of view.

5. The time ratio quantifies the effects a transfer process has on a

given constituent.

Consequently, the time ratio must be preserved if the transfer

process is to have the same effects in two facilities of different

dimensions (scales).

6. For a given constituent, there :are as many characteristic time ratios

as there are transfer processes.

Each characteristic time ratio provides the number of transfer units

(of mss, of energy, and of momentum) transferred by a particular

process to or from the constituent during its residence time.
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Each characteristic time ratio provides a metric for evaluating the

relevance of a particular process on the behavior of the system. The

larger the ratio, the more important is the transfer process.

Consequently, for a given constituent, time ratios can be used to

establish a hierarchy for ranking processes according to their effect

on the system.

0.10.3 EFFECT OF SCALE DISTORTIONS

Using the characteristic time ratio, a relation was presented for

evaluating the effects of scale distortions.

D.10.4 HIERARCHICAL, Two-TIERED SCALING ANALYSIS

A hierarchical, two-tiered

illustrated in this report.

for model-building, that is,

other on the bottom-up.

scaling methodology was developed and

The two tiers are based on the two methods used

one tier is based on the top-down method, the

D.10.4.1 ToP-DowN APPROACH

1. Following the top-down approach, control volume conservation

equations were used to:

a) derive the time ratios, that is, the dimensionless parameters,

and

b) establish a scaling hierarchy

2. Initial and boundary conditions were used to derive the dimensionless

parameters, that is, the time ratios because:

a) These conditions are known, and
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b) The response, i.e., the behavior of a system must be explicitly

tied to the spatio-temporal properties of disturbances which are

specified by the initial and boundary conditions.

3. The scaling hierarchy has six important objectives:
I

a) To identify important processes which must be addressed in

greater detail by following the bottom-up approach.

b) To identify similarity groups which must be preserved between

full scale system and tests performed in scaled-down facilities.

c) To provide the constraints for the experiments based on the

bottom-up approach, that is, to specify the conditions and the

range of parameters to be covered by these experiments; this

will ensure that the data and results are relevant and

applicable to a full scale system.

d) To provide a technically justifiable rationale for establishing

priorities which are needed:

" for test facility design and operation

* for computer code development, validation and

uncertainty quantification, and

" for efficient technical management

e) To provide a technically justifiable basis for simplifying the

problem, that is, for extracting a simple-number system from a

middle-number system.

f) To provide a framework and procedure for decoupling the system

in fast and slow aggregate (needed for stability and dynamic

analyses of the system).
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4. At each level of the scaling hierarchy, the function of each element,

that is, of each transfer process can be examined and assessed.

Consequently, the top-down or system scaling approach provides a

methodology that is comprehensive, systematic, auditable and

tra:ceable.

D.10.4.2 BOTTOM-UP APPROACH

1. The bottom-up approach addresses only those processes which were

identified (by means of the scaling hierarchy) as being important to

the behavior of the system. It focuses therefore, on specific

processes. As the characteristic time ratio provides a metric for

evaluating a process, the bottom-up approach focuses on the flux

terms and when needed, on the geometrical terms that appear in this

ratio.

2. The bottom-up approach has three important objectives:

a) To discern the mechanisms that govern the flux term and (when

needed) the geometrical terms,

b) To establish and validate functional relations for calculating

these terms, and

c) To demonstrate that these fractional relations (or models) can

be applied to a full scale system.

3. By performing detailed analyses of governing mechanisms, the

bottom-up approach ensures that processes important to system

behavior are properly and adequately addressed.
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D.10.4.3
methodology,

(synergi sm);

(monergism).

Two-TIERED APPROACH. In the proposed two-tiered scaling

the top-down approach scales the behavior of the whole system

whereas the bottom-up approach focuses on specific processes

Specific mechanisms are investigated at the lower level, their

significance is synthesized and evaluated at the top one.

The top-down or system approach provides efficiency; whereas the bottom-up

or process approach provides the sufficiency of the scaling analysis.

Together, the two approaches provide a methodology that is practical and

that yields technically justifiable results.

0.10.5 EFFECTS OF HIERARCHICAL LEVELS ON SCALING

1. This report has demonstrated that scaling is determined by the

question to be addressed, that is, by the details of information one

seeks.

As information details are reflected in hierarchical levels, scaling

is determined by the level of resolution, that is, by the

hierarchical level at which the problem is to be formulated.

2. It was shown that:

a) The characteristic time ratios, that is, the scaling groups

change with hierarchical levels, and

b) The number of characteristic time ratios decreases with

increasing hierarchical levels.
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3. As characteristic time ratios can be interpreted to be constraints

(imposed on the designer) a decrease in their number implies a

reduction of design constraints with increasing hierarchical levels.

However, this benefit is being paid for by a loss of information

content and details, which decrease with increasing hierarchical

levels.

Thus, as more detailed and specific questions are being raised (which

need to be addressed at lower hierarchical levels), more constraints

have to be met.

0.10.6 APPLICATION TO A THREE PHASE SYSTEM

The concepts and methodology were illustrated through an application

to a scaling analysis of a system consisting of two constituents and three

phases.

The analysis was performed at three hierarchical levels to

demonstrate the effects summarized in the preceding section.

D.10.7 DECOMPOSITION IN FAST AND SLOW AGGREGATE

The time scale modeling methodology was applied to the two

constituents, three-phase system, to decompose the system in fast and slow

aggregates and to illustrate thereby, that the theory of manifolds can be

used to analyze the dynamics of state variables at each hierarchical level

or between hierarchical levels.

D.10.8 APPLICATION TO SENSITIVITY AND UNCERTAINTY ANALYSES

1. The two constituents, three phase system was used to illustrate how

the results presented in this report can be used to perform more

efficient computer code simulations concerned with sensitivity

analyses and with quantifying uncertainties.
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2. It was shown that the scaling hierarchy and the characteristic time

ratios, can be used;

a) To reduce the number of code calculations required for

sensitivity analyses and for quantifying uncertainties, and

b) To provide a technically justifiable rationale for performing these

analyses based on the reduced number of calculations.

0.10.9 ADDRESSING AND MEETING THE'NEEDS

The results presented in this report meet the fifteen needs listed in

Sect. D.1.2, specifically:

1. The characteristic time ratios and the hierarchical, two-tiered

structure provide a scaling methodology that is systematic and

practical, auditable and traceable.

2. For experiments, the characteristic time ratios and the hierarchical

structure:

a) furnish similarity groups which should be preserved between a

test facility and a full scale plant,

b) establish priorities for preserving similarity,

c) assure that important processes have been identified and

properly addressed,

d) provide specifications for test facility design and operation,

e) ensure the prototypicality of test data, and

f) provide biases due to scale distortion.
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3. For computer code simulation, the characteristic time ratios and the

hierarchical structure:

a) identify and prioritize the physico-chemical processes which be

modeled,

b) provide a basis for evaluating the scale-up capability of

empirical correlations,

c) provide a basis for evaluating test data to be used for code

validation, ,

d) provide .a method for reducing the number of code calculations

required for sensitivity analyses and for quantifying

uncertainties, and

e) provide a technically justifiable rationale for performing these

analyses based on the reduced number of calculations.

4. For dynamic analyses, the time scale modeling and the resulting

classification in fast and slow aggregates provide the framework for

addressing questions concerned with bifurcation phenomena and with

system stability.

5. For technical management, the hierarchical, two-tiered scaling (H2TS)

methodology generates quantitative results and provides a technically

justifiable rationale to:

a) establish priorities for experiments (test facility design and

operation) and for computer code development and validation,

b) obtain the proper balance between experimentation and computer

code validation and uncertainty quantification, and

c) establish a procedure for conducting efficient and comprehensive

technical reviews.
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D.IO.IO COMMENT ON CONTROL VOLUME ANALYSIS

The results presented in this report have illustrated the value and the

flexibility of the control volume analysis whose history and impact on

engineering and technology were so well discussed and documented by.

Vincente [39], where he noted that "control volume analysis has emerged as

an explicit and systematic way of thinking in engineering."
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APPENDIX E
CONFIRMATION OF DCH PHENOMENA RANKING

USING THE AHP METHODOLOGY

Prepared by:
Gary E. Wilson (INEL)
Martin Pilch (SNL)

This appendix describes additional component and phenomena ranking studies
performed to confirm the initial TPG consensus ranking.
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The TPG ranks given in Part B Section 2.6 (report main body) were based on
reasoned evaluation of the total knowledge base and experience available.
The TPG had no strong reason to believe there were any significant flaws in
its results. However, a different ranking approach, the AHP, was familiar
to several of the TPG members. Accordingly, a semi-independent ranking was
undertaken by the INEL and SNL TPG members and knowledgeable analysts on
their staff using the AHP ranking approach. An overview of the AHP is
provided in Section E.1, following. The specific application of the
methodology to the problem of interest in this report is described in
Section E.2 of this appendix.

E.1 OVERVIEW OF THE ANALYTIC HIERARCHY PROCESS METHODOLOGY

E.1.1 INTRODUCTION

As decisions become more and more complex, decision makers are faced with
the challenge of sorting through many variables to arrive at a sound
decision. The Analytic Hierarchy Process (AHP) is a tool, developed by T. L.
Saaty, that allows a systematic, logical approach to reducing complex issues
into manageable pieces. The decision maker can then sort through the
variables and determine to what degree a particular variable should
influence the final decision. The power of the AHP as a management tool
comes from the fact that it reduces the problem to many pairwise decisions.
Only two items need be compared against one another, a much simpler task
than comparing an item to all the others simultaneously. By comparing
appropriate pairs in a priority matrix, eac~h item will have been compared
with every other item. Matrix algebra can then operate on this priority
matrix to rank the items according to their importance toward achieving the
goal. This section briefly describes the AHP. More detailed descriptions
and numerous applications are available in'refs. 1, 2, 3 and 4 of this
appendix.

E.1.2 THE ANALYTIC HIERARCHY PROCESS

As the name suggests, the AHP contains hierarchies or levels. Each level
contains items that will be ranked relative to a item in the level above
it. By starting at the bottom level, the most fundamental level, the
decision maker can rank items with respect to a more general item contained
in the next higher level. As the decision maker proceeds through the
levels, the items become more general until, finally, the most general item
- the goal - is reached. Thus, the decision maker proceeds as if building a
pyramid. At the bottom he makes many fundamental decisions. As he proceeds
toward the top he makes fewer and fewer decisions but they are more
general. Finally the AHP manipulates the decision makers pairwise decisions
to determine how important each of the most fundamental items is with
respect to the most general one, the goal. Section E.1.2.1 describes levels
in more detail.

Items in each level are ranked with a tool called a priority matrix. Each
entry into a priority matrix compares the relative importance of two items -
a pairwise decision. Each level will contain one or more priority matrices
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that are filled with pairwise decisions. Section E.1.2.2 discusses priority
matrices further.

In the process of building the priority matrices, the decision maker may
inadverteotly enter decisions that contradict one another. A measurement
for the amount of contradiction in a priority matrix is the inconsistency
index (IC). ICs from inailvidual priority matrices can be combined to arrive
at a measure of contradiction or inconsistency for the entire hierarchy.
The IC is discussed further in Section E.1.2.3.

E.1.2.1 LEVELS. The AHP consists of several levels of decisions, each
level representing a different degree of detail in the decision process.
One can have has many levels as needed, but for this discussion, assume a
three level AHP. The first level always contains the goal to be achieved.
The last level contains the items to be pridritized with respect to their
affect on achieving the goal. All the levels in between help the decision
maker relate the most fundamental items on the bottom level to the goal on
the top level. Each level contains items that relate to the more general
items in the level above it. The more complex the problem is, the more
levels it is likely to have.

For example, if one wants to buy a new car but is confused by all the cars
and options on the market, one might Use an AHP with the following levels:

Level I Purchasing the car which gives the most satisfaction
Level 2 Items which contribute to satisfaction with the car
Level 3 Specific car models

The decision maker has established a goal (level 1) - to buy a new car he
will be satisfied with. .The last level (level 3) contains the most,
fundamental items, the list of car models under consideration. The decision
maker could have used a two level hierarchy consisting only of levels one
and three. But deciding which car model gives the most satisfaction can be
confusing because several items contribute to satisfaction. Therefore, an
additional level is established which will help the decision maker relate
the most fundamental items to the-goal. Fig. E.1 illustrates the hierarchy.

Level I Level 2 Level 3
Goal Satisfaction items Car Models

1. Comfort Model 1. Model 2. Model 3

2. Fuel Economy Model 1, Model 2. Model 3

Satisfaction
with the 3. Maintenance Costs Model 1. Model 2. Model 3
new car

4. Initial Costs Model 1, Model 2, Model 3

5. Status Model 1, Model 2, Model 3

Figure E.1. An example hierarchy.
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By choosing the items related.to satisfaction - say comfort, fuel economy,
etc., for the Intermediate level (level 2), the decision maker can rank the
car models on level 3 with respect to the satisfaction items on level 2.
Likewise, he can rank the satisfaction items with respect to the goal,
satisfaction. The AHP then uses these rankings in the form of priority
matrices to arrive at an overall ranking ofthe most fundamental items with
respect to the goal, i.e. car models ranked with respect to satisfaction.
The decision maker would purchase the car model with the highest ranking
since it would be the one that best meets his requirements for satisfaction.

E.1.2.2 PRIORITY MATRICES. Priority matrices such as the one shown in
fig. E.2 are key tools for the AHP. It is the priority matrices in which
the decision maker enters his pairwise rankings. Also, the AHP uses the
priority matrices to determine the ranking of items on each level, and the
overall hierarchy (the items on the last level with respect to the the top
level). A given set of priority matrices bridges the levels. The matrix
shown in fig. E.2 bridges the first and second levels of the hierarchy
because it relates items from level 2 to level 1. A description of how to
construct priority matrices follows.

Satisfaction a b c d e

a. Comfort 1 1 1/2 1/3 2

b. Fuel Economy 1 2 3 2

c. Maintenance Costs 1 1/2 2

d. Initial Costs 1 3

e. Status 1

Figure E.2; Example priority matrix.

Each level below level 1 will have a set of matrices (level 1 contains no
matrix). One matrix will rank items in the current level with respect to a
item in the level above it. Thus, each level will have as many matrices as
there are items in the level above it. Fig. E.1 illustrates this. Each box
in the figure represents a priority matrix. To construct a priority matrix,
the decision maker begins by listing the items in the current level along
the left of, and at the top of an empty matrix. He enters "I"s on the
diagonal (row a, column a equals 1, row b, column b equals 1, etc.). These
unit 1 cells indicate that each item is as important as itself. Now, the
decision maker is ready to enter pairwise rankings in the upper right half
of the matrix (or, one can enter pairwise rankings in the lower right half
realizing that the two halves of the matrix are reciprocals). Fig. E.2 is
an example of a priority matrix which ranks the items on level 2 with
respect to level 1, or satisfaction items with respect to satisfaction.
Thus, by evaluating this matrix, the decision maker will know which
satisfaction item most contributes to his satisfaction. He doesn't yet know
which car to buy; however, he knows what features to look for in a car. In
this example, the decision maker has ranked each satisfaction item using a
scale from 1 to 3 where 1 indicates the left item is equally important to
the top item when considering the goal. A three indicates that the left
item is much more important than the top item and 1/3 indicates the inverse,
the top item is much more important than the left one. The decisions are
pairwise in that the decision maker has made a decision between two items
only. For example,
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comfort is somewhat less important than maintenance cost (row a, column c -
1/2). Each entry into the priority matrix is a pair-wise ranking, i.e. a
judgement of how important one item is with respect to the other. Matrix
solution schemes within the program then determine the absolute ranking of
the items within the composite of all items. Only the top right corner of
the matrix need be filled in because the lower left portion of the matrix is
the inverse of the top right portion,'i.e. if initial cost is much more
important than comfort, comfort is much less important than initial cost.
(row a, column d is the inverse of row d, column a). Once the priority
matrices are completed, the work for the decision maker is finished. Now
the AHP software can operate on the matrices to determine the absolute
priorities.

E.1.2.3 CONSISTENCY. It is possible for two decisions to
inadvertently contradict one another in a priority matrix. For example, the
decision maker might say that item A is more important than item B, and item
B is more important.than item C; but item C is more important than item A.
There is a measurement for the amount of contradiction in a matrix called
the inconsistency index. Inconsistency indexes from each priority matrix in
the hierarchy can be used to determine an overall hierarchy inconsistency.
Generally, if the inconsistency index for a matrix is less than 0.1, the
inconsistency is probably not significant.

The pair-wise ranking scales used as input to the AHP tend to influence
the inconsistency. A coarse scale will tend to increase the inconsistency
relative to a fine scale; however, the scale selection also depends on other
factors as follows. The most coarse scale (1 to 3) is the easiest to use in
the pair-wise ranking. That is, it is easy to decide that two parameters
are of equal importance (1), or that one is somewhat more important (2) or
significantly more important (3). It is more difficult to rank using a
scale of 1 to 9. Experience indicates that what is usually done is to
establish 1 as equally important, 5 as somewhat more important, 9 as
significantly more important, and then use the in-between numbers to resolve
differences in the opinions of the personnel performing the ranking. Based
on considerable experience the normal recommendation is to use a scale of I
to 5. This scale usually provides the best compromise relative to ease of
use and influence on the inconsistency of the resulting product. It should
be noted this discussion applies only to the pair-wise ranking scales. The
relative ranking (output), performed by the AHP software, is automatically
converted to a relative scale of 1 to 9, which has little significance to
inconsistency.

E.2 AHP APPLICATION TO DCH SCENARIO

E.2.1 GENERAL CONDITIONS

The application is conceptually illustrated in Part B fig. 2.9 (report
main body), where the concept of grouping components (logical partitioning
of system) at the second level, and the phenomena at the third level was
adopted. The components are ranked first with respect to their relative
importance to containment loads. At the next level, the phenomena, within
each component, are ranked for their relative importance to containment
loading. The component ranking, at the second level, provides the basis for
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weighting the phenomena relative ranks within each component. Through
suitable matrix solutions the relative importance of each phenomenon, on a
system wide basis (i.e., the goal = first level), is determined.

During the AHP ranking effort it was noted there were two potential
assumptions regarding the importance of the components:

a. Each component, regardless of its location, was equally important to
containment loading, and

b. The importance of a component was a function of its downstream
location from the RPV, with the RPV being the most influential.

The first assumption is thought to be more probably true; however, the
latter, if true, could have significant benefits in terms of potentially
reduced scaling constraints in IETs, and in subsequent model development.
While it is recognized an AHP exploration of this question is hardly
conclusive, the ease with which the component relative ranks could be
changed made such an examination attractive. Therefore, the AHP results
given here reflect identical conditions except:

a. Case 1 - All components assigned equal rank with respect to their
importance to containment loading, except during the corium discharge
phase. The TPG generally agreed that during corium discharge there
was no significant phanomenological activity in the upper containment
(i.e. lowest importance rank in this component during this phase).

b. Case 2 - The RPV and upper containment were assign, respectively, the
highest and lowest ranks during all phases. The ranks of the reactor
cavity and containment subcompartments were approximately linearly
distributed between the ranks of the RPV and upper containment as a
function of relative distance from the RPV.

E.2.2 COMPONENT AND PHENOMENA RANKING

The pair-wise, ranking input to the AHP software is summarized in tables
E.1 through E.6, by discharge phase and case (see above). The pair-wise
ranking used a scale of 1 to 5. In each of the tables, the component ranks
are shown in the A part. Parts B through E give the phenomena ranks by
component. Likewise, the tables also list the AHP software output ranking
(scale of 1 to 9) of the phenomena on a system wide basis, and the
comparable TPG rank. Other information explaining the table contents is
shown in the notes.

E.2.2 ANALYSIS OF REtULTS AND CONCLUSIONS

The TPG and AHP phenomena ranking are summarized and compared in table
E.7. As shown in the table, two cases were used in the AHP study. The
ranking comparisons shown in table E.7 have been annotated to show the
differences in the TPG and AHP ranks in the context of insignificant (I),
potentially significant (P) and significant (S) on the following basis.
The AHP ranking is performed using matrix math. Accordingly, the method
requires ranks be formulated in terms of numbers rather than low, medium
and high as was done by the TPG. The AHP outputs its results in a scale of
I to 9, one being least important. Based on considerable experience with
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Table E.1 AHP ranking for the corium discharge phase, Case 1.

A. Component
ranks PAIR-WISE RANKS,

RPV I RC ICs

input

I UC

AHP
out-
put

B. Phenomena
ranks in the
RPV

- ~1~ =

PAIR-WISE RANKS, input AHP
out,
put

TPG

Rank
HA I FTH IRPVD J IGT

OR

REACTOR PRESSURE 1 1 1 5 9
VESSEL

REACTOR 1 1 5 9

CAVITY

CONTAINMENT 1 5 9
SUBCOMPARTMENTS

UPPER
CONTAINMENT

HOLE 1 1 5 3 5 9
ABLATION H H

FLOW THROUGH 1 5 3 5 9
HOLE H H

RPV 1 1/3 3 3
DEPRESSURIZATION L L

INCEPTION OF GAS 1 4 4
BLOWTHROUGH M H

OXIDATION 1 2

REACTIONS L

SD

C. Phenomena ranks In the
reactor cavity PAIR-WISE RANKS, input

TCD CA CD OR D/WHT DIGHT ID/SHTIG/SHTI HC

AHP
out-
put

TPG
Rank

TRANSIENT CORIUM DISTRIBUTION 1 5 5 3 3 5 3 5 5 9(H) H

CONCRETE ABLATION 1 1 1/3 1/4 1/2 1/3 1/2 1/2 2(L) L

CONCRETE DECOMPOSITION 1 1/3 1/4 1/2 1/3 1/2 1/2 2(L) L

OXIDATION REACTIONS 1 1/2 3 2. 3 3 5(M) N

DEBRIS TO WATER HEAT TRANSFER 1 3 1 3 3 5(N) M

DEBRIS TO GAS HEAT TRANSFER 1 1/3 1 2 2(L) L

DEBRIS TO STRUCTURE HEAT TRANSFER 1 3 3 4(M) K

GAS TO STRUCTURE HEAT TRANSFER 1 2 2(L) L

HYDROGEN COMBUSTION 1 2(L) L

NOTES: 1) For this phase and case it was presumed that there was no significant
activity in the upper containment. Thus, this component was assigned
The RPV, reactor cavity and subcompartments were assigned equal ranks

phenomenological
the lowest importance.
of importance.

2) The pair-wise ranking input used a scale of 1 to 5 (user option), where in comparing X to Y:
I = both are of equal importance; 3 = X somewhat more important; 5 = X significantly more
important; 1/3 & 1/5 - the second item (Y) is somewhat or significantly more important.

3) The AHP output uses a fixed scale of 1 to 9. where the normal interpretation is (1, 2 & 3] =

lw importance. [4. 5 & 6] = medium importance; (7. 8 & 9] - high importance.
4) 10, PD, SD - insignificant, potential and significant difference in TPG and AHP ranks.
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Table E.1 AHP ranking for the corium discharge phase, Case 1.
(continued)

D. Phenomena ranks in the
containment subcompartments PAIR-WISE RANKS, input AHP

out- TPG
put RankHM OXC HC OC 3DF OR D/GHT ID/SHT ID/WHTI CD IG/SHT

HYDROGEN MIXING 1 1 1 1 1/5 1/2 1/3 1/3 1/3 2 1 2(L) -

OXYGEN CONTENT 1 1 1 1/5 1 1/3 1/3 1/3 2 1 2(L) -

HYDROGEN COMBUSTION 1 1 1/5 1/2 1/3 1/3 1/3 2 1 2(0) -

OTHER COMBUSTIBLES 1 1/5 1/2 1/3 1/3 1/3 2 1 2(L) -

3-0 DISPERSED FLOW 1 5 5 5 5 5 5 9(H) H

OXIDATION REACTIONS 1 1 1 1 4 2 3(M) -

DEBRIS TO GAS HEAT TRANSFER 1 1 1 3 2 3(L) -

DEBRIS TO STRUCTURE HEAT TRANSFER 1 1 3 2 3(L) -

DEBRIS TO WATER HEAT TRANSFER 1 3 2 3(L) -

CONCRETE DECOMPOSITION 1 2 I(L) -

GAS TO STRUCTURE HEAT TRANSFER 1 2(L) -

E. Phenomena ranks in the
upper containment PAIR-WISE RANKS, input

HM&COC OR DIGHT D/SHT IG/SHT

AHP
out-
put

TPG
Rank

HYDROGEN MIXING & COMBUSTION 1 5 4 1/2 4 4 2(L) -

OTHER COMBUSTIBLES 1 1/2 1/3 1 1 I(L) -

OXIDATION REACTIONS 1 1/3 1 1 1(L) -

DEBRIS TO GAS HEAT TRANSFER 1 3 3 2(L) -

DEBRIS TO STRUCTURE HEAT TRANSFER 1 2 1(L)

GAS TO STRUCTURE HEAT TRANSFER 1 1(L)

Total hierarchy inconsistency measure - 2%
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Table E.2 AHP ranking for the multiphase discharge, Case 1.

A. Component
ranks PAIR-WISE RANKS. input

RPV I RC ICS I UC

AHP
out-
put

B. Phenomena

ranks in the
RPV

PAIR-WISE RANKS, input AHP
out,
put

TPG
RankHA FTH RPVD IGT OR

REACTOR PRESSURE 1 1 11 1 9
VESSEL

REACTOR 1 7 19
CAVITY

CONTAINMENT I 1 9

SUBCOMPARTMENTS

UPPER 1 9

CONTAINMENT

HOLE 1 2 5 5 4 9
ABLATION H H

FLOW THROUGH 1 5 5 4 7
HOLE H H

RPV 1 1 1/2 1
DEPRESSURIZATION L

INCEPTION OF GAS 1 3 2
BLOWTHROUGH L

OXIDATION 1 1
REACTIONS L L

C. Phenomena ranks in the
reactor cavity PAIR-WISE RANKS, input AHP

out-

put

TPG
RankTCD CA CD OR 0/WHT ID/GHT ID/SHT IG/SHT HC

TRANSIENT CORIUM DISTRIBUTION 1 5 5 2 2 2 5 5 5 9(H) H

CONCRETE ABLATION 1 1 1/5 1/5 1/5 1 1 1 I(L)

CONCRETE DECOMPOSITION 1 1/5 1/4 1/4 1 1 1 I(L) M

OXIDATION REACTIONS 1 1/2 1 5 5 5 6(M) H

DEBRIS TO WATER HEAT TRANSFER ' 1 2 5 5 5 7(H) H

DEBRIS TO GAS HEAT TRANSFER 1 5 5 5 6(M) H

DEBRIS TO STRUCTURE HEAT TRANSFER 1 1 1 I(L) L

GAS TO STRUCTURE HEAT TRANSFER 1 1 I(L) L

HYDROGEN COMBUSTION 1 2(L) L

SD

ID

iD

NOTES: 1) For this phase and case it was presumed the components were of equal
containment loads.

importance to the

2) The pair-wise ranking input used a scale of 1 to 5 (user option), where in comparing X to Y:
I = both are of equal importance; 3 = X somewhat more important; 5 = X significantly more
important; 1/3 & 1/5 - the second item (Y) is somewhat or significantly more important.

3) The AHP output uses a fixed scale of I toý 9, where the normal interpretation is (1, 2 & 3] 1

low importance; [4, 5 & 6] - medium importance; [7, 8 & 9) = high importance.

4) ID, PD, SO - insignificant, potential and significant difference in TPG and AHP ranks.
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Table E.2 AHP ranking for the multiphase discharge, Case 1.
(continued)

D. Phenomena ranks in the
containment su~bcompartments PAIR-WISE RANKS. input AHP

out-
putHM OXC HC OC 3DF OR D/GHT ID/SHT ID/WHTI CO D /SHT

TPG

Rank

HYDROGEN MIXING 1 1 1 3 1/3 1/4 1/3 1 1/3 2 I 3(L) M

OXYGEN CONTENT 1 1 1 1/3 1/3 1/3 1/3 1/3 2 1/2 2(L) M

HYDROGEN COMBUSTION 1 1 1/3 1/2 1/3 1/3 1/3 2 1 3(L) M

OTHER COMBUSTIBLES 1 1/4 1/4 1/3 1/3 1/4 1 1 2(L) M

3-D DISPERSED FLOW 1 1 2 2 2 4 3 9(H) H

OXIDATION REACTIONS 1 1 1 1 4 3 7(H) H

DEBRIS TO GAS HEAT TRANSFER 1 2 1 4 2 7(H) H

DEBRIS TO STRUCTURE HEAT TRANSFER 1 1 2 2 5(N) H

DEBRIS TO WATER HEAT TRANSFER 1 2 3 7(H) H

CONCRETE DECOMPOSITION 1 1/3 1(L) H

GAS TO STRUCTURE HEAT TRANSFER 1 3(L) M

I1

PD

ID

PD

PD

SO

ID

E. Phenomena ranks in the
upper containment PAIR-WISE RANKS, input

HM&COC
OR

D/GHTI D/SHTI G/SHT

AHP
out-
put

TP6
Rank

HYDROGEN MIXING & COMBUSTION 1 4 5 2 4 4 9(H) H

OTHER COMBUSTIBLES 1 2 1/4 1 2 2(M) L

OXIDATION REACTIONS 1 1/3 2 2 2(L) L

DEBRIS TO GAS HEAT TRANSFER 1 5 5 7(H) H

DEBRIS TO STRUCTURE HEAT TRANSFER 1 I 1(L) L

GAS TO STRUCTURE HEAT TRANSVER 1 1(L) L

Total hierarchy inconsistency measure - 2%
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Table E.3 AHP ranking for the single-phase discharge, Case 1.

A. Component
ranks PAIR-WISE RANKS,

RPV IRC 1C7S

input

FUT

AHP
out-
put

B. Phenomena
ranks in the
RPV

PAIR-WISE RANKS, input AHP
out.

putHA FTH RPVD
TPG

RankIGT OR

REACTOR PRESSURE 1 1 1 1 9
VESSEL

REACTOR 1 1 1 9
CAVITY

CONTAINMENT 1 1 9
SUBCOMPARTMENTS

UPPER 1 9
CONTAINMENT

HOLE 1 1/5 1/5 1 1 1
ABLATION L

FLOW THROUGH 1 5 5 5 9
HOLE H H

RPV1 3 1 3
DEPRESSURIZATION L

INCEPTION OF GAS 1 1 2

BLOWTHROUGH L

OXIDATION 1 2

REACTIONS L

C. Phenomena ranks in the
reactor cavity

ir .r-

PAIR-WISE RANKS, input AHP

out-

put

- r -1~r~~~ F ~7~*~t- TPG
RankTCD CA CD sOR D/WHT ID/GHTI D/SHT IG/SHT HC

TRANSIENT CORIUM DISTRIBUTION 1 5 5 2 2 2 4 5 5 9(H) H

CONCRETE ABLATION 1 , 1 1/5 1/5 1/5 1/2 1/2 3 2(L) -

CONCRETE DECOMPOSITION 1 1/5 1/5 1/5 1/2 1/2 3 2(L) -

OXIDATION REACTIONS 1 1/2 1 4 4 5 6(M) H

DEBRIS TO WATER HEAT TRANSFER 1 1 4 4 5 7(H) H

DEBRIS TO GAS HEAT TRANSFER 1 4 5 5 7(H) H

DEBRIS TO STRUCTURE HEAT TRANSFER 1 2 5 3(L) L

GAS TO STRUCTURE HEAT TRANSFER 1 5 2(L) L

HYDROGEN COMBUSTION 1 I1(L) L

ID

NOTES: 1) For this phase and case it was presumed the
containment loads.

components were of equal importance to the

2) The pair-wise ranking input used a scale of 1 to 5 (user option), where in comparing X to Y:
1 = both are of equal importance; 3 = X somewhat more important: 5 - X significantly more
important; 1/3 & 1/5 = the second item (Y) is somewhat or significantly more important.

3) The AHP output uses a fixed scale of 1 to 9, where the normal interpretation is [1. 2 & 3] =

low importance; [4, 5 & 6] = medium importance; [7, 8 & 9] = high importance.
4) ID, PD. SO - insignificant, potential and significant difference in TPG and AHP ranks.
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Table E.3 AHP ranking for the single-phase discharge, Case 1.
(continued)

D. Phenomena ranks in the
containment subcompartments PAIR-WISE RANKS, input

HM OXC HC OC 3DF OR D/GHT ID/SHT D/WHT CD IG/SHT

AHP
out-
put

TPG
Rank

HYDROGEN MIXING 1 1 1 2 1/4 1/4 1/4 1/3 1/3 2 2 2(L) M

OXYGEN CONTENT 1 1 1 1/4 1/4 1/4 1/3 1/4 1/2 1/4 2(L) M

HYDROGEN COMBUSTION 1 1 1/4 1/4 1/4 1/4 1/4 1/2 1/3 2(L) M

OTHER COMBUSTIBLES 1 1/5 1/4 1/4 1/4 1/4 1/2 1/3 1(L) M

3-D DISPERSED FLOW 1 2 2 3 3 2 3 9(H) H

OXIDATION REACTIONS I I _ 3 3 2 4 3 9(H H

DEBRIS TO GAS HEAT TRANSFER 1 3 2 4 3 7(H) H

DEBRIS TO STRUCTURE HEAT TRANSFER 1 1/2 2 3 4(M) H

DEBRIS TO WATER HEAT TRANSFER 1 4 3 6(M) H

CONCRETE DECOMPOSITION 1' 1/3 2(L) H

GAS TO STRUCTURE HEAT TRANSFER _ 1 3(L) M

PD

PD

PD

SD

SD

ID

SO

IO

E. Phenomena ranks in the
upper containment PAIR-WISE RANKS, input

HM&C IOC OR D IGHT D/SHT ISHT

AHP
out-
put

TPG
Rank

HYDROGEN MIXING & COMBUSTION 1 4 4 4 5 5 9(H) H

OTHER COMBUSTIBLES 1 1 1/3 1 1 2(L) L

OXIDATION REACTIONS 1 1/2 2 3 2(L) L

DEBRIS TO GAS HEAT TRANSFER 1 5 5 5(M) H

DEBRIS TO STRUCTURE HEAT TRANSFER 1 2 2(L) L

GAS TO STRUCTURE HEAT TRANSFER 1 1(L) L

PD

Total hierarchy inconsistency measure - 2%

E-12



Table E.4 AHP ranking for the corium discharge phase, Case 2.

A. Component

ranks PAIR-WISE RANKS. input

RPV I RC I CS FUC
AHP

out-

put

B. Phenomena
ranks In the
RPV

PAIR-WISE RANKS, input AHP
out,
putHA FTH RPVD

TPG
RankIGT OR

REACTOR PRESSURE 1 2 3 5 9

VESSEL

REACTOR 1 3 5 6

CAVITY

CONTAINMENT 1 3 3

SUBCOMPARTMENTS

UPPER
CONTAINMENT

HOLE ' 1 1 5 3 5 9

ABLATION H H

FLOW THROUGH 1 5 3 5 9

NOLE H H

RPV 1 1/3 3 3

DEPRESSURIZATION L L

INCEPTION OF GAS 1 4 5

BLOWTHROUGH M H

OXIDATION 1 2

REACTIONS L -

PD

C. Phenomena ranks in the

reactor cavity PAIR-WISE RANKS, input

D/WHTTCD CA CD OR D/GHTID/SHT G/SHT

AHP
out-
put

TPG
RankHC

TRANSIENT CORIUM DISTRIBUTION 1 5 5 3 3 5 3 5 5 7(H) H

CONCRETE ABLATION 1 1 1/3 1/4 1/2 1/3 1/2 1/2 I(L) L

CONCRETE DECOMPOSITION 1 1/3 1/4 1/2 1/3 1/2 1/2 I(L) L

OXIDATION REACTIONS 1 1/2 3 2 3 3 3(L) M

DEBRIS TO WATER HEAT TRANSFER 1 3 1 3 3 4(M) M

DEBRIS TO GAS HEAT TRANSFER 1 1/3 1 2 2(L) L

DEBRIS TO STRUCTURE HEAT TRANSFER 1 3 3 3(L) K

GAS TO STRUCTURE HEAT TRANSFER 1 2 2(M) L

HYDROGEN COMBUSTION 1 2(L) L

ID

ID

NOTES: 1) For this phase and case it was presumed the importance of the phenomena to continment
loads decreases as a function of downstream distance of the components from the pressure

vessel.
2) The pair-wise ranking:input used a scale of 1 to 5 (user option), where in comparing X to Y:

1 - both are of equal importance; 3 - X somewhat more important; 5 - X significantly more

important; 1/3 & 1/5 - the second item (Y) is somewhat or significantly more important.

3) The AHP output uses a fixed scale of I to 9. where the normal interpretation is (1, 2 & 3] -

low importance; [4, 5 & 6] - medium importance; [7, 8 & 9) = high importance.

4) ID. PD. SD - insignificant, potential and significant difference in TPG and AHP ranks.
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Table E.4 AHP ranking for the corium discharge phase, Case 2.
(continued)

D. Phenomena ranks in the
containmnent subcompartments

,I -

PAIR-WISE RANKS. input AHP
out-
putHN OXC HC OC 3DF OR D/GHT D/SHT O/WHT CDO, G/SHT

TPG

Rank

HYDROGEN MIXING 1 1 1 1 1/5 1/2 1/3 1/3 1/3 2 1 I(L) -

OXYGEN CONTENT 1 1 1 1/5 1 1/3 1/3 1/3 2 1 I(L) -

HYDROGEN COMBUSTION 1 1 1/5 1/2 1/3 1/3 1/3 2 1 1(L) -

OTHER COMBUSTIBLES 1 1/5 1/2 1/3 1/3 1/3 2 1 I(L) -

3-D DISPERSED FLOW 1 5 5 5 5 5 5 3(M) H

OXIDATION REACTIONS 1 I 1 1 4 2 1(L) -

DEBRIS TO GAS HEAT TRANSFER 1 1 3 2 2(L) -

DEBRIS TO STRUCTURE HEAT TRANSFER 1 1 3 2 2(L) -

DEBRIS TO WATER HEAT TRANSFER 1 3 2 2(L) -

CONCRETE DECOMPOSITION 1 2 I(L) -

GAS TO STRUCTURE HEAT TRANSFER 1 1(L) -

So

E. Phenomena ranks in the
upper containment PAIR-WISE RANKS. input

HM&CI OC OR D/GHT I O/SHT G/SHT

AHP
out-
put

TPG
Rank

HYDROGEN MIXING & COMBUSTION i 5 4 1/2 4 4 2(L) -

OTHER COMBUSTIBLES 1 1/2 1/3 1 1 1(L) -

OXIDATION REACTIONS I 1/3 1 1 I(L) -

DEBRIS TO GAS HEAT TRANSFER' 1 3 3 2(1) -

DEBRIS TO STRUCTURE HEAT TRANSFER - - - (- -

GAS TO STRUCTURE HEAT TRANSFER 19 E(--I

Total hierarchy Inconsistency measure w 4%
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Table E.5 AHP ranking for the multiphase discharge, Case 2.

A. Component
ranks PAIR-WISE RANKS, input AHP

out-
put

B. Phenomena
ranks in the
RPV

PAIR-WISE RANKS, input AHP
out. 

TPG

put Rank
RPVI RC CS 1 UC

HA I FTH RPVD IGT OR

REACTOR PRESSURE 1 2 3 5 9
VESSEL

REACTOR 1 3 5 6

CAVITY

CONTAINMENT 1 3 3
SUBCOMPARTMENTS

UPPER 1 I

CONTAINMENT

HOLE 1 2 5 5 4 9

ABLATION H H

FLOW THROUGH 1 5 5 4 7
HOLE H H

RPV 1 1 1/2 2
DEPRESSURIZATION L -

INCEPTION OF GAS 1 3 3
BLOWTHROUGH L -

OXIDATION 1 2
REACTIONS L L

C. Phenomena ranks in the
reactor cavity PAIR-WISE RANKS, input AHP

out-
putTCD CA CD OR D/WHT D/GHT D/SHT G/SHT

TPG"
RankHC

TRANSIENT CORIUM DISTRIBUTION 1 5 5 2 2 2 5 5 5 7(H) H

CONCRETE ABLATION 1 1 1/5 1/5 1/5 1 1 1 2(L) -

CONCRETE DECOMPOSITION 1 1/5 1/4 1/4 1 1 1 2(L) M

OXIDATION REACTIONS 1 1/2 1 5 5 5 5(M) H

DEBRIS TO WATER HEAT TRANSFER 1 2 5 5 5 6(M) H

DEBRIS TO GAS HEAT TRANSFER 1 5 5 5 5(M) H

DEBRIS TO STRUCTURE HEAT TRANSFER 1 I 1 2(L) L

GAS TO STRUCTURE HEAT TRANSFER 1 1 2(L) L

HYDROGEN COMBUSTION 1 2(L) L

PD

PD

ID

PD

NOTES: 1) For this phase and case it was presumed the importance of the phenomena to continment
loads decreases as a function of downstream distance of the components from the pressure
vessel.

2) The pair-wise ranking input used a scale of 1 to 5 (user option), where in comparing X to Y:
I = both are of equal importance; 3 = X somewhat more important; 5 - X significantly more
important; 1/3 & 1/5 - the second item (Y) is somewhat or significantly more important.

3) The AHP output uses a fixed scale of 1 to 9. where the normal interpretation is [1. 2 & 3] =

low importance; [4. 5 & 6] = medium importance; [7, 8 & 9] = high importance.

4) ID, PD, SD - insignificant, potential and significant difference in TPG and AHP ranks.
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Table E.5 AHP ranking for the multiphase discharge, Case 2.
(continued)

0. Phenomena ranks in the

containment subcompartments

I? =

PAIR-WISE RANKS. input

KM OXC HC OC 3OF OR D/GHT ID/SHT ID/WHTI CO D /SHT

AHP
out-
put

TPG

Rank

HYDROGEN MIXING 1 1 1 3 1/3 1/4 1/3 1 1/3 2 1 2(L) M

OXYGEN CONTENT 1 1 1 1/3 1/3 1/3 1/3 1/3 2 1/2 2(1L) M

HYDROGEN COMBUSTION 1 1 1/3 1/2 1/3 1/3 1/3 2 1 2(L) M

OTHER COMBUSTIBLES 1 1/4 1/4 1/3 1/3 1/4 1 1 IL) M

3-D DISPERSED FLOW 1 1 2 2 2 4 3 3(L) H

OXIDATION REACTIONS 1 1 1 1 4 3 3(L) H

DAN4I
DEBRIS TO GAS HEAT TRANSFER 1 2 1 4 2 3(L) H

DEBRIS TO STRUCTURE HEAT TRANSFER 1 1 2 2 2(L) H

DEBRIS TO WATER HEAT TRANSFER 1 2 3 3(L) H

CONCRETE DECOMPOSITION 1 1/3 I(L) H

GAS TO STRUCTURE HEAT TRANSFER 1 2(L) M

PD

PD

PD

SD

SD

SD

SO

SD

SD

SD

PD

E. Phenomena ranks in the
upper containment PAIR-WISE RANKS, input AHP

out-
putHM&C OC OR I D/GHTID/SHTIG/SHT

TPG
Rank

HYDROGEN MIXING & COMBUSTION 1 4 5 2 4 4 2(L) H

'OTHER COMBUSTIBLES 1 2 1/4 1 2 I(L) L

OXIDATION REACTIONS 1 1/3 2 2 1(L) L

DEBRIS TO GAS HEAT TRANSFER 1 5 5 2(L) H

!DEBRIS 'TO STRUCTURE HEAT TRANSFER 1 1 1(L) L

GAS TO STRUCTURE HEAT TRANSFER 1 (L) L

SD

SD

Total hierarchy inconsistency measure a 4%
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Table E.6 AHP ranking for the single-phase discharge, Case 2.

A. Component

ranks PAIR-WISE RANKS. input

RPVI RC CS UC

AHP

out-

put

B. Phenomena
ranks in the
RPV

PAIR-WISE RANKS, input AHP
out, 

TPG

put RankHA FTH RPVD IGT OR

REACTOR PRESSURE 1 2 3 5 9

VESSEL

REACTOR 1 3 5 6

CAVITY

CONTAINMENT 1 3 3

SUBCOMPARTMENTS

UPPER 1 1

CONTAINMENT

HOLE 1 1/5 1/5 1 1 2

ABLATION L -

FLOW THROUGH 1 5 5 5 9
HOLE H H

RPV 1 3 1 4

DEPRESSURIZATION N -

INCEPTION OF GAS 1 1 2

BLOWTHROUGH L -

OXIDATION 1 2

REACTIONS L -

ID

C. Phenomena ranks in the
reactor cavity PAIR-WISE RANKS. input AHP

out-
putTCD CA CD OR D/WHT ID/GHT ID/SHTIG/SHT

TPG
RankMC

TRANSIENT CORIUM DISTRIBUTION 1 5 5 2 2 2 4 5 5 7(H) H

CONCRETE ABLATION 1 1 1/5 1/5 1/5 1/2 1/2 3 2(L)

CONCRETE DECOMPOSITION 1 1/5 1/5 1/5 1/2 1/2 3 2(L)

OXIDATION REACTIONS 1 1/2 1 4 4 5 5(M) H

DEBRIS-TO WATER HEAT TRANSFER 1 1 4 4 5 5(M) H

DEBRIS TO GAS HEAT TRANSFER 1 4 5 5 5(M) H

DEBRIS TO STRUCTURE HEAT TRANSFER 1 2 5 2(L) L

GAS TO STRUCTURE HEAT TRANSFER 1 5 2(L) L

HYDROGEN COMBUSTION 1 I (L) L

PD

PD

PD

NOTES: 1) For this phase and case it was presumed the Importance of the phenomena to continment

loads decreases as a function of downstream distance of the components from the pressure

vessel.
2) The pair-wise ranking input used a scale of 1 io 5 (user option), where in comparing X to Y:

I - both are of equal importance; 3 a X somewhat more important; 5 - X significantly more

important; 1/3 & 1/5 - the second item (Y) is somewhat or significantly more important.

3) The AHP output uses a fixed scale of 1 to 9, where the normal interpretation is (1, 2 & 3] -

low importance; [4, 5 & 61 - medium importance; (7. 8 & 9] - high importance.

4) ID, PD, SD - insignificant, potential and significant difference in TPG and AHP ranks.
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Table E.6 AHP ranking for the single-phase discharge, Case 2.
(continued)

0. Phenomena ranks in the

containment subcompartments PAIR-WISE RANKS. input AMP
out-
putHM OXC HC OC 30F OR D/GHT D/SHT D/WHT CD

TPG
RankG/SHT

HYDROGEN MIXING 1 1 1 2 1/4 1/4 1/4 1/3 1/3 2 2 2(L) N

OXYGEN CONTENT 1 1 1 1/4 1/4 1/4 1/3 1/4 1/2 1/4 1(L) r

HYDROGEN COMBUSTION 1 1 1/4 1/4 1/4 1/4 1/4 1/2 1/3 1(L) N

OTHER COMBUSTIBLES 1 1/5 1/4 1/4 1/4 1/4 1/2 1/3 I(N) N

3-0 DISPERSED FLOW 1 2 2 3 3 2 3 3(L) H

OXIDATION REACTIONS 1 3 3 2 4 3 3(L) H

DEBRIS TO GAS HEAT TRANSFER 1 3 2 4 3 3(L) H

iDEBRIS TO STRUCTURE HEAT TRANSFER 1 1/2 2 3 2(L) H

DEBRIS TO WATER HEAT TRANSFER 4 3 3(L) H

CONCRETE DECOMPOSITION I 1 1/3 I(L) H

GAS TO STRUCTURE HEAT TRANSFER ___ I

SD

SD

SO

SD

SD
SO

SD

SD

SD

SD

SD

PD

E. Phenomena ranks in the

upper containment PAIR-WISE RANKS, input

HM&CI OC OR O/GHT D/SHT

AHP

out-
putG/SHT

TPG
Rank

HYDROGEN MIXING & COMBUSTION 1 4 4 ' 4  5 5 2()1 H

OTHER COMBUSTIBLES 1 1 1/3 1 1 I(L)j L

OXIDATION REACTIONS 1' 1/2 2 3 I(L) L

DEBRIS TO GAS HEAT TRANSFER 1 5 5 I(L) H

DEBRIS TO STRUCTURE HEAT TRANSFER 1 2 I(L) L

GAS TO STRUCTURE HEAT TRANSFER I 1(L) L

SD

SD

Total hierarchy inconsistency measure - 5%
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Table E.7 Comparison of TPG and AHP ranking of importance of plausible
phenomena to containment loads during a DCH transient.

Ranking by Transient Phase
Corium Discharge

AHP
TPG Case I Case 2

Multiohase Discharge
AHP

TPG Case 1 Case 2

Sinale-ohase Discharge
AHP

TPG Case 1 Case 2Component/Phenomena
RPV:
Hole ablation
Flow through hole
Depressurization
Gas blowthrough
Oxidation reactions

Reactor Cavity:
Corium distribution
Concrete ablation
Concrete decomposition
Oxidation reactions
Debris/water HT
Debris/gas HT
Debris/structures HT
Gas/structures HT
Hydrogen combustion

Containment Subcompartments:
Hydrogen mixing
Oxygen content
Hydrogen combustion
Other combustibles
3D dispersed flow
Oxidation reactions
Debris/gas HT
Debris/structures HT
Debris/water HT
Concrete decomposition
Gas/structure HT

H
H
L
H

H
L
L

M

M

L
M;
L

L

H

H
H
L
N (S)
L

H

H

L

M (S)

H
H

L

H
H
L
L
L

H
H

L
L

L

H
L
,L

M

M

L

M

L

L

H
L
L
L (1)
M
L
L (1)
L
L

L
L
L
L
L (S)
L
L
L
L
L
L

H

M

H
H
H
L
L
L

N

M
M,
M
H
H
H
H
H
H
M

H
L
L (S)
M (1)
H
M (1)
L
L
L

L (1)
L (P)
L (1)
L (P)
H
H
H
M (P)
H
L (S)
L (1)

H

H

H
H
H
L
L
L

L

H
L
L
L

L

H
M (1)
L
L

(P)
(P)

(1)
(P)

H
L
L
M (1)
H
H
L
L
L

L
L
L
L
H
L
L
L
L
L
L

(P)
(P)
(P)
(S)
(S)
(S)
(S)
(S)
(S)
(S)
(P)

M
M

M

M

H

H

H

H

H

H

M

L
L
L
L
H
H
H
N
M
L
L

(P)
(P)
(P)
(s)

(S)
(1)
(S)
(1)

(1)
(P)

(S)
(S)
(S)
(S)
(S)
(S)
(S)
(S)
(S)
(S)
(P)

Upper Containment:
Hydrogen mixing

& combusti
Other combustibles
Oxidation reactions
Debris/gas HT
Debris/structures HT
Gas/structures HT

L - Low importance

-- ' L L H H L (S) H H L(S)

L

L

L

L

L

L
L
L
L
L.

L
L

H
L
L

L

L

H
L
L

L
L

L (S)
L

L

L
L

H
L

L

L
L
M
L
L

L
L

(P) L (S)
L
L

M a Medium importance H = High importance
phase.-- - Insignificant importance or not active during

(1) - Insignificant difference (P) = Potential difference (S)
AHP Case 1 assumed all components were of equal importance, except during

upper containment was of low importance.
AHP Case 2 assumed components were of decreasing importance with relative

- Significant difference
corium discharge when

distance from the RPV.
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the methodology, conversion of the AHP numerical scale to one comparable to
the TPG scale is done as follows:

Low importance (L) = 1, 2 or 3,
Medium importance (M) - 4, 5 or 6,
High importance (H) = 7, 8 or 9.

Experience also indicates that one cannot argue, with rigor, that AHP
results which differ only by one unit (for example 3 versus 4) are really
different. Results which differ by two units (6 versus 8) are indicative
of potential differences. Results which differ by three or more units
nearly always represent real differences traceable to definable reasons.
Thus, the significance coding of the comparison differences in table E.3
represent:

I (insignificant) = the AHP numerical radk was only one unit above or
below the TPG rank us4ng the conversion scheme shown above,

P (potentially significant) = the AHP numerical rank was two units above
or below the TPG rank,

S (significant) = the AHP numerical rank was three or more units above or
below the TPG rank.

Evaluation of the AHP and TPG rank comparisons lead to the following
primary conclusion given in their perceived order of importance.

In each case, but one, were there was a difference (insignificant or
otherwise) between the TPG and AHP ranks, the AHP ranks were lower than
those of the TPG. This~result is a product of the more detailed ranking
information provided by the pair-wise scheme used in the AHP. That is,
even though two phenomena may be ranked equally with respect to~the TPG
scheme of using low, medium and high, the AHP pair-wise ranking allows for
finer differentiation within each class of importance. With respect to AHP
Case 1, there were six significant differences from the TPG ranks,
associated with gas blowthrough during corium discharge, concrete
decomposition during multiphase discharge, and other combustibles, debris
to structure heat transfer and concrete decomposition during single phase
discharge. In each of these differences the AHP ranking was less than the
TPG ranking. It is concluded that adoption of the TPG ranks will insure no
important phenomena are eliminated from subsequent scaling consideration.

The AHP Case I (= components of equal importance) and Case 2
(component ranks a function of distance from RPV) phenomena ranks differed
from the TPG ranks as shown in the table on the following page. From these
results it is concluded that an assumption that all the components have
equal importance to containment loading results in the best match between
the TPG and AHP ranking.
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Number of Differences in Phenomena Ranks
Significant Potential Insignificant

PHASE Case 1 Case 2 Case 1 Case 2 Case 1 Case 2
Corium 1 2 2

Discharge
Multiphase 2 9 5 7 5 1

Discharge
Single-phase 3 12 4 4 2 1

Discharge

The AHP Cases I and 2 differed only in the importance ranking of the
components. In Case 1 the components' were assigned equal importance
(except during the corium discharge phase). In Case 2 the component ranks
were a function of the relative distance from the RPV, with the RPV being
the most important. In comparing the system-wide importance of the
phenomena, determined by the AHP matrix math, it was found that many
phenomena were ranked lower in importance in Case 2. Three phenomena
ranked high in Case 1 were ranked medium in Case 2. Eleven phenomena
ranked high in Case 1 were ranked low in Case 2. Four phenomena ranked
medium in Case I were ranked low in Case 2. From these results it is
concluded that if the importance of phenomnea could be established
experimentally as being a decreasing function of the relative distance from
the RPV, then the design effort of IET would be considerably reduced
because of the decrease in scaling requirements to insure prototypicality.
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APPENDIX F

TYPICAL INITIAL AND BOUNDARY CONDITION FOR SURRY PLANT

Prepared by

Martin Pilch (SNL)

This appendix provides typical geometric, atmospheric, and environmental
conditions based on the Surry plant.
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Table F.I1

Surry Reactor Coolant System (RCS)
Summary of Initial and Boundary Conditions

Gas State

RCS Gas Pressure
RCS Gas Temperature
Reactor Moles of Gas
Hydrogen Partial Pressure
Steam Partial Pressure
Moles ot Hydrogen
Moles of Steam
Gas Density
Gas Molecular Density
Effective Molecular Weight

PO
TO
NO
PH2
Pstm
FH2
Fstm
Density
Density
MW Eff

(Pa)
(K)

(mol)
(Pa)
(Pa)

(mol es)
(moles)
(kg/m3)

(mol/m3)
(kg/mol)

15. OOOE+06
600.0
1.9084E+05
0.0000
4.0000E+06
0.0000
1.000
14.45
801.9
1.8015E-02

Geometry

RCS Volume
Initial Hole Diameter
Initial Hole Area
Thickness of Lower Head
Temp of Lower Head
Diameter of Solid Debris Particle
Bed Porosity
Discharge Coefficient for Corium
Discharge for Gas Coefficients

V,RCS
DHO
AHO
LHthick
LHtemp
Dp,debris
Edebri s
Cd,corium
Cd,gas

(m3)
(m)

(m2)
(m)
(K)
(m)

238.0
2.5400E-02
5.0671E-04
0.1270
800.0
3.OOOOE-02
0.4000
0.6000
0.6000

Melt State

Melt Mass
Moles of Melt
Melt Kilogram per Mole
Temperature of Corium
Melt Volume

Mass
Moles
MW Eff
TO
VmO

(kg)
(moles)

(kg/mol e)
(K)

(m3)

4.4000E+04
3.6215E+05
0.1215
2500.0
5.500

Water

Residual Water in RCS
Temperature
Accumulator Water
Temperature

None
N/A
77,700 kg
48.89°C
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Table F.1 (Continued)

Melt Composition: Mass Fractions

Uranium Oxide Mass Fraction
Zirconium Oxide Mass Fraction
Zirconium Mass Fraction
Iron Mass Fraction
Chromium Mass Fraction
Nickel Mass Fraction
Alumina Mass Fraction
Aluminum Mass Fraction

U02
Zr02
Zr
Fe
Cr
Ni
A1203
Al

1.000

0.6100
0.0000
0.1500
0.1730
4.3000E-02
2.4000E-02
0.0000
0.0000

2.000SUM

M~1t tnmnn~itinn~ Mole Fractions
Melt Composition: Mole Fractions

Uranium Oxide Mole Fraction
Zirconium Oxide Mole Fraction
Zirconium Mole Fraction
Iron Mole Fraction
Chronium Mole Fraction
Nickel Mole Fraction
Alumina Mole Fraction
Aluminum Mole Fraction

U02
Zr02
Zr
Fe
Cr
Ni
Al 203
Al

1.000

0.2745
0.0000
0.2003
0.3753
0.1005
4.9423E-02
0.0000
0.0000

SUM 1.000

Melt Specific Enerqy
(J/kg of total melt)

THERMAL
CHEM-02
CHEM-STM

1.2000E+06
3.1675E+06
1.2539E+06

Melt Specific Energy
(J/mole)

THERMAL
CHEM-02
CHEM-STM

1.4580E+05
3.8484E+05
1.5235E+05

Melt Specific Energv
(J/m3)

THERMAL
CHEM-02
CHEM-STM

9.6000E+09
2.5340E+10*
1.0031E+10*

*Depends upon whether melt reacts with steam or oxygen.
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Table F.2

Surry Reactor Containment Building (RCB)
Summary of Initial and Boundary Conditions

Gas State

RCB
RCB
RCB
RCB
RCB

Gas Pressure
Gas Temperature
Gas Moles
Gas Density
Mole Per Unit Volume

PO
TO
NO
Density
Density

(Pa)
(K)

(mol)
(kg/m3)

(mol/m3)

1.6000E+05
400.0
2.4537E+06
1.047
48.11

Geometry

RCB Volume
Height of Subcompartment
Height of Containment
Surface Area of Containment
Flow Area at Normal Exit from Cavity
Flow Area from Reactor Pressure
Vessel Gap
Volume of Cavity
Cavity Minimum Flow Area
Vessel Distance to Cavity Floor

V, RCB
Lsub
Ldome
Awall
Achute

A PRV gap
cavity
Acavity
Lvessel

(m3)
(mi)
(mi)

(m2)
(m2)

(m2)
(m3)(m2)

(mn)

5. 1000E+04
15.00
45.00
7637.0
6.410

5.463
245.1
12.63
4.54

Atmospheric Composition
Partial Pressures

Partial Pressure of Oxygen
Partial Pressure of Nitrogen
Partial Pressure of Steam
Partial Pressure of Hydrogen
Partial Pressure of Argon
Total Pressure
Effective Molecular Weight

P02
PN2
PSTM
PH2
PAr
Sum
MW Eff (kg/mole)

1.6000E+04
5.2000E+04
8.3000E+04
9000.0
0.0000
1.6000E+05
2.1763E-02

Atmospheric Composition
Mole Fractions

Oxygen Mole Fraction
Nitrogen Mole Fraction
Steam Mole Fraction
Hydrogen Mole Fraction
Argon Mole Fraction

02
N2
STM
H2
Ar

0.1000
0.3250
0.5188
5.6250E-02
0.0000
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Table F.2 (Continued)

Atmosphere Internal Energy

Internal Energy
Internal "Energy per Mole

Cavity Water Weight
Cavity Water Moles
Cavity Water Temperature

UO
UP

(P)
(J/mol)

2.0611E+10
8400.0

Water State

Mass
Moles
TO

(kg)
(moles)

(K)

50.00
2775.0
395.0
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Table F.3
Material Properties

Mel t

Specific Heat per Mole
Specific Heat
Thermal Conductivity
Density
Density in Moles per Unit Volume
Viscosity
Surface Tension
Drop Side Diffusion Coefficient
Emissivity

Specific Heat at Constant Volume
Thermal Conductivity
Density in Moles per Unit Volume
Density
Viscosity
Diffusion Coefficient for 02
Diffusion coefficient for Steam
Emissivity

Cp [J/(Mol K)]
Cp [J/(kg K)]
K [W/(m K)]
Density (kg/m3)
Density (mol/m3)
Viscosity (Pa s)
Sigma: (N/m)
Dox (m2/s)
Emissivity D

69.25
570.0
10.00
8000.0
6.5845E+4
4.OOOOE-03
1.000
1.O000E-08
0.9000

Atmosphere

CV [j/(mol K)]
K [W/(m K)]
Density (mol/m3)
Density (kg/m3)
Viscosity (Pa s)
D02 (m2/s)
Dstm (m2/s)
Emissivity G

21.00
3.OOOOE-02
48.11
1.047
1.9000E-05
3.3000E-04
7.OOOOE-04
0.5000

RPV (Steel)

Thermal Conductivity
Density
Specific Heat
Heat of Fusion
Temperature

K
Density
Cp
dHF
Tmp

[W/(m K)]
[kg/m3)]

[J/(kg K)]
(J/kg)

(K)

?8.o00
7500.0
623.0
2.7000E+05
1700.0

Structure

Concrete

Thermal Conductivity
Density
Specific Heat

K
Density
Cp

[W/(m K)]
(kg/m3)

[J/(kg K)]

1.800
2400.0
1000.0
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Table F.3 (Continued)

Thermal Conductivity
Density
Specific Heat per Kilogram
Specific Heat per Mole
Internal Energy per Unit Weight
Internal Energy per Mole
Internal Energy at Saturation
Heat of Vaporization
Saturation Temperature
Emissivity

Liquid Water

K [W/(m K)]
Density (kg/m3)
Cv [J/(kg K)]
Cv [J/(mol K)]
duv (J/kg)
duv (J/mol)
dus (J/mol)
dhv (J/mol)
Tsat (K)
Emissivity W

0.6000
1000.0
4200.0
75.66
1.9800E+06
3.5670E+04
832.3
3.9000E+04
406.0
1.000
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APPENDIX G
AMOUNT OF MATERIAL INVOLVED IN DIRECT CONTAINMENT HEATING

DURING A PRESSURIZED WATER REACTOR STATION BLACKOUT

Prepared by

Sal Levy*

This appendix provides an evaluation
of melt in a DCH-type accident.

* The author wishes to acknowledge the
received on this material by T. Heames
Laboratories.

of the likely amount and composition

detailed comments and suggestions
and J. E. Kelly from Sandia National
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AMOUNT OF MATERIAL INVOLVED IN DIRECT CONTAINMENT HEATING
DURING A PRESSURIZED WATER REACTOR STATION BLACKOUT

SUMMARY

A review of available station blackout analyses at the Surry plant was

carried out. The differences among available results are due primarily to
variations in physical or model assumptions in the following areas:

" Mechanism for failure of and release of molten material from fuel

rods;

" Basis for and location of crust and flow blockage formation and

failure;

" Degree of heat-transfer from molten material to water present in

the bottom head;

* Amount of contact and type (conduction or convection) of heat

transfer from debris to vessel; and
I

" Failure mechanism for bottom head of reactor vessel and location

and size of the failure.

Three synthesized sets of initial conditions for Direct Containment Heating

(DCH) were developed for a penetration and a creep failure of the bottom

head. The quantities, compositions, and amounts of molten material involved

are presented in fig. G.6. They show that for a station blackout at the

Surry plant:

About,40 percent of the core weight will be ejected in a molten

form.
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From 30 to 80 percent of the molten material could be in a

metallic form. If failure of the crust or flow blockage due to

structural weakness is considered more realistic than due to crust

or flow blockage melting, about 30 to 50 percent of the molten

material will be in a metallic form.

A significant amount of solid debris (from one half to about equal

to the molten mass) will be present in the bottom head when the

vessel fails due to creep. The solid content will be small when

an early vessel penetration failure occurs and it will increase

with delayed pressure vessel failure.

INTRODUCTION

During a severe accident in which a significant portion of the core melts,

high temperature solid and molten debris material will reach the pressure

vessel bottom head. The temperature of the bottom head will increase and

its strength will decrease, ultimately leading to vessel failure. The

temperature, composition and quantity of debris material reaching the lower

head of the pressure vessel have been identified as important initial

conditions to Direct Containment Heating (DCH) tests or predictions. The

purpose of this memorandum is to discuss available information about the

material reaching the bottom head of the reactor vessel prior to its failure

during a station blackout or TMLB' scenario for a Pressurized Water Reactor

(PWR).

A station blackout or TMLB' transient in a PWR is initiated by a loss of

offsite power. This results in primary water coolant and main feedwater

pump coastdown, a turbine trip, a reactor scram, closing of main steam

isolation valves, and a signal to begin auxiliary feedwater. However, due

to the loss of all, electric power, auxiliary feedwater as well as emergency

core cooling and containment cooling systems are not available. Under such

circumstances, decay heat produced in the reactor core initially will boil

off the water present on the secondary side of the steam generators. Once
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the steam generators dry out, the primary system pressure will rise to the

relief valve setpoint and the primary coolant temperature will reach the

saturation temperature atsociated with that pressure. Primary coolant water

will escape through the Pilot Operated Relief Valve (PORV) and the reactor

fuel eventually will uncover. Continued boiloff of reactor water will lead

to core and fuel damage and melting.

The amount and composition of material involved in DCH during a station

blackout is dependent upon many aspects of the reactor core and pressure

vessel damage progression. They include:

1. The reactor system pressure behavior. For example, the reactor

pressure could remain at the relief valve pressure setting up to the

time, of vessel failure or it could be depressurized to varying degrees

before vessel faildre. Some analyses have pointed out that the surge

line to the pressurizer or the primary pump seals may fail and

depressurize the reactor during a station blackout before release of

core material from the pressure vessel (1,J). Also, accident

management strategies are being evaluated which could lead to the same

result by encouraging depressurization. of the reactor by operators

(i). Furthermore, recovery of emergency power or operator

depressurization coupled with addition of water from a source

independent of ac power might terminate the event before vessel failure

2. The progression and magnitude of core damage. This will depend not

only upon the reactor pressure history, the geometric characteristics

of the core, and the power distribution, but also upon its material

composition (e.g., low melting materials) as well as the failure

mechanism of fuel rods and the candling process of molten material and

the degree of natural circulation that might occur during core damage.

3. The mode and amount of core relocation into the bottom head of the

reactor vessel. The relocation can occur in several intermittent or a

single delivery of debris material to the bottom head. The release
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mechanism of debris material to the bottom head as well as its

composition, porosity, and liquefaction are also important.

4. The heat transfer from the relocated material to the bottom head of

the reactor vessel. This will depend upon the interaction of the

debris material with water that might be present in the bottom head,

the debris reconfiguration after it reaches the bottom head, and the

degree of debris contact with and the rate of heat transfer to the

vessel steel.

5. The head failure mechanism. This could be a creep temperature or a

penetration failure and both the size and location of the failure will

have an influence upon DCH.

In the sections which follow it is proposed to deal with each of the above

aspects of a PWR station blackout severe accident. Available information

from severe accident system codes is utilized to describe the prevailing

physical phenomena and the predicted results. Also, a synthesized set of

possible initial conditions for DCH is developed and provided.

REACTOR SYSTEM BEHAVIOR

In the case of a PWR station blackout with no depressurization by the

operator or a leak or failure in the primary system, the reactor pressure

remains at the relief valve (PORV) setting until the reactor vessel fails,

as illustrated in fig. G.1 (3). Pressure histories calculated by Golden et

al. (1) with SCDAP/RELAP system codes are also plotted in fig. G.1 for early

and late depressurization by operators. A similar pressure history

calculated by Heames and Smith (2) with MELPROG/TRAC is reproduced In

fig. G.2 for the loss of all coolant pump seals at about 100 minutes into

the accident. The results shown in figs. G.1 and G.2 were obtained for the

Surry Unit 1 power plant. Surry is a three-loop, Westinghouse designed,

pressurized water reactor with a power output of 2440 MWt.
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Physically, reactor depressurization delivers to the reactor core additional

water not available to it when the pressure remains at the PORV setting.

Depending upon the degrde and location of the depressurization path it is
possible for all or part of the water present in the pump loop seal and the

accumulator to reach the reactor. Under such circumstances, the fuel

remains covered longer or gets re-covered before undergoing severe damage.

The net result is a significant delay in the timing of final fuel uncovery

and of reactor pressure vessel failure, increased oxidation of the fuel

cladding, and reduced decay heat in the debris being delivered to the bottom

head. Table G.1 provides a comparison of the sequences of events versus
time for a station blackout without and with depressurization as calculated

by MELPROG (Q). It shows that it takes close to two hours for Surry-1 to
uncover the core without depressurization and that depressurization through

pump seal failures would extend that time to close to five hours by taking

advantage of the loop seal and accumulator water. Table G.1 also shows

that, after core uncovery, subsequent events, including pressure vessel

failure, are slowed down considerably (in excess of a factor of two) when

the plant is depressurized.

PROGRESSION OF CORE DAMAGE

The TMI-2 accident produced significant information about core damage

progression and many of the severe accident models developed thereafter have

been patterned physically after the TMI-2 behavior. The TMI-2 accident was
a small break loss of coolant accident (LOCA) produced by a stuck-open Pilot

Operated Relief Valve (PORV). Due to the open PORV, the pressurizer water

level instrumentation gave a high reading and the operator relying upon that

information throttled back the emergency water flow to a value below that

necessary to keep the core covered. Fuel uncovery occurred approximately

100 minutes after the start of the accident and water level fell down to

0.5 meters above the bottom of the active core. The uncovered part of the

reactor core heated up, steam-zircaloy oxidation took place, and it was

followed by core melting and relocation.
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Table G. 1

MELPROG/TRAC EVENT SEQUENCE
DEPRESSURIZATION (TMLB')

COMPARISON FOR STATION BLACKOUT WITHOUT
AND WITH DEPRESSURIZATION (S3-TMLB')

EVENT

TIME
(MIN)

TMLR' S3-TMLB'

0
73
88

125
129

157
191.7
173

218

188.5
193.9
194

197.8

197.9

0
73
88

100
127
133
147
167
175
180
191
217
240
265
273
300
361
381
391.7
392.3
393
400

465-485
495

502

513

580

Station Blackout Initiation
Steam Generators Dryout
Pressurizer full of water
Pump Seal Fails (4 sq cm)
Hot leg and steam generator voided
Core "uncovered"
System pressure falls below PORV setpoint
Active core voided
Pressurizer voided
Peak cladding temperature >1275 K
Loop Seal and Pump voided
Vessel voided (RCS voided)
Accumulator opens (7% injected)
Accumulator opens (93% injected)
Core flooded (above upper core grid plate)
Core "uncovered"
Active core voided
Control rods fail
Cladding fails in Ring 1, 70% Zr Oxidized
Control Rod Housing and Upper Core Plate Melts
Vessel Voided (No Additional Water Available)
Possible Hot Leg Failure
Baffle Melts
Lower Core Plate in Ring I Melts, Rods Break up
and Form Debris Region in Vessel Bottom
Lower Core Plate in Ring 2 Melts, Rods Break up
and Form Debris Region in Vessel Bottom
Lower Core Plate in Ring 3 Fails, Rods Break up
and Form Debris Region in Vessel Bottom
Vessel Bottom fails in Rings 1 and 2245*

*Estimated from debris condition at 198 minutes.
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A cup-shaped lower crust formed at THI-2 near the minimum water level. The
crust consisted primarily of low melting point metallic materials that

relocated downwards first during the core damage sequence. This crust
supported a debris bed consisting mostly of oxide materials. Even though
water flow was restored to the core at approximately 174 minutes, the core

debris contained within the crust was not in a coolable geometry and it

continued to heat and melt within the cup-shaped crucible formed by the

lower crust. At about 225 minutes the crucible breached at one of its outer

edges and about 25 metric tons of molten material escaped from the
crucible. Approximately 14 to 19 metric tons reached the bottom head of the

reactor vessel where they were resolidified and formed a rubble bed without

penetrating the bottom head of the reactor vessel.

Up until the restoration of water flow into the reactor core at about

174 minutes, the TMI-2 severe accident has similar characteristics as a
station blackout event; i.e., downwards relocation of molten and debris

material, formation of i metallic crust, and an uncoolable crucible can all

be expected to occur. However, by comparison to the TMI-2 accident the

crucible may grow to a larger size during a station blackout event, and due
to lack of cooling water its failure is even more assured; also, after the

crucible is breached continued molten and debris material will reach the

bottom head causing or accelerating its failure.

Available severe accident system codes tend to predict the same general

behavior as the TMI-2 accident for core damage progression during a station

blackout up to the time of debris relocation into the bottom head of the

reactor vessel. There are five available severe accident system codes:

MARCH, MELCOR, MAAP, SCDAP, and MELPROG. The MARCH code is the least

mechanistic of the system, codes because it "does not attempt to describe

fuel melting and movement mechanistically" (j). MELCOR (5) is an

improvement over MARCH, particularly in treating lower head phenomena, but

it still is less mechanistic than SCDAP, and MELPROG. MAAP also lacks

mechanistic details in the latter stages of severe accidents and a new

version is under development by EPRI. While there are differences among the

predictions of core damage progression by MAAP, SCDAP and MELPROG, they all

end up with flow blockages located slightly above the lower core plate and

extending radially partially or practically across the entire core.
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Flow and temperature distribution calculated by MELPROG/TRAC Just prior to

core relocation into the bottom head are reproduced in fig. G.3 for a high

pressure station blackout or THLB' scenario at Surry (1). As shown in

fig. G.3 the vessel model employed three radial core rings and five axial

nodes of active fuel. In fig. G.3 the symbol X is used to represent the

degree of movement of debris material within each cell and the number of X's

is proportional to the density or compaction of the debris region in that

cell. According to MELPROG/TRAC, a crust about 5 cm thick formed several

minutes prior to core slump. Before the crust was breached, it was holding

about 75,000 kgs (73 percent of core weight) of debris at an average

temperature of 2840 K of which approximately 72 percent (53 percent of core

weight) was molten. In the MELPROG model of reference (_), the crust is

assumed to be stable until it attains the melting temperature of ZIRCONIUM

(2200 K). For that reason, the time to crust failure is long. Also, as

noted in reference (5) the calculated time to crust failure may have been

extended further due to "a heat transfer coupling error between the debris

and the gas heat transfer."*

SCDAP and MAAP models tend to predict earlier crust failures than MELPROG

and therefore decreased amounts of solid debris and molten material being

relocated initially into the bottom head. According to SCDAP and MAAP

calculations, initial cori fractions reaching the bottom head would range

from 20 to 40 percent and the material would be primarily molten.

DEBRIS RELOCATION INTO BOTTOM HEAD OF VESSEL

As noted above, early MELPROG models assumed that crust or flow blockage

failure would occur when the crust reached 2200 K or about the melting

temperature of zirconium. For a depressurized station blackout with pump

seal failure (Q), MELPROG/TRAC predicts that a blockage only formed in the

outermost ring of the reactor core. The lower grid plate failed due to high

temperature produced by radiation heat flow from the core materials.

Because of the delayed lower grid failure, core damage propagates much

further across the entire core. This is illustrated in fig. G.4 which shows

the debris location and temperature shortly after core slump into the bottom

head.
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MELPROG for station blackout with no depressurization.
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In the case of SCDAP, a structural failure analysis of the crust is carried

out (Z). The lower crust'is considered to fail when it thins down to less

than 2.5 cm. Similarly a top crust is assumed to fail when its thickness is

less than 0.5 mm. The SCDAP prediction of crust thickness versus the

temperature of the molten material it holds is patterned after the

simplified model developed by Epstein and Fauske (9) to predict core

relocation during the TMI-2 accident. Assuming a half hemispherical shaped

crust, Epstein and Fauske predicted the thickness and temperature of the

crust and the molten material it contains..

In performing their analysis, Epstein and Fauske used the natural convection

correlations developed by Mayinger et al. (2) in a semicircular cavity to

predict the temperature of the molten material and the heat transfer rates

to a flat upper crust and a spherical bottom crust. Also, they applied the

distribution of heat flux proposed by Jahn and Reineke (10) to calculate the

outside crust temperature TS and its thickness as a function of angular

position. Their results are reproduced in fig. G.5 for a hemisphere of a

radius of 1.25 m and for a melting temperature of the pool material of

2800 K. Also, note that the thickness of an upper crust if present was

calculated to be 0.8 cm. Based upon the results of fig. G.5, the crust can

be expected to fail structurally somewhere between the top and bottom of the

crust and therefore spill a large portion of the molten pool into the bottom

head. This spillage primarily of molten material would occur sooner than

predicted by MELPROG and it would involve the structural material located

below the core only in a very limited way.

When early release of molten material occurs from the crucible or flow

blockage and it does not cause immediate reactor vessel failure, additional

molten material will continue to reach the bottom head until it fails. In

reference (i), it is estimated that core debris will melt at a rate of

approximately 38 kg/s. The same rate is derived from a TMI-2 MELCOR

calculation reproduced in Table G.2 (11). Table G.2 shows that from the

time of

* J. E. Kelly has pointed out to the author that the amount of U02 mass
in the core utilized in Reference (§) was 20 percent higher than the
actual inventory at Surry.
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Table G.2

TOTAL CORE DEBRIS MASS AS A FUNCTION OF TIME AFTER
CORE UNCOVERY FROM MELCOR FOR T14-2

Time
(Minutes)

0
42
46
50
54
58
62
67
71
75
79
83
87
92
96

100

Debri s
(Metric Tons)

0
0
4.7

18.4
34.6
58.5
58.5
58.5
60.1
70.0
86.1
93.8
93.8
93.8
93.8
93.8
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42 minutes to 83 minutes after uncovering the reactor core 93.8 metric tons of

core debris would be formed. This corresponds to 2.3 metric tons per minute

or 38 kg/s. Also, as expected, Table G.2 reveals that the rate of forming

debris material decreases with time. For instance, from 58 to 83 minutes

after core uncovery, only 35.3 metric tons of core debris are formed which

corresponds to a rate of 1.4 metric tons per minute.

HEAT TRANSFER TO AND FAILURE OF BOTTOM HEAD

As anticipated, the core damage behavior and associated physical processes

become more and more uncertain as the station blackout accident progresses

with time. This is particularly the case for this last phase of heat transfer

to and failure of bottom head of the reactor vessel. For example, an accurate

or accepted model for debris-water interaction does not exist. In the case of

MELPROG, a heat balance is used to rapidly vaporize whatever water is
available in the bottom head at the time of debris relocation. In

Reference (k), 3000 kgs of water are calculated to be present in the lower

plenum and they are vaporized from between 5 and 18 seconds by the 75,000 kgs

of debris slumping into the bottom head. The debris temperature also is

lowered from 2840 K to 2350 K. A similar model is used in MAAP which presumes

nucleate boiling heat transfer prevails from the molten material to the

water. Finally, with SCOAP, the rate at which molten material spills out of

the molten pool as well as the degree of interaction of the slumping material

with the water through which it falls are left to be defined by the code user.

Similar differences and uncertainties exist in the models for heatup of the

lower vessel head. For example, in the case of the MARCH code perfect contact

is assumed between the molten material and the bottom head of the vessel.

Furthermore, convective, heat transfer from the molten pool to the vessel is

postulated. These characteristics lead to relatively short failure times for

the vessel (10 - 20 minutes). Short vessel failure times are also predicted

by MAAP which relies upon heat conduction to the vessel and an early failure

of one of the vessel penetrations to eject material from the vessel. With

SCDAP, a two-dimensional heat conduction model named COUPLE is utilized.

Results obtained from this model for the T1I-2 vessel have been presented by

Moore and Tolman (12). In Reference (1Z), the thermal response of the TMI-2
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vessel was analyzed for three configurations:

A debris bed with the interstices between debris particles near

the vessel filled with molten control rod material (i.e., zero

porosity in the lower portion of the debris bed);

A porous debris bed separated from the vessel by a layer of

solidified control rod material; and

* A porous debris bed.

About 20 metric tons of debris made up of 80 percent U02 and 20 percent Zr

by weight are presumed to have relocated in the bottom head and both a dry and

quenched bed were analyzed. These calculations show that in the dry case all
three configurations would have led to vessel failure though the case with

solidified control rod material below the debris is close to marginal. Vessel
failure times range from less than six minutes to less than one hour. If the

debris bed is quenched, vessel failure did not occur in the last two
configurations. For the top configuration listed above failure time was again

short and close to six minutes.

While MARCH, MAAP and SCDAP all presume that primarily molten material reaches

the bottom head, MELPROG predicts slumping of a mixture of molten-solid

debris. Also, only MELPROG and MELCOR allow for a significant amount of steel

to be included in the melt progression. The heat transfer characteristics and

the contact of this solid-liquid mixture would be poor compared to molten

material and the vessel failure times calculated by MELPROG are long. In

Reference (f), it takes about 45 minutes to fail the reactor vessel after core

slump during a high pressure station blackout. Also, vessel failure occurred

in the central ring due to the lack of radial heat transfer in the model of

the debris bed formed in the lower head of the vessel. In the case of

Reference (2), which deals with a depressurized station blackout, pressure

vessel failure takes about 80 minutes and it occurs in the two central rings

of the core due again to lack of radial heat transfer. In MELPROG

calculations, the lower plenum contains a large amount of solid material in

the debris bed and radial heat transfer and convection are not included.
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Parametric evaluation of heating of the lower head have been reported by

Boucheron (U.) and Kelly (14) for the TMI-2 vessel. Boucheron employed a

transient one-dimensional conduction model to calculate the bottom head

response to debris with 200 K superheat and a fusion temperature of 2800 K.

The properties and initial conditions used in the calculations are reproduced

in Table G.3 and the results are given in Tables G.4 and G.5 for no decay

heat* and for 163 W/kg decay heat assuming nucleate boiling heat transfer at

the upper surface of the core debris. The tables provide for inadequate

contact between the melt. and the vessel by varying the contact area from
1 (100% contact) to 0.05 (5% contact). The amounts of solidified material at

the time of vessel failure are also given in Tables G.4 and G.5. Lower head

vessel failure is assumed to be by creep and to occur when the outermost node

reaches 1273 K. The impact of reducing the debris temperature and the degree

of superheat was reported by Kelly (13) and is illustrated in Table G.6.

Tables G.4, G.5, and G.6 reveal several interesting results:

As expected, increasing the contact resistance and decreasing the

debris temperature and superheat will lengthen the time for

pressure vessel failure;

Increasing the amount of debris of molten material reaching the

bottom head'hos a minimal impact upon failure time;

While heat generation in the molten debris decreases the failure

time, the reduction is small for contact areas in excess of

50 percent;

With no heat generation, the amount of remaining solid material at

time of failure is relatively constant (22 to 24 metric tons) and

increases slightly with increased contact resistance; with heat

generation, the amount of solid material decreases slightly with

the amount of initial pour of molten material and with the contact

resistance;

With a heat conduction mooel, failure times in excess of 25 to

30 minutes can be expected.

The no decay heat assumption was used to simulate the transfer of all
the decay heat to'water in the lower plenum.
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Table G.3

THERMAL PROPERTIES AND INITIAL CONDITIONS FOR CORE DEBRIS AND LOWER HEAD
USED IN THE ANALYSIS OF BOUCHERON

Core Debris:

Fusion Temperature
Initial Debris Temperature

Solid Conductivity
Liquid Conductivity
Solid Specific Heat
Liquid Specific Heat
Density, Solid
Density, Liquid
Latent Heat of Fusion

Lower Head Steel:

Fusion Temperature
Failure Temperature
Initial Head Temperature

Solid Conductivity
Solid Specific Heat
Density, Solid

2800 K
3000 K (200 K superheat)

2 W/m K
10 W/m K
550 J/kg K
550 J/Kg K
10,000 kg/m3
10,000 kg/mr
300,000 J/kg

1700 K
1273 K
585 K

35 W/m K
465 J/kg I
7800 kg/m3
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Table G.4

RESULTS OF THE MOVING BOUNDARY ANALYSIS OF BOUCHERON WITH
DECAY HEAT - 0 W/kg. PREDICTED TIME OF LOWER HEAD FAILURE AND SOLID

FRACTION REMAINING AS A FUNCTION OF INTERFACIAL RESISTANCE AND
INITIAL POUR SIZE

Initial
Pour

(Metric Tons)

Interface
Conductivity
Ratio

7.9

15.0

15.9

15.9

23.8

23.8

23.8

23.8

31.7

31.7

31.7

63.5

63.5

63.5

1.0

1.0
0.5

0.1

1.0
0.5

0.1

0.05

Failure

Time

(Mi nutes)

none

34

50

none

32

40

126

none

31

40

107

31

39

102

Solid Fraction

at Failure

(Metric Tons)

7.9

15.9

15.9

15.9

23.8

23.8

23.8

23.8

23.8

26.9

31.7:

22.2

25.4

31.7

1.0
0.5

0.1

1.0

0.5

0.1
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Table G.5

RESULTS OF THE MOVING BOUNDARY ANALYSIS OF BOUCHERON WITH
DECAY HEAT - 136 W/kg. PREDICTED TIME OF LOWER HEAD FAILURE AND

SOLID FRACTION REMAINING AS A FUNCTION OF INTERFACIAL RESISTANCE
AND INITIAL POUR SIZE

Initial
Pour

(Metric Tons)

Interface
Conductivity
Ratio

7.9 1. 0

15.9

15.9

15.9

15.9

23.8

23.8

23.8

23.8

31.7

31.7

31.7

31.7

63.5

63.5

63.5

63.5

1.0
0.5

0.1

0.05

1.0

0.5

0.1

0.05

1.0

0.5

0.1

0.05

1.0

0.5

0.1

0.05

Fai 1 ure
Time
(Minutes)

none

30
39

142
none

28
35
91

162

28
34
83

146

27
34
76

125

Solid Fraction

at Failure

(Metric Tons)

7.9

15.9

15.9

15.9

15.9

17.9

19.0

19.0

17.9

15.9

14.3

11.1

11.1

12.7

12.7

9.5

8.3
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Table G,6

RESULTS OF LOWER HEAD THERMAL ANALYSIS BY KELLY.
TEMPERATURE AND SUPERHEAT

Tmelt(K)

3000

3000

3000

3000

2700

2700

2500

2500

Tsolidus(K)

2800

2800

28do

2800

2500

25ob
2500

2500

Contact Area
Fraction

.5

.3

.2

.1

.5

.1

.5

.1

IMPACT OF INITIAL

Time to
Temperature (min)*

30

36

47

78

37

89

45

97

*Time when temperature one inch into steel is 1370 K (2000"F), which
corresponds to a penetration tube failure.
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In terms of vessel failure, there is no consensus about the location and
mechanism of the failure. Ablation of the lower head at the stagnation point
of an impinging Jet of molten material, thermal failure of instrumentation
tubes by ingress of molten material, ejection of an in-core instrument tube
and creep-rupture of the lower head have all been suggested. Creep failure is
being favored today over the previous presumption of penetration failure. The

availability of a model PLUGM (15) to calculate the flow of molten material
into penetrations is worth noting. Also, in the case of creep rupture, a
conduction model can be expected to predict failure at the lowest point of the
bottom head. On the other hand,'with convection, the failure point would move
from the bottom due to increased convective heat transfer near the top of the
molten pool. However, Kelly (14) notes that it might take as much as one hour
to set up a convection cell.

COMPOSITION OF EJECTED MATERIAL

Composition of material ejected from the reactor vessel have been estimated
to-date by MELPROG only. In Reference (i), it is estimated that 70,650 kg of
debris at an average temperature of 2460 K will exit the vessel. This is made
up of all the molten material present in the bottom head at the time of vessel
failure plus all the solid material in the central ring and some fraction of
the rest of the solids in the debris bed. The state of debris at the time of
vessel failure calculated by MELPROG for a presumed station blackout is
reproduced in Table G.7. The composition of the material ejected was
estimated in Table G.8 by assuming that the difference between the total
amount of ejected materials (70,650 kgs) and the molten amount of ejected
materials (40,940 kgs) was made up of solid materials in direct proportion to
their presence in the debris bed prior to vessel failure. According to
Table G.8, of the 70,650 kgs of ejected material 58 percent (40,940 kgs) will
be molten and about 67 percent of the molten materials or 27,500 kgs will be
metallic.

In Reference (Z) the debris constituents are given at vessel failure time for

a depressed station blackout. They are reproduced in Table G.9. The amount
of material ejected from the vessel is not specified in Reference (Z).
However, it is pointed out in that Reference that vessel failure by creep
happened over
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Table G.7

STATE OF DEBRIS AT VESSEL FAILURE FROM MELPROG FOR
STATION BLACKOUT WITHOUT DEPRESSURIZATION

U02

Zr

ZrO2

Steel

Control Rod

TOTAL

Mass (kg)

96,000

9,600

9,250

19,300

2,850

137,000

% Molten/
Liquefied

14

100

0

78

100

(average)30

Tave ' 2460 K

Table G.8

COMPOSITION OF EJECTED MATERIALS FROM MELPROG FOR STATION BLACKOUT
WITHOUT DEPRESSURIZATION

U02

Zr

Zr02

Steel

Control Rod

TOTAL

Tave - 2460 K

Molten Mass (kg)

13,440

9,600

0

15,050

2,850

(58%)40,940

Solid Mass (kg) Total Mass (kg)

25,540 38,980

10 9,600

2,860 2,860

1,310 16,360

0 2,850

(42%)29,710 70,650
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Table G.9

DEBRIS CONSTITUENTS FROM MELPROG AT VESSEL FAILURE
FOR STATION BLACKOUT WITH PUMP SEAL FAILURE

Steel

U02

ZrO2

U-Zr-O Eutectic

Control Rod

Total Mass (kg)

32,200

61,200

7,520

2,240

2,700

105,860

Molten Mass (kg)

29,980

3,060

80

1,120

2,700

(35%)36,940TOTAL
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the central two rings of the three core rings modeled by MELPROG. In

Table G.10 it was assumed that two-thirds of the solid materials present in

the debris bed are ejected with all the molten material. A total 82,890 kgs

would be ejected under such circumstances and about 45% (36,940 kgs) of that

material would be molten. About 88 percent (32,680 kgs) of the molten

material would be metallic.

Reference (6) provides a comparison of various Surry station blackout

calculations and it is reproduced in Table G.11. This table shows that

increasing the cladding relocation temperature will increase the amount of

zirconium being oxidized. Also, the differences between MARCH and MELPROG are

more due to improved tracking of the core damage progression, the debris

composition (solid versus liquid), the mechanism for debris slumping, and the

model for heat transfer of debris to vessels. In fact, most of the

differences reported to date between MARCH, MELPROG, MAAP, SCDAP, and MELPROG

for Surry TMLB' events can be traced to differences or uncertainties in

physical'modeling and assumptions. In particular, disagreements or

differences exist in the following areas:

" Fuel cladding failure mechanism (temperature or structural and level

of temperature);

" Crust failure process (temperature or structural);

" Heat transfer rate from debris to vessel (convection or conduction

and degree of contact);

" Penetration or creep vessel' failure;

• Ejection of debris (molten or molten-solid mixture).
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Table G.1O

EJECTED DEBRIS CONSTITUENT FROM MELPROG FOR STATION BLACKOUT WITH PUMP
SEAL FAILURE

Total Mass (kg)

Steel

U02

ZrO2

U-Zr-O Eutectic

Control Rod

29,980

3,060

80

1,120

2,700

Molten Mass (kg)

31,460

41,820

5,040

1,870

2,700

TOTAL (45%)36,940 82,890
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Table G. 11

COMPARISON OF SURRY STATION BLACKOUT CALCULATIONS
WITH NO DEPRESSURIZATION

MARCH MELPROG-ID MELPROG-2D
[3] CASE 1 CASE 2

Time from Primary
System Saturated to 90 115 105 157
Vessel Failure (min)

Average Debris
Temperature at 2380 2600 2120 2460
Vessel Failure (K)

Total Mass of Debris
in the Vessel at 102700 117500 128160 137000
Vessel Failure (kg)

Fraction of Debris
Molten at Time of not 0.34 0.16 0.30
Vessel Failure reported

Mass of Unreacted
Zr at Time of 6770 11400 6500 9600
Vessel Failure (kg)

Total Amount of
Zr Reacted (%) 59% 31% 60% 40%

In-Vessel Hydrogen
Mass Generated (kg) 430 230 440 300

Mass of Steel not
in Debris (kg) reported 900 10300 19300

Cladding Relocation
Temperature Used 2550 2200 2500 2200
in Calculation

Estimated Amount of
Debris Released at 100% 52% 41% 52%
Vessel Failure (%)
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SUGGESTED INITIAL CONDITIONS FOR DCH

Three sets of initial conditions are proposed in this section for a high

pressure station blackout at the Surry plant. The first one corresponds to

synthesized realistic conditions for vessel creep failure. The second set

provides a similar set of synthesized conditions but for a vessel penetration

failure; and the third set relies upon NELPROG calculations.

Synthesized DCH Initial Conditions foý Vessel Creep Failure

In this case, the formation of a crust is assumed but its structural failure

is considered more realistic than through melting. After the initial release

of molten materials from the crust or flow blockage, additional debris

material will continue to reach the bottom head. Due to its molten form, the

initial contact between debris and vessel is taken to be good and eventual

vessel failure is through temperature creep. The proposed DCH initial

conditions were calculated as follows:

1. The core is uncovered at 130 minutes from MELPROG (i).

2. Fuel and core heating and relocation starts thereafter and eventually a

crust is formed extending over the core radius but excluding the

outermost row of fuel assemblies. The crust is assumed to be

hemispherical in shape and to have a radius of 1.3 m. At its lowest

point, the crust is at the bottom of the central fuel assembly. From

fig. G.5, the crust is assumed to have an average thickness of 3 cm. The

amount of material contained in the half sphere has a volume of 4.39 m3

or a weight of 43,900 kgs if the molten material is assumed to have a

density of 104 kgm" 3 . From Table G.2, according to MELCOR the

generation of that amount of molten material will occur about 55 minutes

after core uncovery or 185 minutes after start of the accident.

3. The properties of the molten material within the crust is taken from

fig. G.5 and reference (8). With an assumed fusion temperature of 2800 K

the material would'be superheated by approximately 250 K.
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4. The crust will thin down with time and it will fail structurally at its

weakest location along the hemisphere. According to the SCDAP model, the

bottom crust will fail when it thins down to 2.5 cm at the bottom and to

0.5 mm at the top. A straight line drawn between these two values on

fig. G.5 is close to tangency to the curve for shell thickness at the 50

to 55 angular position. Also, a simplified stress calculation would

predict that the meridional and hoop stresses will peak at that

location. If the crust fails at that location, close to half (21,950

kgs) of the molten material would be released from the crucible. This is

remarkably close to the actual TMI-2 pour or to the 25% of core volume

suggested by Kelly (14).

5. As the melt travels to the lower head, heat transfer from debris to water

will take place. Due to the low inventory of water in the bottom head,

we shall assume that the average temperature of the initial pour

decreases from 3050 K to 2550 K corresponding to the 500 K drop reported

by MELPROG (6).

6. Because of the molten nature of the release we shall presume good contact

between debris and vessel (contact area of 0.5 to 1.0). This yields a

vessel failure time from 28 to 35 minutes from Table G.5. According to

Table G.2, during this vessel heating time interval an additional 50 tons

of debris would be created and reach the bottom head because it cannot be

contained by the failed crucible. The new debris is assumed to be 72%

molten as reported for MELPROG calculations in Reference (fi). From

Table G.5, from 13 to 18 tons or 15 tons of molten debris will be

solidified during the heating of the bottom head. This means that at the

time of vessel failure, there will be about 72,000 kgs of debris in the

bottom head of which (15 + 0.28 x 50) or 29,000 kgs will be solid. The

average temperature of that material will be taken at about 2500 K from

Reference (A). For ejection purposes, we shall assume that all the

molten material and one third of the solids or 52,670 kgs leave the

vessel.
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7. The composition of the debris material before failure was estimated as

follows:

All 2700 kgs of control material with a melting temperature of

1700 K will be in the debris in the molten form;

All 3,800 kgs of stainless steel in the core with a melting
temperature of 2000 K will be in the debris in the molten form. An
additional 10,000 kgs of molten stainless steel will have been
produced by natural circulation (f) and will be in the debris,
giving a total of 13,000 kgs of molten stainless steel in the

debris.

42 percent of the Zrconium is assumed to be oxidized forming
9250 kgs of ZrO2 and it is assumed to be in the solid form (6).
Of the remaining 9,580 kgs of zirconium, half (4,790 kgs) is
assumed to be in the metallic molten form in the debris and the
balance is contained in 11,130 kgs of the U-Zr-O (41-43-16)
eutectic* with melting temperature of 2200 K. All of the eutectic
material will be in a molten form in the debris.

The balance of the molten material will be made up of 10,580 kgs of

molten U02.

The solid content of the debris or 29,000 kgs is made up primarily
of U02 and ZrO. In line with the distribution (90-10) of
Reference (Z), we assume that 26,100 kgs of the solids are U02
and 2,900 kgs are ZrO2.

* In Reference (i), even though no eutectic is listed among the debris
constituents, the results provide for the equivalent amount of Zr,
ZrO2 , and U02 that were in the eutectic. In Reference (2) a total
amount of 14,900 kgs of eutectic was reported to have been formed in the
core at time of vessel failure. Because of expected reduced oxidation,
the suggested value of 11,130 kgs of eutectic appears reasonable.
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8. The composition of the 52,700 kgs ejected materials is therefore:

2,700 kgs molten control rod material

13,000 kgs molten steel

4,700 kgs molten zirconium

11,130 kgs molten U-Zr-O

10,580 kgs molten U02

8,700 kgs solid U02

970 kgs solid ZrO2

It should be realized that all of the above numbers represent only an attempt

to synthesize a most probable scenario for vessel creep failure and a

structural failure of the crust. The values are only approximate and subject

to uncertainty. Also, it should be pointed out that crust formation and its

failure may not be the only possible scenario during core damage. Without

sufficient heat sink in the lower core region, all of the initially molten

material may not stay ip the core. Limited blockage could occur and some of

the melt could be released sporadically to the bottom head. However, the

initial conditions for DCH with vessel creep failure would not be very

different.

Synthesized DCH Initial Conditions for Penetration Failure

In this particular case, the formation of a crust and again its structural

failure will be assumed. The significant difference from the previous case is

that the initial pour of 6aterial is presumed to cause immediate release of

debris through one of the vessel penetrations. The corresponding DCH

conditions were calculated as follows:
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1. The behavior under this scenario is the same as for the previous case up

to 185 minutes at which time an initial pour of 21,950 kgs takes place.

This initial pour fails a penetration in the bottom head.

2. It is assumed that the penetration failure produces a sufficient pressure

decrease and enough pressure forces across the crust to release the

remaining molten material it contains. Therefore, a total of 43,900 kgs

molten debris will reach the bottom head and be ejected. The debris will

not have as much opportunity to be cooled as in the previous case and its

average temperature will be close to 2700 K at time of vessel failure.

Also, there may be some water/steam release through the failed

penetration.

3. The debris will be molten and its composition will be similar to that for

the previous case. However, its metallic content will be reduced and its

oxide content increased due to the early vessel failure time. At the

time of crust failure, about 65% of the core is in a damaged state and

the metallic contents of the previous case were multiplied by 0.65 and

the U02 content increased to produce the total of 43,900 kgs. The

resulting composition of the ejected material is shown in Table G.12.

Depressurized DCH Conditions

In this case, the conditions are those presumed in Reference (i); i.e., a flow

blockage is formed but it' falls by melting eventually causing vessel creep

failure. The amount of ejected material and its composition have already been

covered. These values are compared to the two proposed synthesized cases in

Table G.12 as well as with the values of Reference (f).

CONCLUSIONS ABOUT DCH INITIAL CONDITIONS

1. Three sets of suggested initial conditions for DCH for station blockout

scenarios are given in fig. G.6. The first case corresponds to an early

and large delivery of melt material to the bottom head. It produces the

failure of one or several penetrations and the ejected materials are
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primarily molten. There may or may not be water left in the bottom head

at the time of its failure. The second case deals with several melt

deliveries to the bottom head and increased melt progression before

vessel failure by creep. The third case is concerned with a

depressurized DCH. More debris materials are involved and vessel failure

by creep is delayed considerably.

2. Table G.12 shows considerable agreement among the predicted amounts of

molten material being ejected. They range from 37,000 to 44,000 kgs (up

to 40 percent of core weight) and they are in close agreement with the

prediction by MAAP. According to Pilch, MAAP predicts that 47,200 kgs

would be ejected at the Zion plant and if one adjusts that molten mass

for the ratio of the Surry to Zion core weights (102,800/125,000) one

would get an ejection of 38,800 kgs at Surry (If).

3. The metallic content of the molten material will be high, ranging from 30

to 70 percent. The high values of metallic content come from MELPROG

calculations where the crust and lower grid take a very long time to fail

and involve a significant amount of structural steel. It is suggested

that a metallic content between 30 and 50 percent may be more realistic

due to structural failure of the crust or flow blockage.

4. With an early penetration failure, thd ejected material will be mostly

molten. For a creep failure, the debris bed in the bottom head will

contain a significant amount of solid material and the amount of solids

ejected with the molten debris may range from 10,000 to 30,000 kgs.

5. The total amount of materials ejected would be between 40,000 to

80,000 kgs or about 40 to 70 percent of core weight.
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Table 6.12

COMPARISON OF DCH CONDITIONS FOR STATION BLACKOUT

NELPROG WITHOUT NELPROG WITH
DEPRESSURIZATION SEAL FAILURE

SYNTHESIZED CONDITIONS SYNTHESIZED CONDITIONS
WITH VESSEL CREEP FAILIUE WITH PENETRATION FAILURE

Time of Vessel Failure (min)

Total kgs Ejected

Total Molten kgs Ejected (%)

Composition of Molten kgs

Control Rod

Steel

Zr
UO 2

ZrO2

U-Zr-O

245

70,650

40,940

2,850

15,050

9,600

13,440

0

0

0

1,310

0

25.540

2.860

0

580

82,890

36,940

2,700

29,980

0

3.060

8o

1,120

0

1.480

0

38.760

4.960

750

220

52,670

43,000

2,700

13,800

4.790

10,580

0

11,130

185

43,900

43.900

1,760

8,970

4.790

18,930

0

11,130

Composition of

Control

Steel

Solid kgs

Rod

Zr

ZrO2

U-Zr-O

0

0

0

8.700

970

0

0

0

0

0

0

0

Temperature of Ejected Material 2460 K
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IEL CANDLING, FUEL CANDLING, FUEL CANDLING,
1ST FORMATION LIMITED BLOCKAGE LIMITED BLOCKAGE

AND FAILURE OF GRID FAILURE OF GRID
FAILURE PLATE PLATE

INITIAL CONDITIONS

TIME OF FAILURE

EJECTED KGS

MOLTEN KGS

OXIDIZED ZR

EJECTED METALLIC

CONTENT

TEMPERATURE

-3 HOURS

-40,000

-40,000

-40%

-30-40%

-2500 K

-4 HOURS

-70,000

-40,000

-40-50%

-40-60%*

-2500 K

-10 HOURS

-80,000

-40,000

-60-70%

-50-70%*

-2500 K

*INCREASED METALLIC CONTENT DUE TO MOLTEN STEEL

Figure G.6. Initial conditions for direct containment heating (DCH).
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APPENDIX H

SOLID DEBRIS RETENTION IN THE VESSEL*

Prepared by: Peter Griffith (MIT)

*Adapted'from Alice Denice Haggerty, Melt Ejection from a Simulated Reactor

Vessel SB Thesis in ME, MIT, June 1990
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H.1 INTRODUCTION

According to the calculations reported in Part B Section 3 of this report,
the ejected material consists of both molten and solid phases. The question
addressed in the experiment described in this appendix is how much material
is left behind when melt ejection occurs. The material in the vessel at
this time consists of a gas phase located above a pool of molten material
and a bed, of still solid debris consisting of whole and degraded fuel
pellets. The solids are expected to be like a mixture of sand and gravel
where the maximum gravel size is limited by the fuel pellet size.

For holes that are smaller than, or not too much larger than the fuel
particles, the molten fuel will flow through the passages between the
particles and out the break leaving most or all of the solids behind. There
is a ratio of hole to particle size that promotes the formation of a bridge
across the break even though the particle can be fit through the hole.

Even when the particles flow through the hole easily, however, there is a
significant drift left behind. The experiments reported in this appendix
suggest a method of determining how large this drift is.

H.2 EXPERIMENTAL PROCEDURES

A complete diagram of the experimental setup is shown in fig. H.]. A
flanged plexiglass cylinder with a "Tee" was used to simulate the reactor
vessel. A ball valve was installed in the branch to allow rapid initiation
of the transient. A hole drilled into a plexiglass liner (not shown) on the
side of the "Tee" was used to simulate the break. A second smaller ball
valve was located in the top of this side section to allow the air to be
bled out of the branch during filling with water. A plug in the top of the
main cylinder (not shown) allowed the ejected material to be returned to the
vessel for the next run. A pressure regulator and compressed air source
were tapped into the top of the main cylinder to provide the driving
pressure. The fuel pellets were simulated with cylindrical plexiglass
cylinders. These had a diameter of 0.9525 cm and an aspect ratio of 1.2,
giving a length of 1.143 cm. In the actual reactor it is expected a range
of solid particles would exist going from sand to essentially intact fuel
pellets.

Before every experimental run, the pellets in the tank were thoroughly
mixed to ensure random orientation. Water was added to the system, until
the water level reached a reference mark (shown as hw on fig. H.1) which
was above the pellets and ensured identical initial conditions for each
test. The bleed valve in the branch was kept open during filling until the
branch was full of water,' and all the air had been bled out. The top of the
cylinder was then plugged, and the air pressure turned on.
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High Pressure Air

Relief Valve
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h h - 20.30 cm

g height h p .38.10cm
r height h w w 48.30 cm
eight h t - 78.74 cm
er D - 15.24 cm

Bleed Valve

Back
Pressure
Regulator

I

Hole
Pellet fillin
Initial wate
Total tank h
Tank diamet

---

Main
Relief
Valve

hh

Figure H.1. Schematic of the test rig.
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To start the run the main ball valve was opened, and all ejected material,
both water and pellets, was caught in a bucket. After the pellets were
counted, the experiment was repeated three to six times, to test for
repeatability. Each hgle diameter was tested at three driving pressures
68.9 x 100, 206.8 x 1 .and 344.7 x 103 Pa in addition to atmospheric
pressure. The hole diameter In the side of the main cylinder was varied
from 1.91 to 2.85 cm at 0.37 cm intervals.

A second set of experiments was conducted, in which the hole in the branch
was in a horizontal rather than a vertical plane. These experiments were
run without water or air to drive the flow. The pellets were simply dropped
into the top of the tank, and the hole was quickly uncovered by removing
masking tape, thereby allowing the pellets to drop out the bottom of the
branch of the "Tee". The purpose of this experiment was solely to determine
the shape of the core material remaining in the vessel, should the hole
develop in the bottom of the vessel rather than the side.

H.3 RESULTS

The number of pellets ejected from the vessel with the hole on the
vertical side of the vessel is plotted against hole diameter in fig. H.2.
The number of pellets ejected was found to increase until the hole diameter
was greater than twice the maximum dimension of the pellets. Further
increase in the hole diameter did not result in a significant increase in
the number of pellets ejected. The surface defined by the pellets in the
core was an inverted cone, with a cone angle of 45 degrees with a shape
approximately as illustrated on fig. H.3.

The manner in which the pellets were ejected was very similar in each of
the runs. There were characteristically two major busts of pellets, one
when the valve was first opened, and a second when all the water had been
ejected, and the burst of pressurized air came through the hole. Between
these two bursts the pellets were ejected smoothly.

The trials in which the pellets bridged the hole sometime during blowdown
experienced only the first burst of ejected pellets, that is when the relief
valve was opened. The pellets were then ejected smoothly until the bridge
formed across the hole. Subsequently. the water and air passed through the
hole smoothly but the flow of pellets was restricted.

The top of the pellet bed, formed by the pellets remaining in the vessel
in the cases where a bridge formed over the hole, varied. In these cases,
enough pellets remained in the vessel to cover the hole. For the smaller
holes, the surface was either lumpy, with divots up to one inch deep, or
displayed a significant dip in the vicinity of the wall of the vessel
immediately above the hole. Some of these dips were located in the center
of the vessel. As the hole diameter was increased, there was a pronounced
tendency for the pellet surface to be low near the hole, and to slope
upwards towards the rear and sides of the vessel. Following the runs in
which the hole in the side of the main vessel was left completely uncovered,
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Figure H.2. Number of pellets ejected from simulated reactor vessel versus
hole size.
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Figure H.3. Horizontal hole configuration.
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the pellets remaining in the vessel were very consistently oriented so their
surface showed a conical shape. The pellets remaining in the vessel were
oriented in a 45 degree slope upwards, from precisely the bottom of the hole
to the sides and rear wall of the tank.

When the exit hole was located at the bottom of the vessel, the hole size
necessary to prevent bridge formation.was significantly larger. A hole
diameter to pellet length ration of approximately 4, when disturbed was
found to leave the hole uncovered after the pellets had been ejected. The
surface of pellets remaining in the vessel assumed a conical shape. The
sides of the cone sloped upwards from the edges of the hole to the walls of
the vessel at a 45 degree slope, as shown in fig. H.4.

When the vessel was gently laid down on its side, with no water present,
the angle of recline of the pellets was found to be 45 degrees.

I

The driving pressure in the system was found to have a secondary effect,
as shown in fig. H.2. -An increase in driving pressure generally caused a
slight increase in the number of pellets ejected from the main vessel during
blowdown. This effect was clearer at the larger hole diameters. While the
number of pellets ejected was affected, the critical hole diameter, at which
the hole was uncovered, was not. It remained at 2.54 cm. The tests were
repeated in a similar apparatus but without the use of water or air as a
driver. The results were significantly different. The pellets formed a
bridge across the hole at hole diameter to pellet length ratios which were
much larger than those found in the pressurized test.

When a bridge formed, the pellets upstream prevented a coherent Jet of
melt from being ejected, rather a dense spray was formed. This would tend
to reduce hole ablation during melt ejection.

H.4 DISCUSSION

While there is up to an order of magnitude of variation in the results of
tests run under the same conditions when only a small number of pellets were
*ejected, the characteristics of the ejected pellet curve are clearly
defined. It is clear that the number of pellets ejected increased
exponentially with the hole diameter, until a critical hole size is reached,
after which all the pellets in the potential ejection cone are ejected.
Inconsistencies between tests run under the same conditions are apparently
random and are due to differences in the initial random orientation of the
pellets\and perhaps other variations such as the number of pellets lodged in
the volume between the main vessel and the large ball valve.

The instrument tubes in the walls of the reactor have a melting point
around 1400 K while the melting point of the pellets is significantly
higher. They may become soft and somewhat sticky at temperatures below
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Figure H.4. Pellet lay after blowdown through the vertical hole.
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their melting point however. They tend to crumble too. This would affected
the validity of the use of plexiglass as a medium in these tests. The
pellets, however, did exhibit some "sticky" behavior when wet. The surface
tension of the water made the pellets cluster. The flat surfaces of the
cylinders were also attracted to one another. In this way, some of the
stickiness of the fuel pellets at high temperatures may be accounted for in
these tests.

The initial water level inside the tank was kept constant throughout the
tests, but this is not believed to have a significant effect on the number
of pellets ejected. It is important to have water in the systtem, as
exhibited by the results of tests run without water as a medium. The effect
of the water flow through the hole was secondary however, to its effect on
the flow characteristic of the pellets, and how likely they were to stick
together.

While the magnitude of driving pressure had only a secondary effect on the
results, it was shown that some driving pressure, even if quite small, was
necessary to define the pellet ejection curve. This is demonstrated by the
fact that the zero pressure ejection results deviated significantly from the
rest of the tests. Very few pellets were ejected when there was no driving
pressure.

When the experiments were run, the results were found to be heavily
influenced by disturbances. Vibrations, or jolts suddenly caused by the
releasing of gas pockets, or tapping the vessel often large enough to
destroy the bridge that had been constructed by the pellets, allowing a
burst of pellets to be discharged before a second bridge formed. This is
consistent with the observation that the pellets were ejected in burst when
the main valve was initially opened, and when the last bit of the water
exited the system.

No effort was made to ensure that the pellets remained in the main vessel
during the filling procedure. It was assumed that any pellets ejected
during the filling process would certainly have been discharged at the
higher testing pressures. This is consistent with the data which showed
that in general a larger number of pellets were ejected at the higher
driving pressures. The bleed valve was left open during filling, not only
to bleed the air out of the side section of the apparatus, but also to
maximize the steadiness of the flow through the hole in the side wall of the
vessel. This is believed to have minimized the error due to vibration that
resulted from the filling procedure.

The results of the tests run were found to be heavily dependent on the
initial orientation of the pellets if the hole was small enough. When tests
were run using small diameter holes the number of pellets ejected was
significantly lower than the tests with randomly oriented pellets.

The compressed air provided a source of constant pressure throughout the
water ejection process. From the time that the main valve was opened, and
following the discharge of all the water from the main vessel, the pressure
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gage on the regulator indicated that the air pressure was maintained at the
prescribed value. This helped maintain a uniform blowdown process.

All of the tests were run with the same number of pellets. There is no
data to show what effect the depth of pellets has on the results. There is
no reason, however, to expect that pellet depths was an important variable.

The accuracy in the count of the number of pellets ejected from the main
vessel may have been compromised somewhat by the testing procedure. The
pellets counted were the pellets that cleared the main ball valve, and werd
discharged into the bucket. This may not necessarily have been the exact
number that was ejected from the main vessel, in view of the fact that some
pellets were trapped in the side section of the apparatus, between the main
vessel and the large ball valve. While this may account for some
fluctuations in the number of pellets ejected from the vessel, the overall
consistency of the results indicates that this was not a large factor. This
effect is suspected to have been most influential on the first run after the
driving pressure was incremented.

H.5 CONCLUSIONS

The number of pellets ejected from the main vessel was found to be
primarily a function of the size of the hole in its wall. The number of
pellets increased rapidly with an increase in the diameter of the hole,
until a critical size is reached. As the hole diameter is increased beyond
the critical value, there is no significant increase in the number of
pellets ejected. For cylindrical pellets with a diameter of .95 cm and an
aspect ratio of 1.2, the critical ratio of hole diameter to pellet length is
approximately 2.

Whether the exit hole was located in the side of the vessel or on the
bottom, when the ratio was above the critical value, the configuration of
the pellets remaining inside the vessel was consistent. The remaining
material sloped up, away from the hole at its angle of recline, which was
nearly 45 degrees.

While the number of pellets ejected was slightly dependent on driving
pressure, the critical ratio of hole diameter to pellet length was not.
Similarly, the water level in the tank had little effect although it was
shown that both the water and some driving pressure were necessary to
produce some ejection.

Using this data, certain predictions may be made regarding the behavior of
the material inside a nuclear reactor core in the event of a melt down.
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H.6 APPLICATION TO THE MELT EJECTION PHASE OF A SEVERE CORE
DAMAGE TRANSIENT

Based on the results of these experiments, it can be concluded that the
number of pellets ejected from a nuclear reactor core, in the event of a
melt down is primarily dependent on the size and location of the hole. I
the ratio of hole diameter to pellet length is lower than the critical va
of about 2, the pellets will form a bridge over the hole, allowing the me
and steam-hydrogen mixture to be released from the vessel, while restrict
the release of the fuel pellets into the containment area. If the ratio

f
lue
it
ing
is

higher than the
after blowdown,
can be predictec

critical value, the amount of material left
as well as the shape of the free surface ofI.

in the vessel
the pellet drift

It may be assumed that wherever the hole is located, the material
remaining in the vessel will be angled steadily upwards, away from the hole
at the natural angle of recline for the pellets at that temperature. Based
on the geometry of the drift of pellets, the amount of material remaining in
the vessel can be determined.

Because the tendency of the pellets to flow out the hole is not very
strong, pellets at temperatures close to their melting temperature have
tendency to sinter. There is a real possibility that a large "clinker"
pellets will form and be left behind while the liquid and gas will be
ejected.

a
of

When a
jet, but
ablation

bridge forms, the liquid that is ejected does not form a coherent
rather leaves as a dense spray. This will probably reduce the
of the hole and further reduce the amount of material ejected.
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1.1 INTRODUCTION

Fig. 1.1 shows molten core debris liquid of density pd and volume

Od in the bottom of the reactor pressure vessel, discharging through a

hole of area Ab, which could be in the process of increasing by ablation.

Steam occupies the vessel and exerts pressure on the discharging corium. As

the corium volume is discharged, the steam, expands and tends to cool, which

causes heat transfer from the vessel and corium surfaces. Steam reaction

with vessel metal also may cause chemical heating. Expansion and heating

alter the steam pressure, which directly affects the discharge rate.

Molten debris discharges first after the vessel is breached, until its

level falls below a value for which blowthrough can occur as steam depresses

and penetrates the liquid surface over the discharge hole. Although the

steam and corium are treated as two constituents, both top-down and

bottom-up scaling are employed to determine model laws for the discharge

response time, and both time-dependent surface penetration and solid

particle motion in the liquid.

When blowthrough occurs, two-phase steam and corium discharge will occur

until the corium is depleted, leaving behind whatever solid particles are

retained in the vessel.

When the core debris discharge to the cavity stops, single phase steam

discharge will continue, which is expected to cause both continued

dispersion of corium in the cavity and other parts of the containment, and

containment pressurization.

The two-tiered scaling analysis of Section 3.4, with further elaboration

in Appendix D, is employed to obtain scale model laws in this Section for

reactor pressure vessel discharge phenomena. These phenomena include

CORIUM DISCHARGE PHENOMENA

HOLE ABLATION

SOLID DEBRIS RETENTION IN VESSEL

SINGLE PHASE (STEAM) DISCHARGE
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Vdv

Figure 1.1. Pressurized corium discharge from RPV.
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The four major steps followed in the scaling analysis of vessel discharge

phenomenon, as applicable, are:

SYSTEM DECOMPOSITION

SCALE IDENTIFICATION

TOP-DOWN/SYSTEM SCALING ANALYSIS

BOTTOM-UP/PROCESS SCALING ANALYSIS

Fig. 1.2 helps to explain the system decomRosition step, applied to the

reactor pressure vessel, RPV, and its contents.

The basic control volume encloses the RPV.

Three constituents contained by the RPV control volume are the vessel

itself, core debris, and steam.

The Dhases involved are: the solid vessel wall and components which can

exchange thermal energy with the fluid contents; the steam, which exists

only as single phase vapor; and the core debris, which exists as two phases,

namely molten liquid and solid particle corium.

The geometrical configuration, field, and orocess flux determine a

characteristic length for each phase, which affects the associated time

response and characteristic frequency for transfer processes involving mass,

momentum, and energy.

Also summarized on fig. 1.2 are the scale identification, consisting of

inverse characteristic lengths, and characteristic frequencies of the

various transfer processes for comparison. The calculation and discussion

of these parameters is contained in Appendices H, I, J, and K. A comparison

of the frequencies leads to the following conclusions:

1. Steam heating is negligible during corium discharge.

2. Steam heating is important during single phase steam discharge.
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3. Solid corium particles closely follow motion of the liquid.

4. Steam blowthrough occurs during corium discharge.

5. Single phase steam discharge continues about twice as long as corium

discharge.

Equations which describe corium liquid discharge, particle motion,

surface depression, steam expansion and discharge, and heating rates are

given in Appendices H - K. These are employed to obtain the characteristic

frequencies of the various transfer processes involved. Normalized

variables then are employed to nondimensionalize the describing equations.

The normalized variables and resulting model coefficients yield model laws

for preserving dominant phenomena in a scale model test. If several

phenomena are to be studied in an integral scale model test, preservation

of the relative frequency ratios is required, which yields additional model

laws.

The model laws obtained for preserving the reactor pressure vessel

discharge phenomena in an integral test for corium discharge, blowthrough,

and particle retention are summarized below:

1. Geometric similarity is required of the vessel shape where molten and

solid particle corium resides adjacent to the discharge hole. Also

required is geometric similarity of the corium particles.

2. The ratio of vessel initial pressure to the initial liquid corium

hydrostatic head in the bottom of the vessel should be preserved.

3. The initial volume ratio of molten corium and vessel steam should be

preserved so that the vessel pressure transient is representative of

full size. (The steam volume does not have to be geometrically
similar to full size since it is primarily a control volume with

uniform, time-dependent properties.)
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It would be difficult to incorporate the hole ablation phenomenon in an
integral test because preservation of the model coefficient of Eq. (J.6) in
Appendix J would require either control of the heat transfer coefficient,
or a test with full size material properties and temperatures. However,

for the example parameters of table J.2, ablation would increase the hole
size by less than 17 percent. A conservative test could employ a fixed
hole size of 17 percent more area than the expected initial size.

An experiment which satisfies these model laws, and does not introduce

other effects, such as surface tension dominance of the blowthrough
surface, will preserve the important phenomena associated with corium
liquid arid particle, and steam discharge from the RPV.

1.2 DISCHARGE PHENOMENA

This section shows how the describing equations for corium discharge,
motion of the liquid, and solid particle dynamics were employed to obtain
characteristic time responses and frequencies of the transfer processes,
and associated scale model laws.

1.2.1 MOLTEN DEBRIS DISCHARGE

The discharge rate of molten core debris is expressed as an
incompressible liquid flow rate,

mdv - PdVdvAb - PdQdv (-1)

where the discharge velocity for a full flowing break is

2go(Py - P4) (1.2)

Vdv (1.)Pd

and the volume rate of discharge is

md_ (1.3)Qdv - CdAbVdv - dt "
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The flow coefficient Cd depends on geometry, and the area Ab can

increase by ablation, or reduce by particle plugging.

Steam pressure in the vessel, Pv, will change as its volume increases
during debris discharge. Energy conservation for the steam region of
fig. 1.1 is written as

P d+U t O (1.4)

where the heating rate involves convective and/or radiation from hot
surfaces, and chemical reactions. That is,

qvj - HvjAvj(Tvi - Tgv) + rjrj.5)

The steam state is approximated by the perfect gas relationships,

1

Ugv k - vgv -gvCvgTgvkgv-

Pv~gv - MgvRgvTgv

kgv = cpg /cvg.

The three dimensional aspects of corium liquid and solid particle motion is
deferred temporarily in order to obtain a comparison of characteristic

transfer process time responses and frequencies involving only the

pressurized liquid discharge and steam expansion.

The molten debris discharge response time, estimated from the initial
volume and volume discharge rate, and the example parameters of table J.2 in

Appendix J, is

SdCi b . Pd - 8.2 s. (1.7)d Qdi CdAbi I 2g0(Pv1 - P0)-8.
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The characteristic frequency for debris discharge is given by

ud - 0.12s-1.)

which means that 12 percent of the debris initial volume is removed per
second during discharge, prior to blowthrough, if the debris was mostly
liquid. Small solid particles are expected to flow with the liquid without
substantially altering the characteristic discharge frequency.

Expansion of the steam during debrii discharge causes a reduction of
driving pressure, while heat transfer from vessel surfaces and the molten
debris tend to maintain pressure. An estimate of the characteristic time
response for heat transfer to the steam during debris discharge can be
obtained from the time required to reheat the steam if its energy is reduced
by adiabatic expansion of an amount equal to the debris volume. Eq. (1.4)

yields the simplified result,

- AUqv -; Priod (1.9)
*q,gv vj

The maximum temperature difference AT expected in the steam would

correspond to the adiabatic expansion, or

AUgv - NgvCvgATq,gv M Pvt~dt . (1.10)

It follows that for the example parameters of table J.2 in Appendix J,

Pvic•i 1 40 s .(.11)

q,gv qvj)(kgv - 1) Tgi

The characteristic frequency of heat transfer from vessel internal surfaces
and corium is

-'qgv w T 1 0.025 s"1 (1.12)
g q,gv
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which means that only 2.5 percent of the steam temperature is restored per

second by heat transfer during the expansion while corium tis discharging.

A comparison of the characteristic !frequencies for corium discharge,
-d - 0.12/s, and vessel steam heating, wq,gv = 0.025/s, shows that corium

discharge occurs relatively fast, making it unnecessary to preserve steam
heating in the vessel prior to blowthrough in a scale model test.

Scale model laws are next obtained for molten corium discharge while

vessel steam expands.

Eq. (1.4) and (1.5) were combined to eliminate Ugv, giving

dtg P d
jqvj - yg~ dt

1 0 ~gv d
(1.13)

The variables Pv, Ogv, and qvj are normalized according to table J.1,

which yields

dPv + kv - 1

dt+ #gv+
+ P k +P dd +

Xvl qvj+" kgv + V+
i0gv+ dt

(1.14)

and

dd gQ+ + MI PV• + - v3
dt+ v2 Qdv v2 1 - v3 (1.15)

The normalization is such that the normalized variables and their
derivatives are of Order 1.0 in magnitude, or 0(l). The model coefficients
for example parameters of table J.2 are given in table I.1.
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Table 1.1

Model Coefficients, Corium Discharge and Steam Expansion

"di (kqyl- 1) TX qv1  Pd
Xvi W egt CdAbiPvI / 2g0 (Pvi - P4) 0.017

Wv LL=ed 0.028.

v2=gv

1v - 0.015v3 = Pv,

The relative magnitude of the model coefficients determine if they need to

be preserved. Since ivI is relatively small, it can be neglected,

which is consistent with the earlier conclusion from characteristic

frequencies that steam heating during corium discharge can be neglected from

modeling. The coefficient wv3 also can be neglected, which implies

that the ambient pressure does not have a strong effect on corium discharge

as long as it is reasonably low. Although wv2 is also small, it

cancels in Eq. (1.15) when the corium discharge volume rate Qd+ is to be

modeled, and requires only volume ratio similarity.

1.2.2 MULTIDIMENSIONAL CORIUM LIQUID AND SOLID MOTION

It is important to consider the multidimensional unsteady flow

configuration of molten core debris in the vessel so that steam blowthrough

and simultaneous steam/debris discharge can be preserved in a scale model or

experiment. Multidimensional action of molten core debris is governed by

the incompressible mass conservation and momentum equations, expressed by

Mass conservation

•e V - 0 . (1.16)
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Momentum

+ Y • vV + gq VP + gmny - YVI (1.17)
~Pd

Equations (1.16) and (1.17) yield P and Y in the liquid field, which

ultimately imposes pressure and shear forces on solid debris particles.

The motion of solid debris particles in the liquid is important from the

standpoint of vessel debris retention, restricting vessel discharge rates,

and even subsequent dispersion outside the vessel. Newton's law for

translational motion of the center of mass of a solid particle is expressed

by

MR dYDd
p g0 dt 9g dt

and

drdt= Vp (I.Ig)
dt -p

where Vp and rp are its velocity and displacement relative to the

vessel, Mp is its mass, and Fp is the total applied force, which is

composed of liquid drag, gravity, and buoyancy. That is,

F P L- (PdA + dA -r) + (P - PP ) 0 p !L-ny1.0
Y cs 90

where r' is the shear stress dyadic,

r j i ni 1ij-j ; ( )ij )x,y,z

ravi vU9vt'v-'u'v'w. ,2 - . x1 xj- x,yz
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The rotational motion of a solid particle about its center of mass is
obtained from

PdH

-p t VIOXI (1.22)"L dt +v~p X 11

where the torque on a particle is expressed by

T = X (PdA + dA F) (1.23)
-p

and

1U h X (vp X h) p d_. (1.24)

Position vector h originates at the particle mass center.

The characteristic response times and frequencies are estimated next
for steam blowthrough, illustrated in fig. 1.3, and for corium particle
motion in liquid.

If the steady, inviscid form of Eq. (1.17) is employed with uniform
pressure on the surface at y = H , the approximate horizontal velocity
toward the discharge hole corresponds to that of open channel theory,

If the depth is H and the discharge volume rate is Qd, the amount of
replacement flow to preyent blowthrough must be at least Qd, or
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Figure 1.3. Process of steam blowthrough.
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x DbH 19H kQdv (.6
(1.26)

If the initial discharge rate Qdvi of Eq. (1.3) is set equal to Q in

Eq. (1.26) with Db - Dbi, the elevation at which blowthrough can occur

is, based on parameters of table J.2,

r 11/3JL . - C2(PY1 " PM)
--D L ] -=4.1 . (1.27)

Dbi [16 Cd PdgDbi/go . (.7

If the initial debris depth Hdi > H, and the RPV cross sectional area is

AR the time till blowthrough would be

(H• - H)

'b - AR - 2.1 s (1.28)qdvi

with characteristic frequency of

(b L 0. 4 85 s"1• (1.29)

When blowthrough occurs, steam will discharge simultaneously with liquid and

solid corium.

The characteristic 'response time of a solid corium particle to

surrounding liquid motion is estimated from Eq. (1.18) where the pressure on

a particle is estimated from the dynamic value,

P p(V - Vp) 2

P 2g° (1.30)

where V and VP are the liquid and particle velocities, respectively, for

motion in one direction. A solution for the particle velocity is
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V VApp (1.31)

where Ap is the particle projected area. The response time is estimated
as the time required for the particle to achieve 2/3 of the liquid velocity,
or with N - Pd Op,

7p M VAp- 4 . (1.32)VA P -VA p

If the particles are approximately spherical, a characteristic particle
length is

L-% j z . (1.33)SAp 3 A p

Since the particle and liquid densities are essentially the same, the corium
initial discharge velocity of Eq. (1.2) is employed with the parameters of
table J.2 to obtain the particle motion response time,

7MA-Z ~DPM-4D .P _.0007s(1.34)

V 3 p 3 pI/2g0 (Pv - pC)i, I

The characteristic particle response frequency is

up 1470 s 1 (1.35)

A comparison of frequencies for corium discharge, ud - 0.12/s, and the
particle response frequency, wp - 1470/s, shows that solid corium
particles will closely follow liquid motion during discharge. This does not
preclude the retention of particles in the vessel as they are deposited
against the wall near the breach. It is desirable to have geometrically
similar particles, and model laws which preserve the particle motion, and
retention, which is discussed in Appendix H.
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Model laws are obtained ,by writing Eqs. (1.16) - (1.24) with the

normalized variables of table J.1, which yields

V+ +

and

8!+ I + v Y+ V V+p +2 V+2 vat+ v2 v4 v5 vsy v6
at+

dV +

dt + 20 E

dt + v9

and

P + a !i Y -Y0 r 8P) + 2iV9 de r] + xI

K+- irv~i ++ s I

(1.36)

(1.37)

(1.38)

(1.39)

(1.40)

Equations (1.22) and (1.23), which govern rotational motion of particles

about their mass centers, become

XV11 IP + a dt+ + VP-P+ x H Q + (1.41)

and

IP+ . P+ d++2 9d +1.- (1.42)
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The model coefficients for example parameters of table J.2 are given in

table 1.2. The results of table 1.2 and Eqs. (1.36) - (1.42) show that the

gravitational force and liquid viscosity play negligible roles in corium

liquid and particle motion. This can be seen by noting that iv5,

Xv6, 1.9, and xvI0 are relatively smal.l. The larger magnitudes of

the other model coefficients show that geometric similarity between the

vessel boundary in contact with molten corium and corium particles should be

preserved.

Table 1.2

Multidimensional Coriu LJ,.qod a Particle MotiQn

Xv4 m Qdi

Xv5 = !d,

Qdi
Wv6 - di

Obi
a CdAbiDbi

Vv
Vdv i

2go(Pvt .P 0) CdAbi - 2.02

Dbi
2 O bi 2CdAb j2go(Pt - Pd ) 0.00013 .

Xv I 8d - 31847
~v7 8 P8p C bipPp CdAbiDp

I Ab 314•v8 =Ap =

D
•v9 = Vdvi Dbi 2

'v10 (1 -o= _ pd

__ Pd ;(8.3x P1 8D bt 12go(Pvi _PC) =83x1"

D

3 Vdvi
-%--- ; 0.0
Vdvi

Iv !d Pp Cd '; 1. 1011XvIIl Pp Cd •2OX2bt 3A p Dp 13
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1.3 AN INTEGRAL TEST FOR CORIUM DISCHARGE

The only model coefficient in table 1.1 to be preserved for a

representative scale model test of corium discharge under expanding steam

pressure is wv2 - 0dvi/Ogvit which simply implies similarity of the initial

debris/steam volume ratio. Moreover, a separate effects scale model test of

blowthrough and liquid and solid particle action in the vessel during corium

discharge only would require geometric similarity, based on the model

coefficients of table 1.2. Examination of fig. 1.2 shows that the

frequencies of corium discharge, wd, and blowthrough, wb, are of

the same order. An integral test including both phenomena should have the

same frequency ratio. That is,

Wd . A RD Hdi Cd2 L/d (1.43)'b,d m wd Vdi 1D bi 16 d bdi

should be preserved in a scale model test, where, in addition to geometric

similarity, the additional model coefficient

g9(Pvi - Pr)
Xb,di - Pdg~bi (1.44)

should be preserved. Equation (1.44) is the initial ratio of vessel driving

pressure to the corium hydrostatic head which would occur at a depth equal

to the break diameter.
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NOMENCLATURE

A area, m2

h position vector from particle center

C sound speed, m/s

Cd discharge coefficient

Cp specific heat at constant pressure, J/kg-K

D diameter, m

F force, N

g acceleration of gravity, 9.8 m/s2

g0  Newton's constant in F - Ha/go

H elevation, m

HQ rotational property, Eq. (H.24)

h specific enthalpy, J/kg

Ah enthalpy of melting, J/kg

kgv gas ratio of specific heats

H mass, kg

mass flow rate, kg/s

P pressure, N/m2

q heat transfer rate, J/s

q" heat flux, J/s-m2

Q volume flow rate, m3/s

T temperature, K

t time, s
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I torque, N-m

U internal energy, J/kg

V velocity, m/s

a void fraction

0 volume, n3

p density, kg/m3

Cr specific reaction energy, J/kg

r shear stress dyadic, Eq. (H.21)

T reference time, s

0 angular velocity, rad/s

Subscrip ts

g steam

v in the vessel

gv steam in vessel

go steam stagnation

j surface index for heat or reaction

vj Jth surface in vessel

b break

r reaction

d debris

dv debris in vessel

fs full size system

0 ambient

I initial

s steel

m melting;,scale model

p particle
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Superscri ots

+ nondimensional

v~p angular velocity of particle relative to vessel
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HOLE ABLATION
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This appendix provides an estimate for the discharge hole size increase
by ablation during molten debris discharge. Model laws for an ablating
hole perimeter are included for an appropriate model representation of the

full size system.

If high velocity molten core debris washes the hole perimeter as it
discharges, ablation can occur, which would increase the hole size. It is
possible that core debris particles can arrange themselves in such a
pattern inside the hole that a liquid discharge would not contact the hole
perimeter. However, hole ablation is included here for completeness in
cases where it may occur.

Fig. J.1 shows the side view of a circular hole of diameter Db, whose
initial size was DbI. The liquid debris stream is at temperature Td.
If Td is greater than the vessel steel melting temperature Tsm, the
ablating interface will be at Tsm. Heat flux into the perimeter
surface,

q = Hd(Td - T sm) (J.1)

is equated to the heat flux required to raise the vessel material to Tsm,

and then to melt it, or

q" = PsVa[(Tsm - T si) cps + Ahs] . (J.2)

It follows that the ablation velocity or radial growth rate of the hole is

Va - Hd(Td - Tsm) (33)
a -Ps[Cps(Tsm - Tst) + Ahs]

The hole area size grows according to

dA d21 b dD
dt dt 4 % inDdt DbVa(.)
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Va - Ablation Velocity

Steel

ZIII..Ji L
T .d _'

FueM Moltench
Debris

Figure J.1. Ablating hole during molten corium discharge.
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Since ablation is expected to occur only when molten corium is discharging,
the associated time response and characteristic frequency correspond to

Eqs. (1.7) and (1.8) in Appendix I, for debris discharge.

Scale model laws are obtained by writing Eq. (J.4) with the normalized

variables of table J.1 to obtain

dAb+ + (3.5)
dt+ v12 b

where

~v d- Pd Dbi Hd(TdI - Tms)

v12 bi 2 1 2go(Pvt - Pj) Ps [Cps(Tms - Tst) + Ahs] - 0.17

Equation (J.6) implies that ablation could be studied as a separate effect
in a geometrically similar system if state properties of the various
materials are chosen to preserve xv12. However, since 1v02 - 0.17,
the ablation effect could increase corium discharge by only 17% over the
discharge if solid particles permit contact with corium liquid and the
vessel break perimeter. It may be desirable to design the break size as a
constant value at the larger size for a conservative test.

TABLE J.1

Normalized Variables. RPV

Pgv = Pgv/Pvi
+

gv = ogv/ogvi

qvjt qvjt M HvjiAvji(Tvji - Tgvi) + frjirvji

- 5.2 x 106 W (heat only)

J-4



Qd - dv/'%vi

t = /

e - A/Abi

p+ . P/P 0

)ý,Ylz+= x$,yz/Dbi

v Db'iV

+2 Dbi 2V2

r (Dbh/Apvdil)r

HT + wIQH

Mgv =hIPgv/Mgvj

Vdi " J2g0 (Pvi " P1 )/Pd - 39 m/s

Qdvi = AbiCd J2g 0(Pvi - PW)/Pd

= 1.2 m3 /s

7 d = odvi/Qdvi - 8.1 s

Po = JPdVdvi 2  /2go 6.8 MPa

HR = Dbi d 2 1.1 x 1o N-rm-s

TR = Dbi3Po ; 6.8 N-m
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Abl - 0.0314 m2

AR - 12.6 m2

Ap - 1.0 cm2

Cgvi - 502 m/S

Cd - 1.0

Cd - 480 J/Kg-K

Dbi - 0.2 m

Dp = 1.0 cm

g - 9.8 m/s 2 .

Hdi - 1.0 m

Ahs = 250 J/gm

Pvi - 6.8 MPa

P0 - 0.101 MPa

Qdvi - 1.2 m3/s

Tdi - 2600 K

TABLE J.2

Example Parameters

initial break (hole) area

vessel cross-sectional area

debris particle projected area

initial sound speed in steam

approximate particle drag coefficient

debris specific heat

initial hole diameter

particle diameter

acceleration of gravity

initial debris depth above hole

steel melting enthalpy

initial vessel pressure

ambient pressure

initial corium volume discharge rate

initial corium, temperature
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Tms = 1600 K

Ts1 - 558 K

Ov = 340 m3

Odvi = 10 m3

Pgvi = 35 kg/m3

Pd - Pp - 9000 kg/m 3

-p = 1.0 cm3

Vd - 6.7 x 16-7

Hd - 20,000 W/m2 -K

HjAj - .300,000 W/K

steel melting temperature

initial steam temperature

vessel volume

initial corium volume to be discharged

initial steam density in vessel

molten and solid corium density

typical solid particle volume

molten corium kinematic viscosity

debris convection coefficient, ablation

heat transfer to steam in vessel
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NOMENCLATURE

A area, m2

h position vector from particle center

C sound speed, m/s

Cd discharge coefficient

Cp specific heat at constant pressure, J/kg-K

D diameter, m

F force, N

g acceleration of gravity, 9.8 m/s2

g0 Newton's constant in F - Ma/go

H elevation, m

HQ rotational property, Eq. (H.24)

h specific enthalpy, J/kg

Ah enthalpy of melting, J/kg

kgv gas ratio of specific heats

H mass, kg

in mass flow rate, kg/s

p pressure, N/m2

q heat transfer rate, J/s

q" heat flux, J/s-m2

Q volume flow rate, m3/s

T temperature, K

t time, s

J-8



I torque, N-m

U internal energy, J/kg

V velocity, m/s

a void fraction

6 volume, m3

p density, kg/m3

Er specific reaction energy, J/kg

r shear stress dyadic, Eq. (H.21)

7' reference time, s

w angular velocity, rad/s

Subscripts

9 steam

v in the vessel

gv steam in vessel

go steam stagnation

j surface index for heat or reaction

vj jth surface in vessel

b break

r reaction

d debris

dv debris in vessel

fs full size system
0 ambient

I initial

s steel

m melting; scale model

p particle
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Su~erscri ots

+ nondimensional

VP angular velocity of particle relative to vessel
wI
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APPENDIX K
TOP-DOWN SCALING OF REACTOR PRIMARY SYSTEM

DEPRESSURIZATION BY SINGLE PHASE GAS
DISCHARGE

Prepared by
W. Wulff (BNL)
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a

Cp

cv

e

h

M

p

Q
rh

t

V
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NOMENCLATURE

cross-sectional area of break

sound speed

specific heat at constant pressure

specific heat at constant volume

base of natural logarithm

enthalpy

mass of vapor in primary system

pressure

volumetric flow rate

ratio of total over static enthalpy for isentropic processes

time

volume of vapor in primary system

vapor velocity

vapor mass flow rate

specific heat ration, cp/Cv

density

characteristic time of primary system blow-down

Subscriots

c corium (molten core debris)

e break exit, critical flow condition

ld liquid discharge

S isentropic

T isothermal

tr transition from sonic to subsonic break flow

o initial, at t - t* = o

K-4



Subscripts (continued)

i primary system

Creactor cavity

5uperscripts

- along flow path through break

* scaled
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K.1 INTRODUCTION AND SCOPE OF ANALYSIS

Scaling criteria must be met in the design and execution of experiments,

using laboratory-size test facilities, if the test results are to be used to

obtain information about processes in such large installations as nuclear

reactor power plants. Scaling criteria consist of (1) the scaling groups

which represent the process-dominating phenomena and (2) the requirement

that these groups must have the same values, respectively, for the test

facility as for the full-scale reactor. This equality of respective

dominant scaling groups ensure similitude between the flow, temperature,

pressure and concentration fields, respectively, in test facility and

reactor plant. Therefore, the flow, heat transfer and chemical reactions

regimes are the same in both installations. Experimental results obtained

from correctly scaled laboratory test facilities can be used either directly

to resolve safety issues in the full-scale power plant, or to develop

correlations for the safety analyses of the power plant.

The scaling groups are nondimensional ratios of driving potentials or

fluxes of mass, heat or momentum exchange. They dictate the selections of

physical dimensions for the test facility, of the fluids and structural

materials, and of the initial and boundary conditions imposed on the

experiment. The successful selections of these parameters yield the

required numerical equality of the relevant scaling groups for test and

full-scale facilities, which, in turn, ensures that results can be used for

scaling up from laboratory to nuclear power plant conditions.

As processes evolve over the range of scales from macro or global, to

micro or molecular, scales, the scaling analysis is best performed by the

combination of top-down and bottom-up scaling. ToR-down scalina is started

out from global analyses, using integral balance and transport equations, to

provide the overall system response, such as the rate of change of

volume-averaged system pressure, and the characteristic time for the overall

system transient (master clock). Top-down scaling serves to develop the

comprehensive overall picture, it provides for discriminating the priorities

of impact from individual phenomena on overall system response and thereby
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for identifying the dominant scaling groups, as well as the needs for
detailed analyses on the next lower, more detailed and local levels.

Bottom-u, scaling, on the other hand, starts out from specific detailed
analyses of small-scale processes, such as the droplet fragmentation,
entrainment and de-entrainment. It is needed to describe the specific
details of the source terms and the local transport-processes in the
top-down analysis.

The combination of top-down and bottom-up scaling in the Hierarchial
Scaling Method is described in Part A, Chapter 3.4 of this report. As
explained there, the scaling analysis starts with top-down modeling and
scaling for global component volumes and advances to subsequent levels of
detailed analyses, until all relevant small-scale processes are accounted
for.

The analysis presented here is part of the scaling analysis carried out to
support the design of direct containment heating experiments. These
experiments are planned to provide the necessary information for predicting
containment pressure loading in postulated severe accidents with reactor
pressure vessel failure, and for assisting reactor operators in accident
management.

The direct containment heating analysis is carried out in Part B of this
report in four separate analyses, namely the transient analyses for the
primary system depressurization, and for the pressurizations of the reactor
cavity, the lower containment compartments and for the containment dome.

The primary system depressurization analysis provides the boundary

conditions for the-reactor containment analysis. As the primary system
contains the driving energy potential in the form of high steam pressure,
and chemical and sensible heat in molten core materials, the primary system
analysis provides also the characteristic time of overall containment
pressurization.

K-7



The transient processes taking place in each one of the above four
subsystems is divided in time segments, according to their respective
characteristic phenomena. The primary system depressurization analysis
addresses four time segments: (1) the initial phase of liquid molten core
material (corium) discharge through a pressure vessel melt-through break at
the vessel bottom, followed by (2) the multi-phase flow, critical discharge
of vapor, liquid and possibly solids, (3) the single-phase critical
discharge of vapor and (4) the subsonic discharge of vapor until the primary

system and containment pressure equalize. The corium discharge may also
entrain solid ceramic fuel pellets if the break opening is large enough.

Phases (1) and (2) are analyzed in preceding appendices. This appendix
analyzes the third phase. The fourth phase is of no interest because of its
insignificant impact on the maximum containment pressure.

A rough estimate is possible for the length of time for phase (1) and (2),
by assuming that there is no gaseous core penetration through the molten
corium pool in the vessel bottom, i.e. that Phase (2) does not occur. By
assuming isentropic vapor expansion in the primary system, by using
Bernoulli's equation for the spatial acceleration of corium through the
break, and by utilizing the fact that the containment pressure is much
smaller than the vessel pressure, one finds for the liquid discharge
time tld this approximation:

V- o. 0 c V -2 (K.1)
tld m A (- + 2) PO V-1-" Vc, 0

where
V Primary system volume,

Vc,o , initial volume of molten corium,
A W break area,
PO initial primary system pressure,

I isentropic exponent for steam,

PC corium density.
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For typical values of V - 360 m3, Vc0 = 7.779m3 , Po - 160 bar,

PC- 9,000 kg/m3 and f - 1.3, one finds that the liquid
discharge time tld varies between 0.55 and 6.6 seconds for break size

areas (A) between 0.2 m2 and 0.02 m2 , respectively. Specifically, for

the break size of A - 0.0314m2 , corresponding to the equivalent break

diameter of 0.2m, the liquid discharge time is tld - 4.18s. As will be

shown below, the third phase of sonic discharge of single-phase vapor lasts

approximately twenty times longer.
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K.2 OBJECTIVE

The top-down scaling ahalysis, based on global or integral balance

equations, is performed to obtain the transient conditions at the exit plane

(subscript e) of the reactor vessel break at the vessel bottom, during the

time of sonic discharge of superheated vapor, i.e., the third phase of

primary system depressurization. Specifically, the objective is to

determine four time-dependent flow parameters, i.e., the

vapor volumetric flow rate

vapor mass flow rate

vapor static enthalpy flow rate

vapor total enthalpy flow rate

We,

(wh)e, and the
[w(h + v2/2)]e,

where h and v designate enthalpy and velocity, respectively.

The time-dependencies for the above four parameters are to be derived for

three thermodynamic paths as shown below:

Thermodynamic Path Combination

Processes SS TS TT

Vapor expansion in Isentropic Isothermal Isothermal
primary system

Vapor acceleration Isentropic Isentropic Isothermal
through break

The isentropic path constitutes the limiting case of rapid expansions

without heat transfer, while the isothermal path constitutes the opposite

limit of extremely intensive heating of the vapor by heat transfer from

internal reactor vessel structures and from ceramic fuel pellets stacked up

near the break hole. By using the limiting cases, one avoids the difficulty

of analyzing the details of local heat transfer, and one obtains the range

of uncertainties arising from the use of the simple limits. It will be

shown that the third combination of isothermal processes in primary system
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and break yields the simplest results which differ little from those
obtained for isentropic expansions.

The second objective of the top-down scaling analysis is to obtain the
characteristic time r of primary system depressurization and the scaled
variables for the parameters listed above, namely

Qe for vapor volumetric flow rate,

We for vapor mass flow rate,

(wh)e for static enthalpy flow rate and

[w(h+v 2/2)]* for total enthalpy flow rate.

These scaled variables are to be used as the inflow boundary conditions
for the reactor cavity scaling analysis. The characteristic time r of
primary system depressurization is the master, or global, time scale for
containment pressurization.

K-11



K.3 ANALYSIS OF PRIMARY SYSTEM DEPRESSURIZATION

The primary system with volume V is considered to be filled with

superheated vapor at the known initial pressure po and temperature To.
For convenience, the time t is counted from the initial moment, at which

single-phase vapor begins to discharge from the bottom failure break of
cross-sectional area A, and with the sonic exit velocity ve. The

superheated vapor is treated as a perfect gas.

K.3.1 GOVERNING EQUATIONS

The governing equations for the expansion of the primary system vapor are
presented first and then the equations describing the local acceleration of
vapor through the break hole in the vessel bottom.

K.3.1.1 PRIMARY SYSTEM VAPOR EXPANSION. The conservation equation of
vapor mass M in the primary system gives

- Ap v (K.2)dt e e

where p designates the vapor density, v the vapor velocity, A the break

area and t the time. For isentrooic vapor expansion during the primary
system depressurization,

M - PV = Mo(p/po) 11 , (K.3)

whereas for isothermal expansion

M - pV - Mo(p/po) . (K.4)

Here, all unsubscripted variables describe the time-dependent conditions of

the bulk vapor in the primary system, while subscripts o designate initial
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conditions. Differentiation and substitution of Eqs.(K.3) and (K.4) into

Eq.(K.2) gives for isentroDpc expansion of the primary system vapor

dt =•I I 1 d(p/P)
dt = " ApeVe (K.5)

and for isothermal expansion

d(p/p 0 )

dt -o dt = -ApeVe
(K.6)

K.3.1.2 BREAK FLOW. For isentropic acceleration of vapor through the

break, from stagnant to sonic (critical) flow with Mach number equal to

unity at the break plane (subscript e), the familiarly relations between the

vapor and break conditions are (Shapiro, Vol. 1, pp. 80 and 84)

_I-

ve + I

(isentropic)

(i'sentropic)

(K. 7)

(K.8)

where

R

T

= gas constant of vapor

vapor temperature in primary system.

For isothermal acceleration, one has for the vapor temperature at the break
Te - T. The momentum balance for quasi-steady, spatial acceleration of

vapor along a stream line through the break gives

d5- -ývdv - -R- vdv (K.9)
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where T is the instantaneous bulk vapor temperature and constant along the

stream line. The superscripted tilda denotes thermodynamic property

variation along the stream line. By integrating Eq.(K.9) along the stream

line, from the vessel interior with stagnation, to the break plane, where

the vapor reaches isothermal sound speed ve =f " l', one finds,

corresponding to Eqs.(K.7 and 8),

2

2 RTe
P P

Pe w/ l•e (isothermal) , (K.1O)

ve - (isothermal) . (K.11)

It is clear, that Eqs.(K.5) and (K.8) for isentropic processes degenerate

with f - 1 into Eqs.(K.6) and (K.11) for isothermal processes, as

expected. However, for the critical exit density in Eq.(K.1O), one must

employ the limit process of - . 1 to confirm that equation through

Eq.(K.7). Rewrite Eq.(K.7) first, to get

e p(1+1+)'"1

and then take the limit as -f 1:

P illiml -1 "2 pc-½2

e +h + de

which is the same as derived from Eq.(K.9) and obtained in Eq.(K.1O).
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Next, we employ, according to our objectives, Eqs.(K.5), (K.6), (K.7),

(K.8), (K.1O) and (K.11) for three combinations of thermodynamic paths:

(1) for isentropic primary system expansion and isentropic break flow,

(2) for isothermal primary system expansion and isentropic break flow

and

(3) for isothermal primary system expansion and isothermal break flow.

K.3.2 ISENTROPIC/ISENTROPIC PATHS COMBINATION (SS)

For isentropic bulk vapor expansion and isentropic break flow, we combine

Eqs.(K.5), (K.7) and (K.8) to get

M2 . (P-) 1 0 -A1T (FT2 io)
If p0 dt - AfR (I+1

=-Ap a5 () L ,211

0 s'0 PO T0(f+
(K.12)

where as, 0 = JI-RTo is the isentropic sound speed at initial primary system

vapor conditions. For isentropic expansion holds

_(K.13)

Substitution of Eqs.(K.13) into Eq.(K.12) yields the differential equation

for the transient primary system pressure:

dV / 0  r) 2 (-y 1) 2-
Aas' dt = 1(ýj](1l (-)2 (K.14)
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Upon integration of Eq.(K.14), we get the primary system pressure for

isentropic expansion of the bulk vapor and isentropic break flow, denoted by

subscripts SS:

PLO - 2 + AJ ' t . (K.15)

This equation holds for sonic break flow, that is as long as the primary

system pressure satisfies

ps 2o J '(K.16)

where p=, is the reactor cavity pressure. By using the equality of

(K.16) in Eq.(K.15), one finds the time at which the decreasing break flow

becomes transonic.

K.3.3 ISOTHERMAL/ISENTROPIC PATHS COMBINATION (TS)

For isothermal bulk vapor expansion and isentropic break flow, we combine

Eqs.(K.6) with Eqs.(K.7) and (K.8) to get

d(p/P0 ) [ -AA __(•#]+2'vL-)
M 0 dt M -ApýJ-fRT 2f -])

--Ap a 2L (L -1 (v) (K.17)
0Sos~t~ T 0 '1 +l1

where a so - J/foT is the isentropic sound speed at initial conditions in

in the primary system vapor. For isothermal expansion, we have

POj ' To
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By substituting Eqs.(K.18) into Eq.(K.17), one finds after integration for

isothermal bulk expansion and isentropic break flow

2t-1)Aa t(K.19
11oTS -expi " 1 V tI9(.9

which applies as long as

k >.- + (K.20)
IP -TS -O

i.e., until the break flow becomes subsonic.

K.3.4 ISOTHERI4AL/ISOTHERM4AL PATHS COMBINATION (TT)

For the case when both the bulk vapor expansion and the break flow

acceleration are isothermal, we substitute Eqs.(K.1O) and (K.11) into

Eq.(K.6), to find with the aid of Eqs.(K.18)

d(p/po)
Ho dt = Po P [- aTqoAo[pJ (K.21)

where aT,o = ARTo is the time-independent isothermal sound speed at initial

bulk vapor conditions. After integration, one finds

_ IAaTAot

U TT - e e, 
(K.22)

which holds as long as, with

t k f l o 
( K . 2 3 )Po T T I-PO

the break flow remains sonic.
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In summary, Eqs.(K.15), (K.19) and (K.22) provide the primary system

pressure dependencies for the three thermodynamic path combinations listed

in Section K.2. The flow rates of volume, mass, stagnation and total

enthalpies are now found with these equations, with Eqs.(K.7), (K.8),

(K.1O), (K.11), (K.13), (K.18) and the caloric equation for a perfect gas

h -- '-t 1RT . (K.24)
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K.4 VOLUME, MASS, AND ENTHALPY BREAK FLOW RATES

K.4.1 BREAK FLOW RATES FOR ISENTROPIC/ISENTROPIC PATHS

The volumetric flow rate at the break plane is, by virtue of Eqs.(K.8),
(K.13) and (K.15)

Qe,ss AVe

-A 2 a 2-fy + z s'o Ipo)ss

1 15, i. I...L21+1) Aa1

-A -2-a I1+ OL '2 2(-y-1 L& (K.25)

The break mass flow rate is, from Eqs. (K.7), (K.8), (K.13) and (K.15)

We,ss = APeve

M Apa - 2--i 2 (--1) if-+I (1K.26)0 S'o 11L- + I] PO 2

w Ap a If + II J2()Fl2. Jy (K.27)

The static enth lpy flow rate through the break is computed by combining
Eqs.(K.24), (K.7), (K.8), (K.13) and (K.15), and is

K-19



(Wh)ess - APeVehe - APeVe RTe

1
= T- APe 3Ve

-Apa 3o.
0 S,O -

1_1] 2(,y-1)ý,++d [pj21

= A a 30 Aos,o
2(0-1) Y-')Aas5 o

V

1-'i

-1 - 1 (--+L--
2 '1 1)

(K.28)

The total or staqnation enthalpv flow rate through the break is

L2 
J]1w lh+ 2 _ e, SS

hY e 1RT"(Weh)ss - APeve .1 - it (K.29)

because the total enthalpy remains constant during the vapor acceleration

through the break. With Eqs. (K.26), (K.13) and (K.15), one obtains

(Wh+)1 3-1 - 1
3 1 ?. 2 (-f- 1) 1 IL 2-f

(weh)ss -APoas,o y -I f+ I P-oll SS

Apoa Io

-+1 + If+1
, 2 (-12.- 1) I21(-y 1)

3-t

V(3
(K. 30)

By comparing Eqs. (K.28) and (K.30), one recognizes that

(weh)SS - +l-+-1) (wh)e,SS (K.31)
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In summary Eqs. (K.25), (K.27) (K.28) and (K.31) provide, respectively the
time-dependent break flow rates of volume, mass, static and total enthalpy
for the case of isentropic bulk vapor expansion and isentropic break flow.
These equations apply for very large breaks, when the depressurization is
very rapid and when there is too little time for heat transfer from internal
structures to the vapor in the primary system.

K.4.2 BREAK FLOW RATES FOR ISOTHER4AL/ISENTROPIC PATHS (TS)

The volumetric flow rate at the break, for isothermal expansion of the
bulk vapor and isentropic break flow acceleration, is, by virtue of Eq.
(K.8).

Qe,TS = AVe

= Aas,0 2.'
-Y+1 (K.32)

and Independent of time. The mass flow rate is computed from Eqs. (K.7),

(K.8), (K.18) and (K.19). It is

(We)TS =APeve

mApo ....L.1 a~, [POTS

= A~as0[-~-)2 1) ex Y + C 1) 1) A ti

(K.33)
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The static enthalov flow rate is computed from Eqs. (K.7), (K.8), (K.18),

(K.24) and (K.19)

V,3

(wh)e,TS - APevehe APi-e

Apo a(-f 2(- -1) _

(K.34)

Finally, Eq. (K.31) with subscripts SS interchanged for TS provides the

total entropy flow rate at the break, because the temperature ratio Te/T

is the same for all cases with isentropic break flow acceleration. Thus,

[w(h+v 2/2)]e,TS - (weh)TS "LI (K.35)

In summary, Eqs. (K.32), (K.33), (K.34) and (K.35) provide, respectively

the time-dependent break flow rates of volume, mass, static and total

enthalpy for the case of isothermal bulk vaoor expansion an disentroDiC

break flow. These equations apply for slow depressurizations through small

break, where there is sufficient time for heat transfer from internal

structures to the bulk vapor, but poor heat transfer near the break opening.

K.4.3 BREAK FLOW RATES FOR ISOTHERMAL/ISOTHERMAL PATHS (TT)

The volumetric flow rate through the break, for isothermal expansion of

the primary system bulk vapor and isothermal break flow is computed from

Eqs. (K.11) and (K.18)
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Qe,TT = Ave = A/ - A/RTo

= AaT,o (K. 36)

(K. 37)where aT,o = IRTo

is the isothermal sound speed at the primary system initial vapor

conditions. The mass fl.ow rate is computed from Eqs. (K.1O), (K.11), (K.18)

and (K.22). The result is

W A -a r-oeT APeVe m /e T,o LP0 TT

- ApaT,o I exp
I Aa T .0 te V. J (K-38)

The static enthalpv flow rate is computed

(K.24) and (K.22), as follows:
from Eqs. (K.1O), (K.11), (K.18),

(Wh)e,TT = APeVehe eAPe

mA-j- Ij(RT0
2(P

"T I'
= Pal',o j-:/ 7e 41-

1 Aat, 0 t}
(K-39)

The total enthalpy flow rate

[w(h+v 2/2)]e,TT = APeV3 [(-1'' + 1]
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is, by virtue of Eqs. (K.1O) and (K.11) and (K.18)

3y--i 1 1oAo(-] te
(weh)TT -ApoaT,o 2(y-1-) Te exp1- e V J (K.40)

Thus, Eqs. (K.36), (K.38), K.39) and (K.40) give, respectively, the

time-dependent break flow rates of volume, mass, static and total enthalpies

for the case of isothermal bulk vaoor expansion and isotherma1 break flow.

These equations apply for slow depressurizations through small breaks, when

there is sufficient time for heat exchange from primary system internal

structures to the vapor, and also wheh there is intensive heat transfer from

stacked-up ceramic fuel pellets and other solids near the break opening, to

the vapor flowing through the break.
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K.5 SCALIG

K.5.1 CHARACTERISTIC TIME AND SCALING REFERENCES

Characteristic time and reference parameters are now introduced. It is
the aim to compare, in terms of scaled time t*, pressure p , and flow
rates Q*, We*, (wh)e*and (Weh)* for volume, mass, static and
stagnation enthalpies, the results for the three combinations of isentropic
and isothermal processes discussed in Section K.4. For this comparison, one
and the same set of reference parameters is applied to all three
combinations. The isothermal/isothermal combination of bulk vapor expansion
and break flow acceleration, presented in Section K.4.3 above, leads to the
simplest results and therefore suggests the simplest set of reference
parameters.

Equation (K.38) suggest for the characteristic time of primary system
depressurization and for containment pressurization to be

7 - V/(AaTo) - V/(A/RTo) (K.41)

Where V - primary system vapor volume,
A - break cross-sectional area,

aTo - IRT., initial isothermal sound speed
of primary system vapor.

The initial pressure po and the initial volumetric flow rate (Qe,TT)o
serve to scale pressure and volumetric flow rate, respectively, while

APoaT,o - APo,/RTo and (K.42)'

- APoaT,o - APoaT,o 'Y RTo = - Ap3To (K.43)

serve to scale mass and enthalpy fluxes.
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K.5.2 SCALED VARZABLES, CONSTANTS AND FLOW RATES

With the reference parameters introduced in Section (K.5.1) the scaled

variables are for
a-To

Time t* = t/ -- AV t

Pressure p* = P/po

Volumetric Flow Rate Q*e = Qe/(ANRTo)

Mass Flow Rate W*e = We/(ApojRTo) (K.44)

Enthalpy Flow Rate (wh)*e

= WeRTo/(Apo)

- (Wh)e/(ApohojR-To)

U-1L
= (Wh)e A.polRT0

For simplicity sake, we introduce the following

properties, representing the nondimensional

specific heat at constant volume c*v

specific heat at constant pressure C*p

initial isentropic volumetric
flow rate at the break (Q*e)s,o

the ratio of total over static
enthalpy flow rates r*h -

initial isentropic mass flow

rate at the break (W*e)s,o

f-dependent gas

7c*v

f21

/1+1
2

=

C
R

C
R

(K.45)

±1

I y(r*h)l~
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By substituting Eqs. (K.44) and (K.45) first into Eqs. (K.15), (K.25),

(K.27), (K.28) and (K.31), one obtains for isentropic bulk vapor expansion

in the primary system and isentrooic break flow (SS), in normalized form

the pressure

(c*) 2*

ss sc*
the volumetric break flowrate

the mass flowrate at the break

the static enthalpy flowrate

at the break

and

the total enthalpy flowrate
at the break

(K.46)

(K.47)

(K. 48)Ss

2

(we*) So(*S

(wh)* (q)- I 1+1/(2c*)
'SS (we*)s.o (p* pe ss t(K.49)

(w h)*s rg(wh)*e s ess (K.50)

Next, by substituting Eqs. (K.44) and (K.45) into Eqs. (K.19), (K.32), (K.33),
(K.34) and (K.35), one finds the normalized pressure and flow rates for isothermal
bulk vapor expansion and isentropic break flow (TS), i.e.

the pressure
PTS

W -we~' s~ t*

the volumetric break flowrate,
which is constant

the mass flowrate at the break

the static enthalpy flowrate
at the break

(Q~)T (Qe) '

(We)TS (W*)S,0  P

(wh)* -- 2

(K.51)

(K.52)

(K.53)

, (K.54)

and
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the total enthalphy flowrate

at the break (wehMS - (rg)(wh)*,T (K.5s)

Finally, by substituting Eqs. (K.44) and (K.45) into Eqs. (K.22),

(K.36), (K.38), (K.39) and (K.40), one finds the scaled pressure and break

flow rates for isothermal vapor expansion in the bulk and acceleration at

the break, i.e. one finds in nondimensional form for

the pressure P*T " exp (-t*/1e) - lim Ps

the volumetric break flow
rate is equal to unity (Q)T i,

the mass flow rate (w*)• S

S

.1 -1ex .p (-t./je} - Te p*
I_

exp (-t*/fe) - re p*
e TT

(K-56)

(K-57)

(K.58)

(K.59)

(K-60)

the static enthalpy (wh)*
flowrate eTT

and the total enthalpy (Weh)IT
flowrate

Clearly, the isothermal expansion and

result

1- , W* - (wh)*I.e e

S(1 + L ) (wh)*,TT2* epT

acceleration yields the simplest

D*

This is the consequence of having selected the reference values for scaling

according to Eqs. (K.44).
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K.6 COMPARISON OF RESULTS AND RANGE OF INITIAL CONDITIONS

Equations (K.45) through (K.60) are evaluated for super-heated vapor with

- 1.30, (K.61)

and corresponding scaled variables are compared for the three combinations

of thermodynamic paths analyzed in Sections (K.3.2), (K.3.3) and (K.3.4) and

in Chapter (K.4). With f - 1.30, we get from Eqs. (K.45)

C 3.3333 (Qe)s,o - 1.0632

Cp = 4.3333 (we)so = 0.6673

rh = 1.1500 , (K.62)

and for the choice of initial primary system and containment pressures

Po = 160 bar, p, = 2 bar, p./po = 0.0125 (K.63)

the normalized time ttr, which it takes to depressurize the primary system

until the break flow becomes subsonic, is found by solving Eqs. (K.15) and

(K.16), (K.19) and (K.20), (K.22) and (K.23) for t, and then by normalizing

t according to Eq. (K.44):

(tr)SS - 5.4562 for isentropic bulk expansion and break
flow acceleration

(t*r)TS = 5.6595 for isothermal bulk expansion and
isentropic break flow acceleration

(tr)TS = 6.4004 for Isothermal bulk expansion andr break flow acceleration (K.64)

Thus, the blow-down times can vary only 17% in the maximum range of heat

transfer rates, between adiabatic and isothermal processes for the vapor In

the primary system.
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Figs. K.1 through K.5 show the comparisons, respectively of

" normalized pressure

" normalized volumetric break
flow rate

" normalized break mass
flow rate

" normalized static enthalpy
flow rate

" normalized total enthalpy

each for the thermodynamic process

p* (fig. K.I),
Qe (fig. K.2),

We (fig. K.3),

(*h)e (fig. K.),

(weh)* (fig. K.5),

combination as follows:

Thermodynamic Path Combination

Process SS TS TT

Vapor expansion in Isentropic Isothermal Isothermal
primary system

Vapor acceleration Isentropic Isentropic Isothermal
through break

10.0

%.

S

•1.0

- I I I I

TS (Eq. 52)

Tr(Eq. 57)

SS (Eq. 47)

0 1 2 3 4 5 6 7
fME r

Figure K.1. Comparison of Primary
System Pressures.

0.1 1 1 1 I
0 2 4 3 a 10

TIME t"
Figure K.2. Comparison of Volumetric

Break Flow Rates.
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1.0 1.0

CA
0.1
o-

a-

0.01 0.01
10

TIME t" TIME t"

Figure K.3. Comparison of Break

Mass Flow Rates.

Figure K4. Comparison of Static Enthalpy

Flow Rate at the Break.

1.0

0.1

0.01 L
0

TIME t"

Figure K.5. Comparison of Total Enthalpy
Flow Rates at the Break.
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Next, we return to dimensional parameters to present comparisons for

blow-down times and initial flow rates at the break. We supplement the

pressure conditions given in Eq. (K.63) by
I

the vapor gas constanti

the vapor isentropic

exponent

the primary system

vapor volume

R - 461.9 J kg'lK"1,

7 = 1.3, and

V = 360m3.

Using the last result of Eq. (K.64) for the normalized blowdown time for
isothermal bulk expansion and isothermal break flow, and the first one of
Eqs. (K.44), we obtain the physical blow-down time (ttr)TT for the
isothermal/isothermal combination as shown below.

Blow-Down Time tTr (s) for Isothermal Bulk
Expansion and Isothermal Break Flow (TT)

(Eqs. K.64 and K.44)

Initial Vapor Break Area A (W2 )
Temp., To (K)
in Primary System 0.02 0.10 0.20 0.50

700 202.6 40.5 20.3 8.10
1,000 169.5 33.9 17.0 6.78
2,000 119.9 24.0 12.0 4.79

The following six tables show the break mass, static and total enthalpy

flow rates, first for isothermal and then for isentropic processes in the
primary system (bulk vapor expansion and acceleration through the break).

All tables present results for the same initial pressure p. - 160 bar and
the same initial vapor temperatures To as shown in each first column.

First for the isothermal processes:
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Break Initial Mass Flow Rate We TT (kg/s) for Isothermal Bulk
Expansion and Isotheral Break Flow (TT)

(Eqs. K.58 and K.44)

Initial Vapor Break Area A (m2)
Temp., To (K)
in Primary System 0.02 0.10 0.20 0.50

700 341.3 1,706.7 3,413 8,533
1,000 285.6 1,427.9 2,856 7,239
2,000 201.9 1,009.7 2,019 5,048

Break Initial Static Enthalpy Flow Rate (wh)e TT (MW) for
Isothermal Bulk Expansion and Isothermal BreakFlow (TT)

(Eqs. K.59 and K.44)

Initial Vapor . Break Area A (m2 )
Temp., To (K)

in Primary System 0.02 0.10 0.20 0.50

700 487 2,391 4,782 11,956
1,000 572 2,858 5,716 14,290
2,000 808 4,042 8,084 20,209

Break Initial Total Enthalpy Flow Rate (weh)TT (MW) for
Isothermal Bulk Expansion and Isothermal Break Flow (TT)

(Eqs. K.60, K.59 and K.44)

Initial Vapor Break Area A (m2 )
Temp., To (K)
in Primary System 0.02 0.10 0.20 0.50

700 533 2,667 5,334 13,336
1,000 638 3,188 6,376 15,939
2,000 902 4,508 8,107 22,254

The next three tables are for isentropic processes, both in the bulk vapor

expansion and in the vapor acceleration at the break.

K-33



Break Initial Mast Flow Rate WeSS (kg/s) for
Isenthropic Bulk Expansion and Isothermal Break Flow (SS)

(Eqs. K.48, K.45 and K.44)

Initial Vapor Break Area A (m2)
Temp., To (K)

in Primary System 0.02 0.10 0.20 0.50

700 375.5 1,878 3,755 9,388
1,000 314.2 1,571 3,142 7,854
2,000 222.2 1,111 2,222 5,554

Break Initial Static Enthalpy Flow Rate (wh)e S (MW) for
Isentropic Bulk Expansion and Isentropic Break Flow (SS)

(Eqs. K.49, K.45 and K.44)

Initial Vapor Break Area A (m2)
Temp., To (K)

in Primary System 0.02 0.10 0.20 0.50

700 526.1 2,631 5,261 13,153
1,000 628.8 3,144 6,283 15,721
2,000 889.3 4,447 8,893 22,233

By comparing Eqs. (K.45) and (K.59), and from fig. K.3 one can see that

the initial break flow with isentropic acceleration is larger than the break

flow with isothermal acceleration at the break, by the factor of

(We)s,o/(1/je) - 0.6673/0.6065 = 1.1. Thus, acceleration increases

from heating are more than compensated by density reductions in the break
flow.
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For Specific case selected
report, having the

as the reference in the main body of this

initial pressure

ambient pressure

PO

Poo

= 16 MPa

- 0.2 MPa

- 2,000"K

(160 bar)

( 2 bar)

(1,727"C,
3,140-F)

Initial vapor temperature

in primary vessel To

break area

,primary system volume

gas constant for vapor

isentropic expansion

exponent

one obtains, from Eqs. (K.63,

specific values, respectively

flow (TT), and for isentropic

A

V

R

I

M 0.341m2

a 360m3

W 461.90J/(kgK)

= 1.30

58-60, 48-50, 44 and 45) the following
for isothermal bulk vapor expansion and break
bulk vapor expansion and break flow (SS):

TT SS

blowdown time ttr 76.3 65.1s

initial mass flow rate

initial static enthalpy
flowrate

initial total enthalpy
flowrate

We

(wh)c

Weh1 =

317.2 kg/s

1,269.8 MW

1,416..3 14W

349.0 kg/s

1,214.7 MW

1,396.9 MW
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K.7 CONCLUSIONS

1. The combination of isothermal bulk vapor expansion with isothermal
break flow, representing intensive heating during slow depressurization
through small breaks produces the simplest results, Eqs. (K.55) through
(K.59) for pressure and break mass and energy fluxes.

2. The difference between the extremes of isentropic/isentropic processes
and isothermal/isothermal processes for bulk vapor expansion and break

flow, respectively, is small: the time for depressurization varies
less than 18%, the mass flow rates are nearly indistinguishable as seep
in fig. K.3. Only volumetric flow rates are strongly affected, as seen

in fig. K.2.

3. It is recommended to use the isothermal processes for greatest
simplicity, in the analysis of direct containment heating.

4. Isothermal processes can be obtained from isentropic processes, but not
by simply setting the expansion coefficient -f - cp/cv - 1.

Instead, the limit f -. 1 must be taken.
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M.1 INTRODUCTION AND PHYSICAL MODEL

The A: groups derived as a result of this scaling analysis performed in

Part B of their this report.for direct containment heating (DCH) are evaluated

in this appendix using the dimensions of the Zion Power Plant reactor cavity

and the assumptions indicated below. The cavity's dimensions are shown in

Figure M-1. It should be noted that the concrete structure is lined with

steel plate. The blowdown assumptions from the highly pressurized Nuclear

Steam Supply System (NSSS) are taken from earlier appendices, as are the mass

and energy flow rates entering the cavity. Those which enter into the

evaluation of the 1 groups will be tabulated in Section 2 of this Appendix.

Other parameters which are important in U group evaluation involve heat

transfer coefficients and chemical reaction energies. The necessary ones are

documented in Sections 3 and 4. Section 5 gives the 11 group identities and

tabulates their values. This is followed by some insights associated with

their evaluation in Section 6.

A hypothetical accident, described in the report, is postulated for the

Zion plant which has left the NSSS in a pressurized state close to its relief

valve setpoint. Work performed by Solomon Levy and documented in Appendix G

is used to determine the amount of core material which will be ejected at the

time of lower vessel head failure. The gaseous flow (primarily steam and

hydrogen) which is ejected, is assumed to follow this molten and particulate

debris through a vessel breach size whose radius is assumed to be 10 cm. The

mass and energy conditions for this flow were prepared by Wolfgang Wulff and

can be found in Appendix K. It should be noted that the initial temperature

of the gas near the vessel breach point is assumed to be 20000K, and that an

isothermal blowdown from the vessel to the cavity is assumed. The molten

fraction of the ejected corium debris (=40,000 kg of the =70,000 kg ejected)

is assumed to be levitated in the form of droplets by this high velocity

exiting gaseous jet. The cavity conditions before vessel failure are assumed

to be at two atmospheres (30 psia) and steam saturation temperatures (250 F).

Since it was of interest to examine the effects of the presence of water in

the cavity, it is assumed that the lower one foot of the cavity floor is

covered with liquid water, all of which is levitated by the blowdown. In our

study the cavity is defined to mean the region immediately below the vessel
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KEYWAY TUNNEL

i 2.60 R

Figure M-I. Plan view and typical dimensions (meter) of Zion reactor cavity.
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and the tunnel which leads to the key way (See Figure N-1). The key way

volume itself is not included. This water is assumed.to be at saturated

conditions. For the purpose of calculating the heat transfer coefficients,
the gas in the cavity is assumed to have a partial pressure contribution of

1.5 atmospheres of steam and 0.5 atmospheres of non condensibles such as N2

and H2 ' The liquid water of 1 foot depth in the cavity represents a volume of
approximately 3000 gallons or 400 ft 3 . This yields a volume fraction "On of

liquid water droplets to the cavity volume of 0.05. It also is assumed to be

levitated by the gaseous jets exiting the vessel and in our study takes the

form of droplets. For the purpose of determining the gas flow through the

cavity, simple conservation of mass is assumed for the isothermal gas exiting

the vessel. This implies that the gas is at 2000 K (3141 F), and 30 psia in

the cavity under initial conditions.

The fl-groups (Scaling Groups) were derived in the scaling analysis

presented in Section 3.4.1 of Part B and explained in detail in Appendix L of
this report. A representation of the initial conditions for the cavity is

shown in Figure M-2. It can see that at our initial reference time, the gas

in the cavity is assumed to have taken on the temperature of the gas ejecting

from the vessel. The liquid water has been levitated as has the molten

corium. Both these materials are at their original temperatures of 2500F for
the liquid water and 4041"F for the liquid debris.
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M.2 INITIAL AND OPERATING CONDITIONS FOR CAVITY ANALYSIS

M.2.1 Cavity Geometry Parameters

Cavity Volume
Sedimentation Area (floor area)
Derived Cavity Height

Cavity Length
Cavity Width
Cavity X-Section

Cavity Wall Surface Area
These parameters are from a MAAP

217 W3

37 M2

5.85 m
12 m

3m
17.6 m2

212 m 2

computer code parameter

7800 ft3

400 ft 2

19 ft
39 ft

10 ft

190 ft 2

2310 ft 2

file on Zion.

M.2.2 Vessel Conditions (Taken from Appendix K)

Initial Pressure

Break Area

Initial Total Enthalpy Flow Rate

Initial Mass Flow Rate

16.0 Mpa (160 bar)

.0314 mi2

1,416. MW

317.2 kg/s

2320 psia

.34 ft2

4.8x109 Btu/hr

7.0x10 2 lb/s

M.2.3 Corium Conditions (Taken from Appendix G)

Debris Composition

Material
UO2
Zr

ZrO2

Steel
Cr

Totals
Ejected Debris Temperature
Specific Heat
Density
Solid Conductivity
Liquid Conductivity
Liquid Thermal Diffusivity'
Density of Zirconium1

Total (kg)
38,980

9,600
2,860

16,360
2,850

70,650
2500 K
550 J/kg K
10,000 kg/M3

2 W/Im K
10 W/m K
1.44 x10"3 m2/s

6180 kg/m3

Molten (kg)
13,440

9,600
0

15,000
2,850

40,940
4041 F
0.13 Btu/lb F
612 1b/ft 3

1.16 Btu/hr ft F
5.78 Btu/hr ft F
57 ft 2/hr
386 lb/ft

3
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N.2.4.1 Debris
Volume of
Volume of
Volume of
Volume of

Volume of

Volume Fractions in Cavity

Total Debris Ejected

Liquid Debris

Molten Debris in Droplet Form

Zr

Cavity

7 m'

4 90

4 a?

0.96 m'

217 n

a'd Vol of debris ejected 7 032
Vol of cavity 217

Vol of molten debris 4 - 0.57
Vol of debris ejected 7

Vol of molten debris 4 018
Vol of cavity 217

From Equation 6 in Figure 3.19 of the report main body, one gets

O'd *ckm Cldmdo < Cfeo (M. 1)

where ,of is the initial entrainment volume fraction, defined below.

From Equation 2 in Figure 3.19, with Qdmdo/Qgc'o -1 and from Equation 3 in

Figure 3.19, one finds

t odmdo

1,0 1.30021 [0.14 C.12 Pc.o [ Pg0
-(df.A 1D UOJ 1dP

(M.2)
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By combining Equations (M.1) and (1.2), one finds this upper limit for ad.o:

'MMa<.-J1+300- L
0 C' Pg 0  .25P

Vr I I Pd1-

From the data given in Appendix 0, one evaluates kdmo as follows:

Volume of Cavity Vc - 217 m3  (7,663 ft3)

Flow Cross-Sectional Area Af - 17.6 i2  (189.4 ft 2)

Break Area Ab - 0.0314 m2  (0.338 ft2 )

Interface Area Ai - 37.0 m 2 (398.3 ft2 )

(M.3)

Film Thickness

Minimum Cavity Diam.

Viscosities

gas

debris

Surface Tension

Cavity Pressure

Break Plane Pressure

.(a- -_ _ .0.107 m
Al

D - 2.72 m

Pg - 1.9 x 10-5 kg/(ms)

pd - 4.0 x 10-3 kg/(ms)

a - 1.0 N/m

PCo 0  2 x 10s N/M2

P, - 9.7 x 106 N/M2

(0.3510 ft)

(8.924 ft)

(1.277xi05- lbnVftsec)
(2.688 x 10-3 lbm/ftsec)
(6.852 x 10-2 Ibf/ft)

(29.01 psi)
(1,407 psi)

Eu -- F.2 -0.003744
PC.

0]O

Densities

gas
debris

Pgc .0 = 0.2165 kg/m3

Pd " 10,000 kg/M3
(0.01352 lbm/ft 3)

(624.3 lbm/ft3)
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Equation.(M.3) yields with these data the droplet volume fraction at the

initial time:

dWd.o < 0.12.

Vol of ejected Zircaloy
Zr "Vol of molten debris in droplet form

-. 96.6- - 0.24
4

adezdldaZr ! Vol of eJected Zr . 5.4 x 104
Vol of cavity

M.2.4.2 Water Volume Fractions in Cavity
Volume of water in cavity = Volume of cavity - Volume of debris = 210 m3

(include steam)

Volume of liquid water = 11.2 m3 - 1 ft depth in cavity

Volume of liquid water in droplet form = 11.2 m3

Vol of watera - , 0.97
Vol of cavity

aw " Vol of liquid water _ 0.053
vol of water

Vol of liquid water dropletsVol of liquid water - 1.0

*0VW1lWwd-
Vol of liquid water droplets . 0.051

vol of cavity
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M.2.5 Cavity Material Properties

Temperature of gas

Temperature of steel liner

Total pressure

Partial pressure of water vapor

Partial pressure of noncondensible gas

Saturated Liquid Properties:

Temp 250.000

Pressure 29.8137

Density 58.8232

Specific Volume .170001E-01

Enthalpy 218.618

Entropy .367763

Cv .875835

Cp 1.01525

Conductivity .394815

Viscosity .333346E-07

Saturated Vapor Properties:

Temp 250.000

Pressure 29.8137

Density .723074E-01

Specific Volume 13.8298

Enthalpy 1164.15

Entropy 1.70012

Cv .377132

Cp .508925

Conductivity .159487E-01

H-

- 2000 K

- 394 K

- 2 bar

= 1.5 bar

- 0.5 bar

= 3141 F

= 250 F

= 30 psia

- 22.5 psia

- 7.5 psia

Deg F

psia

l b/ft
3

ft 3/l b

Btu/Ib

Btu/lb

Btu/1 b

Btu/Ib

Btu/hr

psi s

Deg F

psia

Ib/ft
3

ft 3/l b

Btu/l b

Btu/Ib

Btu/l b

Btu/Ib

Btu/Hr

10

F

F

F

ft F

394.1

0.204529

942.4

0.106 x 10"'

507.82

1.538

3.67

4.25

0.683

0.23 x 10-3

394.1

0.204529

1.153

0.867

2707.6

7.12

1.58

2.13

0.276

K

MPa

kg/n 3

m3/kg

kJ/kg

kJ/kg

kJ/kg

kJ/kg

W/m K

Pa-s

K

MPa

kg/n 3

M3/kg

kJ/kg

kJ/kg

kJ/kg

kJ/kg

W/m K

F

F

F

ft F



Viscosity .188456E-08

Superheated Vapor Properties:

Temp 3141.00

Pressure 30.0000

Density .139862E-01

Specific Volume 71.4990

Enthalpy 2832.69

Entropy 2.59052

Cv .568389

Cp .678679

Conductivity .143508

Viscosity .102459E-07

psi s

Deg F

psia

lb/ft
3

ft 3/1 b

Btu/lb

Btu/lb

Btu/lb

Btu/lb

Btu/hr

psi s

1.30 x 10-a Pa-s

2000

0.204529

0.2216

4.513

6587.8

10.85

2.38

2.84

0.248

0.706 x 10-4

K

MPa

kg/m3

m3/kg

kJ/kg

kJ/kg

kJ/kg

kJ/kg

W/m K

Pa-s

F

F

F

ft F

K

K

K

Hydrogen Properties:

Temp

Pressure

Cv

3141

30.0

2.98

F

psia

Btu/l b F

2000

0.204529

12.5

K

MPa

kJ/kg K

-y -EP-13
CV
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M.3 HEAT TRANSFER COEFFICIENTS

M.3.1 Debris to Gas Heat Transfer

M.3.1.1 Radiative Debris to Gas Heat Transfer

The debris is assumed to be a black body. The formulation followed can

be found in Kreith2 p. 236, but uses updated values for water emissivity found

on p. 625 of Siegel 3 . This is used to calculate an effective beam length for

the absorptivity or emissivity of water vapor. Water vapor is a selective

absorber with three distinct absorption bands. If we assume the debris is

located in a center of the cavity volume then the beam length 'L" is

determined from the formula in Kreith2 p. 236.

L - (3.4)(Volume) (M.4)
surface area

This yields a value of 11 ft when the data in Section 2.1 is employed.

Using Section 2.5 data we obtain a value of partial pressure of H20 times beam

length of 16.5 ft-atm. With a correction due to a total cavity pressure of

2.0 and a correction to determine the absorptivity from the emissivity found

in Siegel 3 on p. 626, we arrive at an absorptivity of the water vapor in the

cavity at the debris' emissive temperature of 4041 F of: cH2o = 0.54. With

the gas at its initial temperature of 3141 F the emissivity of the gas is

approximately 0.66.

The radiative heat transfer for the debris to the gas

-l UCrHoT-eN2 oT') (ed+l )/2hdg - 2T E2T (M.5)
Td-Tg

where o - 0.1714x10-8 Btu/(hr ft2(°R)')
Ed - debris emissivity, taken to be equal to one.
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This yields a value of

hdg - 211 Btu/hr, ft2 F (1.6)

1.3.1.2 Convective Debris to Gas Heat Transfer (Contributions by W. Wulff)
Using Frossling's equation,

Nu - 1+.276 Re'1 2 Pr113  (5)

We need first to calculate the Reynold's number, Re. This is done for
relative velocities between the gas and debris droplets. Using a formulation

found in ANL-77-474 p. 56 for terminal relative velocity (vr)., to lift the
droplets, we have for the normalized relative velocity:

* 4.86 1[1r,3 34/7 1
(Vr) - 4 L .Brd)J 1  (1.8)

rd

if r*d < 34.65

Otherwise, (vr)* - 2.43 (rd)

where r - rd (Pg2Pg/3) (14.10)

- i "/3

then (v)..(v,): 2

P9

where:
rd - radius of debris

Pg density of the gas
Ap - difference in density between gas and debris
g - acceleration due to gravity

pg - viscosity of gas
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The Re number is then found from

Re-2r'( vr):. (M. 12)

The velocity of the gas in the cavity is determined from mass conservation

where the mass flow rate from the vessel break at initial conditions is 700

lb/s.

In this Appendix, three particle sizes are considered for parametric

studies. A diameter of 1 mm was used as the base case. Appendix N by M.

Ishii showed a possible range of particles sizes from 6 to 20 mu. These two

bounds will be the other particles sizes examined. The above yields the

following table for 3 different sizes of debris particles

Particle Size hdg

1 mm 136 Btu/hr ft2 F

6 mm 80 Btu/hr ft2 F

20 mm 56 Btu/hr ft2 F

M.3.2 Gas to Liquid Heat Transfer

M.3.2.1 Radiative Gas to Liquid Heat Transfer

In determining the emissive power of the gas, we will again employ the

methodology of section M.3.1.1. This yields a e of 0.55 when the correction

for total gas pressure is used. The water droplets are very selective in

their absorption with strong resonances. Further, the scattering of liquid

water is a strong function of its geometric configuration. For droplets, we

will employ an approximate formulation of Popov5 . This gives for the integral

reflectivity "R" of water drops with a mean radius r (in pm), a value of

reflectivity dependent on the temperature of the emitter in K of the following

formula.
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,[-epL0.235 ri -e .07 81 (M. 13)P j.2 1000J

This yields the following values of R for the three different water droplet

sizes

Droplet Size Radius R

I nn 50 Pm .31
6 mm 300 pm .23

20 n 1000 Am .18

The formula is not as accurate above 5 pm as below, so the results should be

looked upon as approximate. The absorptivity of the water is then determined

by assuming the gas to be gray so that we have a spectral shape of the emitted

radiation. This is then used to determine the transmission of the spectrum

through liquid water. That is, we assume that the gas is surrounded by the

initial one foot depth of water initially located in the cavity. We then find

transmission only for wavelengths below I pm of incident wavelength. This

only represents about 6.7% of the total radiation of a gray or black emitter
whose temperature is 2000 K [see Kreith2 Table A-4]. Using Siegel and Howell 3

Table 5-2, we see that by taking two contributory wavelength bands, one from

..2 pm to .7 pm, and the other from 0.7 pm to 1.0 pm, we obtain the following

transmission when the thickness of liquid water is assumed to be 5.3 cm

(obtained by compressing the 11.2m3 (400 ft 3) of water droplets equally on

cavity walls).

Wavelength Band a Spectral Weight

.2 - .7 0 .0025

.7 - 1.0 0.3 .0642

1.0 -+ 1.0 .9333
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Therefore, the transmission "r" is:

7-E (1--ac)spectral Weight,
7-(1) (.0025)+(0.7) (.0642)-.05

(M.14)
(H.15)

This leaves 95% of the energy incident on the water droplets, which is not

reflected, to be absorbed.

We therefore have for an effective absorption by the water droplets,

a- -R - T (M.16)

This yields

Particle Size

I1mm
6mm

20 mm

Absorption

.6

.7

.8

The energy emitted by the gas is Eg

Eg -A a eg T4

The energy absorbed by the liquid water droplets is the E 9

Ega M- A a Eg T9

(M.117)

(N.18)

Since we have assumed the liquid completely surrounds the gas, we therefore

obtain when we neglect the energy emitted by the liquid in comparison to that

of the gas
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hgI =- 9[&T9

Tg-Tliquid water

This gives us the following:

(M.19)

Particle Size

I1mm
6mm

20 mm

hgl

33
39
44

Btu/hr ft 2 F
Btu/hr ft 2 F
Btu/hr ft 2 F

M.3.2.2 Convective Gas to Liquid Heat Transfer

The formulation here follows that of section M.3.1.2, except that the

gas is now the heat source and the liquid water droplets are the receiver.

Frossling's Equation is used to obtain the effective Nusselt number Nu, and

the effective relative velocity is used in the Reynolds number determination.

Hence following the same prescription, we obtain for water droplet sizes

varying from 1 to 20 mm in diameter:

Water Droplet Particle Size (mm)

1

6

20

Convective Heat Transfer Btu/hr ft 3 F
86
46
33

M.3.3 Gas to Structure Heat Transfer.

M.3.3.1 Radiative Gas to Structure Heat Transfer

As with debris to gas radiative heat transfer, we must again determine
an effective beam length for the water laden gas. We employ the same
formulation as was used in section M.3.1.1. The steel plate over the concrete
walls of the cavity is taken to be gray. Following the above methodology, we
obtain a beam length of 11 ft, and after correcting for total gas pressure, an

emissivity for the gas of 0.55. With the steel at 250 F, the absorption of
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radiant heat from the steel by the gas will be negligible in comparison to the

energy flow from the gas to the steel. Because the steel is gray, we employ

the formulation in Kreith2*, found. on pp. 238 and 240.

Hence, we have

4 4 (e3+1) (M.20)
qgs-oA(gTg--gTg ) 2

or

q3 .r . 4  (0.8+1) (1.21)
TT-ý A'• " gT~gg )/(Tg-T 3 ) 2

hg, - 50 Btu/hr ft' F (M.22)

In the above formulation, no shielding effect due to ljgqid water was

considered.

M.3.3.2 Convective Gas to Structure Heat Transfer

For the high speed flow which will be experienced in the cavity a

formulation which includes friction developed by Lelchuk and found in Kreith2

p. 531, will be used. This is

0 75
Nu - 0.0395 R% Pr (4.23)

from which

hgs - 0.0395-.Reb Pr (1.24)

The effective diameter D" is determined from the cross-sectional area of the

cavity. This, from Section 1.2.1, is 190 ftW. Hence D - 15.6 ft. Taking the

steam properties from Section M.2.5 for this gas at 30 psia and 3141 F yields
hgs - I1 Btu/hr ft2 F (14.25)

*F. Kreith, *Principles of Heat Transfer," 2nd Edition.
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M.3.4 Heat Transfer Table
U

Particle Size Dependent Value

Mode Notation 1 mm 6 nun 20 mmn

RAD debris to gas hrd 211 211 211

CONV debris to gas hC 136 80 56

Total debris to gas hdg 347 291 267

RAD gas to liq water hrgl 33 39 44

CONV gas to liq water hCg 1  86 46 33

Total gas to liq hg1  119 85 77

water

RAD gas to structure hrgs 50 50 50

CONV gas to structure hCV, 11 11 11

Total gas to hgs 61 61 61

structure

A word about trends is worthwhile here. There is no particle size

dependence on gas to structure heat transfer since this heat transfer does not

involve debris or water droplet particles. The radiation heat transfer from

gas to water ts a function of water droplet size because the water droplet

size affects the amount of reflectivity by the droplets. The larger the

droplets the lower the reflectivity, and the higher the absorptivity and heat

transfer coefficient. For debris to gas radiation heat transfer, reflectivity

of the water vapor is assumed to be negligible.

For convective heat transfer, those modes which involve particles

require consideration of the velocities of the particles relative to the gas

carrying medium. The convective conductance decreases with particle size even

though the Reynold's number increases, because of Frossling's equation (note

Reynold's number is taken to the half power and Nusselt number, Nu, is

proportional to the particle diameter). Note also that conductances must be

considered with their appropriate heat transfer which depends on particle

size.
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M.4 Zr-H20 REACTION (AS DISCUSSED IN APPENDIX L)

There are a number of assumptions employed in the following formulation:

1) The reaction rate is that of Baker and Just 6 .

2) The process is diffusion limited and therefore we employ the

relationship that the product of the Zr droplet radius and the

change in that radius versus time is equal to a constant.

3) The heat of reaction at Zr temperatures of 2500 K can be determined

for the stoichiometric reaction equation, and the enthalpy of the

reactants and

products.

Based on the above let us first determine the diffusion constant for the

reaction rate equation which will be needed in the chemical scaling group.

From p. 288 of Reference 6; we have

p -.I"AP (M.27)
dt

where 6 - metal oxide layer thickness

R - universal gas constant 1.987 cal/mole K

T - temperature of unoxidized zirconium, K

K - parabolic rate law constant (.3937 cm2/sec)

Then using a formulation for spherically symmetric phase change

where p a density
Vp 1 particle volume

in" a mass flux of zirconium
AP a particle surface area
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we obtain

p4xr2 dr - h//4zr2  (I
dt

we then have, using the second of our assumptions at a fixed temperature

rr-C (C

6 d• - K exp [-45000/RT] (M,
dt

from a comparison of equations (M.28) with equation (M.25).

1.28)

4.29)

.30)

C - K exp[-45,000/RT] (M.31)

and therefore D (used in the chemical

Section 5.5 of the reports main body)

scaling group

is equivalent
"]ICH calculation of
to K above.

D - K - 0.3937cm2/s (M.32)

The other term we need to calculate for the chemical U is the heat of

formation of the stoichiometric equation at a Zr temperature of 2500K, and a
water temperature of 2000K.

Zr(1) + 2H20(g) -+ ZrO2 + 2H2 (9.33)

Utilizing the data found in References 2, 7, 8; we have for the enthalpy

of the various products and reactants:

AH --HP - H (M.34)

Of') Zr - 0 -0 (M..35)
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0 0f ) H2 - 0. 0 (M.36)

( 1)H2o - -57,798 cal/gm-mole

) -258,000 cal/gm-mole (M.37)

Where (hor) represents the heat of formation at standard conditions and Hp, I

is the enthalpy of products and reactants. At standard conditions then, AHl

is found from equation (M.34) to be

0 + 2(-57,798) - - 258,000 + 2(0) (M.38)

AH" - 1.42 x 105 cal/gm-mole (N.39)

Since 1 mole of Zr = 91 gms, the heal of reaction, AH0 is calculated to be

1.56 x 103 cal/gm-mole or 2.8 x 103 BTU/lb.

At the elevated temperature that the reactants and products are assumed

to be, the heat of formation is slightly lower and has a value AH - 2.6 x 103

BTU/lb. Returning to equation (M.28) we see that

r _ dr (M.40)
r dt

but from equation (M.29)

i(M.41)
r
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Therefore,

in" -I K exp[-45,OOO/RT] (N. 42)
r

This is the Zr mass flux. To determine the hydrogen produced from this

reaction, we again note that two moles of hydrogen gas are produced for each

mole of zirconium reacted. Therefore,

kd number of moles x atomic wgt of H

i/" number of moles x atomic wgt of Zr (M.43)

k (2)(2) - .044 (M.44)
in'1  (1)91

Hence, the mass flux of hydrogen resulting from Zr -oxidation is

W/ H - .044b"/ (1.45)

il -W (.044) (p) K exp[-45,000/RT] (1.46)
H r

At 2500"K and with a zirconium density of 6180 mg/cc, we obtain

IV/ H. (.044) (6180mg/cc)(.3937 cru) (exp(-9.06))
r sec (M.47)

W1 " 1.25x102 mg/cm2 -sec (1.48)
r

i1H - 2 . 5xI 0 e mg/cm2-sec (1.49)

in/ - 1.68xO d lb1ft 2 sec (1.50)

d

This last expression is used to determine the hydrogen concentration scaling

group "hc". I
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M.5 CALCULATION OF THE 11 GROUPS

The five H groups are explicitly calculated in this section using the

parameters tabulated and calculated in the previous sections. British units

are used and only the value for 1 mm diameter particles is demonstrated.

N.5.1 Debris to Gas ']dg

"dqj M. hdTd' -Tg. -[']~ 1M 1(.1

(Wji0) dmd

where

hdg-347 Btu/hr ft' F
Td. -4041F

Tg.-3141F

Vcv-7800ft 3

otd-,O.032

ad1-0.57

ad<O. 12

c•d-Ilnv-3 . 3xO-f t

(JHo). -4.8xlO9Btu/hr

Particle Size (m) "dg

I < 2.02

6 < 0.274

20 < 0.079
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M.5.2 Gas to Liquid Water Droplets 11g1

(gio h o[Tge"Tv*] Hfg [Ala~ld]VCV 6 (M.52)

(wNeq). 11 g dwId

where
hg1-II 9 Btu/(hr ft' F)
Tg -3600°R

Tv.-710'R

hf,-219 Btu/lb
hfg- 9 4 5 Btu/lb
ow-0.97
a,,"-0.05

awldl].0

Vcv-7800 ft 3

dWld-lmm-3.3xlO-3ft

(t4Ho).-4.8x1O Btu/hr

Particle Size (mm) 119

1 11.4

6 1.38

20 0.372
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M.5.3 Gas to Liquid Water Droplets ]M.evap

(-I) pwHr

where

(N.53)

P - 30 psi x 1441n2/ft 2- 4.32 x 103 lbf/ft'
= C. -1 .679 1.20

TV, .568

owl - 58.8 lb/ft 3

Hf - 219 Btu/lb
IH9 - 11.4

Conversion Factor-778 lbf ft/Btu

Particle Size (mm)
1
6

20

mc, evap

4.1 x 10-3

5.0 x 10-4

1.33 x 10-4
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M.5.4 Gas to Structure, 119s

g3f H92 [,.-T..] As (,. 54)•"" (WA~).

where

HgS m 61 Btulhrft 2 F
Tg. - 3141 F

To. - 250 F

(I#IJo). - 4.8x109 Btu/hr

4 - 2.3x]03 ftI

0 gs - 0.084
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M.5.5 Chemical Zr-H20 19CH

AC-V 12 Pd D exp{-E/RTd.] (Ctcbp&ddmoZr) (M.55)
(WJ0). dmd.

where

-cv - 7800 ft 3

D - 4.23x]0-4 ftl/sec - 1.52 ft 2/hr
E - 45000

Td. - 2500 K

R - 1.987
AH - 2.6x10 3 Btu/lb

Pd - 612 lb/ft
3

dmd" - 3.3x1O-' ft

(WJHo). - 4.8x109 Btu/hr

ad - 0.032
a&m - 0.57

ockd < 0.12

Czr - 0.24

Particle Size (un) "Ch

1 < 0.265
6 < 0.0072

20 < 0.00060
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4.5.6 Hydrogen Concentration kIc

P~oc,. c,. (,-,)iji &dppWzr 6 VcvnH - Pg( ) Cv.wg Cv.H (IHlwg) (M.56)

PgcO Rýg WJ10 dmrj

where

Pgco - 4.32x10 3 lbf/ft 2

pgcO - 0.14x10 1- lb/ft 3

Cv,• - .568 Btu/lb F
Cv,H - 2.98 Btu/lb F

-f " 1.33

S- -.679 - 1.20
.568

Rw - 85.76 ft-lbt 0.11 Btu

lbR lbF
ivlt 1.68x10"6 lb/ft-sec . 5. jx10-4  lb W1.84 1lb

dmdn ft 2-sec ft'-hr

adecadwd < 2.2x140
aZr - 0.24

Vcv - 7800 ft 3

foH, - 4.8x109 Btu/hr

dmd - Imm - 3.3xi0" ft

(Btu - 778 Ibf-ft)

Particle Size (mm) IIHC

I < 0.0202
6 < 5.64 x 10-4

20 < 5.05 x 10-'

M-29



M.5.7 H1 Group Table

Particle

EFFECT OF: Size d - I m 6 mm 20 mm

HEAT TRANSFER ]]d < 2.02 < 0.274 < 0.079

114, .084 .084 0.84

WATER LIQUID

Thermal Rgi < 11.4 < 1.38 < .372

Mech 4.1 x 10-3 5.0 x 10-4 1.33 x 10-4

ZIRC OXID

Thermal* "CH < 0.265 < 7.2 x 10-' 6.0 x 10-4

Mech JC < 2.02 x 10-2 < 5.64 x 10-4 < 5.05 X 10_5
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1.6 INSIGHT

It should be noted that there are four material surfaces or nodes

available for heat transfer in the physical model presented here. A schematic

of an electrical analogy of these nodes for radiative heat transfer Is shown
in Figure M.3a. For the purpose of this study, only a few of the six circuits

were evaluated and on the bases that the circuit considered was not affected

by the presence of the other circuits. This can be seen in Figure M.3b

and M.3c.

Convective heat transfer is combined with radiative for all three

circuits which we have evaluated in this appendix. It is of particular

importance that the heat transfer from the debris to liquid water is not

included. Instead, only the heat transfer from the debris to the gas in the

cavity is accounted for, and the effect from the liquid on this heat transfer
mode is not accounted for. Each of these heat transfer modes as well as the

zirconium reaction terms are now considered in turn.

Heat Transfer from Debris to Gas

Debris to gas heat transfer is a function of the relative velocities

between the debris droplets and the gas. The velocity depends on the debris

diameter and appears in the correlation for the convective heat transfer

coefficient (see Eq (1.7)). The heat transfer coefficient hdg decreases with
increasing particle diameter d, as hdg - 1/dx, where x < 1. As one can see in

Equation (1.51), Udg is explicitly a function of the inverse diameter of the

particle. With hdg's dependence considered as well, ildg drops as 1/dy where

l<y<2.

Heat Transfer From The Gas To The Liouid Water And Cavity Structure

The gas heats both the liquid water and the cavity structure. If the

liquid were considered, the contribution due to radiative heat transfer on the

structure would be negligible due to the poor transmission of radiation

through the liquid at the reference gas temperature of 2000 K. For heat

transfer by convection from the gas to the liquid,the liquid velocity as
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J, I,
0___V Eb Tstructure

I' •~Aj1F-4/

A2F21 A3F3--4

(a)

Tgas Twater
022 .J2  1 1I3 P3.

A2F-2 A3 F3-2 A3F-3

J • _ Tstructure

'debris Eb Eb4

Binary
1 relationships

A2F2_1 used In 1
-b V Eappendix A2_4

Eb Eb

T-as 0 P2LJ 2  Tgas -- J2

A2F-2 A2P 2

Eb (c) Binary relationships used In appendix Eb

P2 J/2 1 J3 1P3 -
A2 e2 A3 F3- 2 A3 e3

A = heat transfer area Eb = black body emissive power

F = geometric shape factorp = reflectivity

8 = emissivity J =

Figure N.3. Heat transfer current analogy
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relative to the gas velocity is computed to get the Reynolds number. The

relative velocity was computed as that which is needed to suspend the liquid

droplets in upflow. The Reynolds number appears in the water droplet size

dependence of hg1 c. The overall effect is to lower the convective heat

transfer coefficient as the liquid particle diameter increases. Since •glis

also inversely proportional to particle size, .g1 drops as d-z where 1<z<2.

Zirconium-Oxidation

The chemical scaling group HcH only includes consideration of the non-

oxidized zircaloy entering the cavity. Its contribution is dependent on the

reaction rate as well as on the energy of formation for ZrO2 . This latter

quantity decreases as the temperature assumed for the entering Zr increases

because of the differences in specific heat of the reactants. In our

formulation we have assumed that the Zr is at 2500 K. In agreement with the

postulated isothermal-expulsion of vapor in the pressure vessel and the

isothermal breakflow, the vapor is at 2000 K. Based on this, the energy of

formation is 2.6 x 103 Btu/lb of Zr.

The reaction rate follows an exponential rate equation and increases as

the reactants' temperatures increase. One important item to note is that the

dependence of BCH is inversely proportional to the square of the particle

diameter. For the debristemperature of 2500 K, if the debris particle size

decreases to less than 1 mm, we should see the chemical 1CH becoming

comparable to the debris to gas heat transfer U. This is because the

chemical UCH will increase as the reciprocal of the debris diameter squared

while the heat transfer II. will increase just slightly greater than the

reciprocal of the debris diameter. Because of the manner in which the

pressurization equation is formulated, 19CH when determined at elevated

temperature conditions, includes the effect of the different internal energy

content of hydrogen and the water vapor it is replacing.
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APPENDIX N

SCALING STUDY OF CORIUM DISPERSION IN DCH

N1. STEPWISE INTEGRAL SCALING METHOD (BOTTOM-UP APPROACH)

Specific scaling criteria focused on key phenomena and important

mechanisms are developed by the step-by-step integral scaling method

described below. This particular scaling method is then applied to the

corium dispersion problem in the reactor cavity during the DCH.

N1.1 IDENTIFICATION OF SYSTEM

The first step is to identify the system and initial and boundary

conditions for the problem. This is followed by the selection of the major

subsystems and identification of the interfacial conditions between them.

Then the scaling study is carried out for each subsystem separately.

N1.2 IDENTIFICATION OF SUBSYSTEM PHENOMENA AND SEQUENCE OF ANALYSIS

The second step is to identify the key transfer processes and potentially

important mechanisms. These should be ranked in terms of the relative

importance and order of events. The possible bifurcation phenomena and

feedback mechanisms should be also identified. The bifurcation phenomena

highlights the changes in transfer mechanisms whereas the feedback

mechanisms focus on the coupling effects between different transfer

processes. Based on the above study, the sequence of the scaling study in

terms of the transfer processes and mechanisms is determined.

N1.3 STEP-BY-STEP SCALING ANALYSIS '

The actual scaling analysis is carried out by starting from the most

dominant process and considering the various mechanisms which can cause that

transfer process. The step-by-step approach is used here by considering

only one mechanism at a time. The analysis should start from the subsystem

boundary and upstream event. First, the most possible mechanism is chosen.
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The integral rate process equations, integral balance equations and boundary

conditions are identified for a particular mechanism together with the

transition criteria for the mechanism. The first set of scaling criteria

are obtained by nondimensionalizing the integral response from the balance

equations or the rate equations.

The next step is carried out by considering the second mechanism. The

transition criterion between the first and second mechanisms should be

evaluated if the bifurcation is possible. Also the coexistence of the first

and second mechanisms should be considered. In this case the relative

importance between them is evaluated using the scaling parameters. It is

also important to obtain the characteristic time constant for each

mechanism. It will give an estimate of the time required to complete the

transfer process within the subsystem by that particular mechanism.

By continuing the above step-by-step scaling analysis, a whole set of

scaling criteria, transition criteria and characteristic time constants are
obtained for the most dominant transfer process. If the other processes are

considered to be important, the similar steps are repeated.

N1.4 EVALUATION OF RELATIVE IMPORTANCE

Following the above approach, it is possible to evaluate the relative

importance of various effects and mechanisms between the prototype and the

scale-down or simulant system. For this purpose the scaling criteria and
time constants are used. In order to obtain quantitative results, it is

necessary to give initial and boundary conditions for both systems. Using

these, the actual values of the scaling parameters and time constants are

calculated. Then the similarity as well as the scale distortions between

the systems are analyzed. It is essential that the model system should

produce dominant phenomena and key mechanisms that are similar to those

expected in the prototype. From this requirement, the desirable

experimental conditions for scale-down model or simulant model can be

developed. When the uncertainty for the dominant mechanism in the key
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transfer process is large, the separate effect test focusing on that

particular phenomenon is indicated. It is also noted that the experimental

data from the model system are indispensable to test the underlining

assumptions and physical models used to develop the scaling criteria.

N2. SCALING STUDY OF CORIUM DISPERSION IN DCH

The stepwise integral scaling method explained above is applied to the

corium dispersion in the reactor cavity in DCH. Thus the subsystem is the

reactor cavity with the reactor vessel break as the upsteam boundary. The

previous studies for the DCH problem indicated that the most significant

factor affecting the containment heating and pressurization was the degree

of the molten corium dispersion. This is because the heat transfer and

chemical reactions which may lead to the containment overpressurization are

basically proportional to the available surface area of the molten corium.

Therefore, for the scaling study the corium dispersion is taken as the

most important phenomenon to be studied in detail in the reactor cavity.

For the molten corium dispersion and corium transport, the following four

mechanisms are critical.

i) Corium discharge and corium Jet disintegration

ii) Liquid corium spread-out upon impact of the jet or droplet

iii) Liquid mass transport due to inertia, pressure and shear force

iv) Entrainment and drop formation by streaming gas

These are studied by using the step-by-step integral scaling method and

starting from the upstream event.

N2.1 INITIAL CORIUM JET BREAK-UP

The molten corium jet can disintegrate into droplets after the discharge

from the reactor vessel break. The corium discharge can be in a form of a

single phase jet or two-phase jet due to the depressurization or punch

through of the gas flow over the liquid corium surface in the reactor
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vessel. Several possible mechanisms and Jet disintegration length are
discussed below. The comparison of the Jet disintegration length with the
height below the reactor vessel gives the base to determine whether the
molten corium disintegrates before impinging on the floor or not.
Obviously, if the break-up length, LB, is much smaller than the height,
then it is expected that the jet disintegrates into small droplets during
the vertical downward motion below the break. Hence it is important to know
the break-up length.

N2.1.1 SINGLE PHASE JET BREAKUP. The single phase liquid jet can
break-up in two major modes depending on the relative velocity between the

liquid and gas phases, Obot and Ishii[l].

N2.1.1.1 JET SURFACE HYDRODYNAMIC INSTABILITY. Obot and Ishii[1]
showed that for a relatively small gas Weber number range given by

We E Povr2 Di <3.5 (N.1)gr ar

the jet break up length LB is given by

5- - 951 "ff N.2)
Dj = o

where vr, vfj and Dj are the relative velocity, jet velocity and Jet
initial diameter.

N2.1.1.2 JET SURFACE BREAK-UP DUE TO RELATIVE MOTION. When the

relative velocity is high, Wegr >3.5, the break-up length can be
significantly reduced [1] and is given by

B 1110/pfv (Wegr)'0.5 (N.3)
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These correlations indicate the the capilary number and gas Weber

number scale the jet break-up. The time constant is LB/VfJ.

N2.1.2 Two-PHASE JET BREAK-UP. When the jet consists of two phases due

to either the gas blow through or gas generation the effect of the void

fraction should be considered, Denton and Ishii [2]. In this case

L 55 fjj 1.22
Da - 55I-- (N.4)

for

Pqj1
2 DJ

Wegr = a <3.5 (N.5)

where jj a ejvgj + (I - aj) vfj. Here aj and Vgj are the void fraction

and gas velocity at the jet discharge point. For higher relative velocity,

Wegr >3.5

LB fji -0.5 1.22_
- - (Wer) 1 - (N.6)

These correlations indicate that the existence of void accelerates the jet

disintegration significantly.

N2.1.3 JET BREAK-UP DROPLET DIAMETER. The second phenomenon of

importance for the corium jet disintegration is the resultant droplet size.

For the DCH problem the droplet size is the key in determining the degree of

chemical reaction, heat transfer and corium transport. In the following,

the droplet size from the disintegrating jet is discussed in terms of the

primary jet disintegration and subsequent droplet disintegration. The

correlations given below are applicable both for the single and two-phase
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jet disintegration. By modifying the annular droplet size correlation of

Kataoka, Ishii and Mishima [3] the mean droplet size in the disintegrated

jet flow is given by De Jarlais, Ishii and Linehan [4] by

d - 0.028- 2 (Re2 ) (/2p]N.7)
PgVr

and the maximum size is given from the maximum log normal distribution as

d max ' 3.13d. This criterion roughly corresponds to the Weber number

criterion of 12.

N2.1.4 SECONDARY DISINTEGRATION OF JET DROPLET. When the jet

disintegrates, the initial droplet size is given by the above correlation.

However, often these initial droplets can be relatively large and may not be

stable. The droplets from the jet can further disintegrate under two

conditions. These are

i) Existence of Extremely High Gas Turbulence such as Shock Waves

ii) Exceeding of Spherical Limit

During the molten corium discharge phase, the first mechanism is unlikely.

Under extreme conditions such as the sudden exposure of droplets to shock

waves, the disintegration Weber number can be as low as 2 or 3. However,

the condition around the disintegrated Jet before the gas blow down phase

does not meet such extreme gas turbulences requirement. The second

mechanism indicates that if the initial droplet size given by the above

correlation far exceeds the spherical stable drop size limit, then droplets

will further disintegrate to reach this stability limit. The spherical

limit is given by

d - 4 [2) 1/2 (Npg)1/ 3  (N.B)S1. l '0- (N
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where the gas viscosity number, Npg is defined by

Npg Pg(N9
[,og ala/gAp ]1/2 (N.9)

N2.2 CORIUM DROP OR JET IMPINGEMENT PHENOMENA

In the above, the criteria for the jet break-up length and resultant

droplet size are discussed. The next phenomenon of interest is the vertical

impingement of the intact jet or the disintegrated jet in the form of

droplet flow. The main question here is whether the impinging liquid mass

spreads out coherently over the cavity wall or bounces back into the cavity

space. The phenomena after the drop or Jet impingement at the cavity floor

can be scaled by the impact Weber number defined by

Weim , PfyfJ2d (N.10)

a

where d is the drop or jet diameter.

For Weim > 80, the drop or jet will spread out as a liquid film due to

large inertia overcoming the surface tension effect to recover. When

Weim < 30, the droplets bounce back after the impingement, Bolle and

Moureau [5].

N2.3 CORIUM SPREAD OUT OVER CAVITY WALL

Under a prototypic condition the above criterion for the corium spread out

is most likely satisfied. Then it is important to know the thickness and

velocity of the molten corium film. for this purpose, several different

length scales for the film thickness are considered below. From the

continuity relation, and assuming that the magnitude of the velocity remains

constant during the impingement, the initial film thickness Si at the

vicinity of the impingement point is given by
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6i
Dj = 0.25 (N.11)

The order of the lower limit of the corium film thickness is estimated by
the symmetric spread of the liquid film with the constant liquid film

velocity. The length scale for the extent of the film spread is taken as

the hydraulic diameter of the cavity, Dh. Then

6min = 3 (N.12)

It is noted that instead of Dh, other length scale may be used here,

however for the present study Oh is satisfactory.

The maximum thickness is obtained by assuming the entire corium mass

accumulated on the floor. Thus

6 cor (.3
5max pfAf(N.13)

where Mcor and Af1 are the total corium discharge mass and cavity floor

area.

Another reference film thickness can be obtained by assuming that the all

molten corium spreads over'the entire cavity surface. In this case

Mcor - Mcor
c= pfAw iPfDhLc (N.14)

where Aw and Lc are the cavity wall area and cavity length.
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N2.4 ESTIMATE OF CAVITY COHDITIONS

In order to evaluate the molten corium dispersion in the reactor cavity,
it is necessary to specify the global cavity conditions in terms of the

liquid and gas flows. These parameters can be estimated from the geometry

and boundary conditions.

In the above, several length scales for the corium film thickness have

been obtained. Typical values for these are calculated in table N.1 by

considering the following reference conditions.

In the following analysis, the typical film thickness of

Sf= 6 i is assumed over the entire cavity welted perimeter.

Then from the continuity condition, the film velocity is given by

vf D3vfj (N.15)

The film Reynolds number is defined by
PfJf~ 4Pf~fyh

Ref = pffDh - pf (N.16)ef f IAf

If the film is only on the floor of the cavity, the velocity vf and Ref

should be about x times the values given above. Because of the

relatively high initial film velocity (in the order of 40 m/s), the liquid

corium can climb up the side walls and may even cover the ceiling of the

cavity. The actual values should be somewhere between them.

The gas flow conditions are estimated along the analysis proposed by Henry

[6]. By assuming the choked flow for the gas discharge following the corium

discharge, the pressure at the throat is given by

Pgt = 0.6 Pv (N.17)

and the choked flow velocity by

RT
Vgt = I - (N.18)
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Jet Disintearation imSvdneFilm Spreading

1-4
fi L8

Case Studied IMU

Cerium-Steam
Full Scale 39.0 7.9
100o psi

Coritm-Steam
1/10 Scale 39.0 2.5
1oco psi

Viater-Air
Full Scale 116.5 1.2
1000 psi, 20C

Water-Air
1/10 Scale 50.0 0.6
200 psi. 2OC

Woods metal-Air
1/10 Scale 17.9 1.6
200 psi, 75C

2-4
Le d dn"

(m) Im i hu

2.00 4.10 12.6

0.65 1.30 4.10

0.41 0.07 0.23

0.20 0.08 0.26

0.56 1.92 6.01

dsi Nfvfj

1.45 0.24

1.45 0.24

1.68 1.28

1.68 0.56

1.11 0.09

min

19Z. 5.0

19.2 0.5

4.36 5.0
x 104

804 0.1

17.2 -0.5

6MAX

0.4

0.04

0.4

0.04

0.04

scavi

41.4

4.14

41.4

4.14

4.14

6Sf Vf Re

=uL Wal ih M

9.0 3.20 9.60

0.9 3.20 0.96

9.0 9.20 23.0

0.9 4.00 1.00

0.9 1.44 1.00

Case StudWL,
Coriua-Steam
Full Scale
1000 psi

Corlum-Steam
1/10 Scale
1000 psi

Water-Air
Full Scale
1000 psi

Water-Air
1/10 Scale
200 psi, ZOC

Impinge-

ment

2.09

1.87

1.36

0.28

Vg r

136.0 88.0 3.07 14.7

136.0 88.0 0.433 10.4

90.75 16.97 6.33 0.79

18.18 16.90 0.026 19.0
36.30 '16.90 0.095 5.20
54.45 16.90 0.201 Z.49
90.75 16.90 0.516 0.97
127.1 16.90 0.962 0.52

19.67 52.50 0.019
39.34 52.50 0.069
59.01 52.50 0.146 27.4
98.35 52.50 0.377 10.6
137.7 52.50 0.702 5.70

8

6.60

2.09

0.86

2.60
1.03
0.60
0.30
0.19

3.23
1.64
1.05

Weber Criteria
dM&u dman min

20.6 1.10 0.190

6.53 1.10 0.190

2.70 0.10 0.016

8.16 3.70 0.620
3.23 0.71 0.118
1.80 0.29 0.049
0.95 0.10 0.017
0.61 0.05 0.008

No entranment -
No entrainment

10.1 1.36 o.2Z7
5.12 0.48 0.080
3.27 0.24 0.041

Pe9

10.2

0.10

13.3

0.27
0.53
0.80
1.33
1.87

0.29
0.08
0.87
1.45
2.03

We

LIL

0.684

0.068

3:,140

0.013
0.084
0.113
0.315
0.617

0.O0S
0.019
0.044
0.122
0.239

Weber Criteria

Voods metal -Air
1/10 Scale 1.13
200 psi, 75C

Table N.l. Sample calculations for various parameters in corium dispersion.
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From the ideal gas at the isothermal condition

Pgt = 0.6 Pv (N.19)

The unlimited isothermal expansion can give the maximum velocity of twice

the discharge velocity. The cavity gas initial velocity before entrainment

can be given from the continuity relation and the cavity pressure. Thus

0.6 pv [AV [R]i0. 5
Vgc P co (N.20)

where AV and Ac are the vessel break area and cavity flow area.

Pco is the cavity initial pressure. This equation indicates that the

cavity gas velocity is a strong function of the cavity pressure.

N2.5 FLOW REGIME IN CAVITY

When the molten corium spreads out in the reactor cavity, three different

two-phase flow regimes are possible. These are stratified wavy flow, slug

flow and annular flow. In order to identify the most possible flow regime,

the transition criteria between these regimes are examined. The onset of

slugging from horizontal stratified wavy flow is given by the following form

(Wallis and Dobson [7]; Mishima and Ishii [8]; Taitel and Dukler [9]):

Vr >_ 0.5 1 Apghg/pg. (N.21)

In the Taitel and Dukler correlation, the constant of 0.5 is replaced by a

function of the void fraction which approaches unity as the relative film

thickness becomes smaller.

The transition to annular flow either from the stratified wavy or slug

flow is determined by the entrainment process. Thus is the gas (or

relative) velocity exceeds the onset of entrainment velocity, the

entrainment of wave crests or liquid slugs occurs. In case of slug flow,
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this leads to the elimination of liquid slugs. Since the part of entrained
droplets are deposited on the wall surface, the onset of entrainment leads
to the formation of annular flow with liquid wetting the whole surface.
Whoever, due to the gravity effect it is expected that the liquid film
thickness at the cavity floor is much larger than those at the side wall and
ceiling. The criterion for the annular flow transition is discussed below

in terms of the entrainment process;

N2.6 CORIUM ENTRAINMENT AND DROPLET SIZE

The most likely flow regime in the cavity is the film flow. In this case
the droplet entrainment becomes the most important mechanisms to disperse
the molten corium mass. The onset of entrainment, entrainment rate and
entrained droplet size are discussed below. The onset of entrainment

criteria is given (Ishii and Grolmes [1O])by

PfVr f > Np0"8  (N.22)

where the viscosity number is defined as

P'f
Np - (N.23)

(pf I ac/(gAp))" 2

The entrainment rate from the film is given (Kataoka and Ishii, 1982) by

O 6.6 x 10. 7 (RefWe) 0 -9 2 5 [i]O.26 (N.24)

where

Re f =PjfDh'e Pgig2Dh [Ax]]1/3

Ref - We- g (N.25)
AfLa
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Here Dh is the hydraulic diameter of the cavity. The initial drop size is

d - 0.028 - 2 Ref 1 / 6 Reg 2 / 3  [g (N.26)
pg4 r -Pf] -fl'

However subsequent disintegration may occur if

ed P9(V9 - Vfd) 2d
Wed o a > 12 (N.27)

It is noted that drop size can be as small as Wed = 1.17 - 2.5 if very

high gas turbulence exists. Under the reactor cavity condition, the

criterion of the Weber number at 12 is more likely than the later

criterion. Furthermore, for the droplet to disintegrate beyond the initial

entrainment drop size, a sufficient interaction time should exist between

drops and the gas flow.

N2.7 VARIOUS TiME CONSTANTS

Several time constants are important to the analysis of the corium

dispersion in the reactor cavity. These are listed below.

Corium Discharge Time rcd Mcor

xjPfDjfj1fJ 4

Primary System Blow Down Time pr = Vpr

0.6xD3Vgt/4

Corium Film Transport Time If --

SfPf

Corium Entrainment Time 7e =

N-14



The latter two time constants are particularly important in determining the

dominant transport mode of the corium out of the reactor cavity.

N3. DISCUSSION OF RESULTS

The above scaling study is applied to the following typical reference

conditions, see table N.1.

Cavity geometry

Reactor Vessel Break Size

Molten Corium Mass

Vessel Pressure

Cavity Pressure

:Zion
:20 cm diameter
:134 tons
:7 MPa (1000 psia)
:0.1 MPa (15 psia)

Relative to the above prototypic conditions, several models and simulation

experiments are considered. At full scale and full pressure, a water-air

system which simulates the molten corium-steam system is considered. For
the 1/10 linear scale-down model, the following cases are considered for

sample calculations.

Corium-Steam
Water-Air
Woods Metal-Air

(full pressure, 7MPa)

(reduced pressure, 1.4 MPa, 200 psia)

(reduced pressure, 1.4 MPa, 200 psia)

The break size for the liquid discharge is geometrically scaled, thus it

is 2 cm diameter. However, in order to see the parametric effects of the
gas flow as well as to compensate for the reduced pressure in the vessel,

several enlarged flow area for the gas Jet with the increment of twice,

three times, five times and seven times are considered in the sample

calculations, see table N.1.
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N3.1 PROTOTYPIC CASE

When the reference conditions are applied to the phenomenological models

used in the scaling study, the following results are obtained. The molten

corium discharge at the velocity of 39 m/s. The disintegration length for

the single and two-phase Jets are 6 m and 1.6 m respectively. Thus the

corium Jet tends to disintegrate before reaching the floor of the cavity in

the case of two-phase flaw. The void fraction of 0.5 is used for this

prediction. Since the jet velocity is high, the second mode of

disintegration due to the relative motion is applicable. The resultant

droplet mean diameter is 4.1 mm with the maximum size of 12.8 mm. The

ultimate spherical limit is 1.45 mm.

The value of the impingement Weber number far exceeds the spreading limit

of 80. Thus both the coherent Jet and droplets spread out upon impingement

to the floor and form a corium liquid film rather than bouncing back and

form a dispersed droplet flow. This indicates that most of the mass that is

discharged as a Jet and mostly disintegrated into droplets reforms a

coherent liquid film upon impingement to the floor. Therefore, for the

corium dispersion in the cavity, the liquid film entrainment becomes the

most important mechanism. The duration of the entrainment depends on the

liquid film residence time in the cavity. Hence the liquid film motion and

transport out of the cavity is also important.

For estimating the film motion, the film thickness and velocity are

essential. Several reference values for the film thickness are given below.

Initial Thickness Si - 5 cm

Minimum Thickness Smin ' 0.4 cm

Maximum Thickness 6max - 41 cm

Whole Wall Static Spreading S - 9 cm
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The initial film velocity is very high at 39 rn/s. Furthermore, complicated
three dimensional motion and mixing due to the geometry of the cavity is
expected. Because of these, some of the liquid can climb up the side walls
and may even flow over the ceiling of the cavity. In the subsequent
analysis, a typical film thickness of 5 cm is assumed over the entire cavity
wetted perimeter. This value is chosen in view of the initial thickness and
the average between the minimum thickness and whole wall static spreading
thickness. The corresponding average film velocity is 3.2 m/s in the axial
direction from the continuity relation. The actual flow should have a very
complicated three dimensional pattern. If most of the liquid flows only
over the cavity floor then the velocity is about 10 in/s. With the film
velocity of 3.2 m/s, the film residence time is in the order of 6.5
seconds. The jet discharge time for 134 tons of the molten corium from the
20 cm break is about 12 sec.

When the liquid starts to flow as a film, three different regimes are
possible as discussed previously. The stratified to slug flow transition
criterion gives the required gas velocity of 300 m/s, which is about twice
the expected gas velocity. However, the more important transition is that
to the annular flow, which is determined by the entrainment process. As
shown below, for the case of the sample calculation the onset of entrainment
velocity is exceeded by the expected gas velocity. Hence these two
transition criteria indicate that the most possible flow regime in the
cavity is the annular flow with thicker film at the bottom of the cavity and
thinner film at the sides and ceiling.

The entrainment of liquid from the film is governed by the relative
velocity and, film Reynolds number. The minimum relative velocity required
for the onset of the entrainment is given by Yr in table N.1. The
steam velocity in the cavity of 136 m/s far exceeds this onset of
entrainment velocity of 88 in/s at the assumed cavity pressure of 0.1 t4Pa.
Thus significant entrainment of the film into droplets is expected. The
calculated entrainment rate is 3.07 g/cms. At this rate, the characteristic
time constant is 14.7 seconds. This value should be compared with the film
residence time of 6.5 seconds. The two characteristic time constants
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indicate that the film transport and entrainment mechanisms are in the same

order of magnitude. A little less than one half of the molten corium is

expected to be entrained by the streaming gas and the remaining mass

discharged from the cavity to the lower compartment as a liquid film.

The mean droplet size from the entrainment is 6.6 mm, which is rather

large. The subsequent disintegration due to the relative motion between the

droplets and gas flow may be possible. When the free stream gas velocity

and Weber number of 12 are used, the droplet stability criterion gives a

diameter of about 1.1 mm. The very high entrainment rate shown above will

certainly slow down the gas flow, especially in the boundary layer region,

since the entrainment process and subsequent acceleration of droplets

require considerable momentum transfer from the gas to liquid. When the one

half of the free stream velocity is used as a mean gas velocity in the

droplet boundary layer, the criterion gives the droplet the size of

0.44 mm. Thus it is expected that the size of droplets is in the range of

0.44 to 6.6 mm.

The significant effects of the cavity pressure on the gas velocity and the

entrainment process should be noted. For example, if the cavity pressure is

0.3 MPa or three times the pressure in the sample calculation, the

entrainment rate is reduced by a factor of four. The corresponding

characteristic time for entrainment is 58 seconds, which is much larger than

the film residence time of 6.5 seconds. In that case the corium dispersion

is considerably reduced.

The break size also has very strong effects on the corium dispersion. The

sample calculations are carried out by assuming the diameter of the break to

be 20 cm. The increase in the break size shortens both the corium and the

gas discharge time. However, the most important effect is on the cavity gas

velocity. For example, a twice larger diameter for the break leads to four

times larger gas velocity and nearly four times larger entrainment rate. In

that case, the entrainment becomes the dominant corium transport process.
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N3.2 SCALED EXPPERIMENTS

It should also be emphasized that the above results are obtained from

the existing phenomenological models based on experimental data far from the

prototypic DCH conditions. Most of the data base are obtained in standard
air-water systems with a relatively small hydraulic diameter of 1 to 2 cm.

Only the onset of entrainment criterion has a relatively larger data base

with Dh ranging from 1 to 15 cm. Hence there is a great uncertainty in

predicting the corium dispersion in the DCH problem. Two main reasons for

this deficiency are:

(1) Mechanism of corium dispersion are not well understood.

(2) Large uncertainty in the scale-up capability of the available

droplet entrainment correlations.

In view of these, well scaled and focused separate effect experiments

on the corium dispersion phenomena may be required. These separate effect
experiments should be focused on understanding of the mechanisms of the

liquid dispersion and establishing data base which can be used to develop

phenomenological models applicable to prototypic conditions. For this

purpose several scaled down experiments and simulation experiments are
evaluated as a demonstration of the bottom-up scaling method. The results

are summarized and compared to the hypothetical prototypic conditions in

table N.1.

In the sample calculations, four different cases are considered. The

most important phenomena of liquid entrainment and droplet size are

discussed below.

i) Corium-Steam (1/10 scale, full 7 MPa pressure)

The entrainment rate is 0.43 g/cm2 s and the droplet size is

2.09 mm. The entrainment rate is roughly 1/7 of the prototypic

case, thus the entrainment time is 10 sec, which is comparable to

the realistic case. The liquid film transport.velocity is

essentially the same, at 3.2 m/s, thus the film transport time is
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reduced by a factor of 10, which is the linear scale rate. Hence

the relative significance of the entrainment is reduced by a

factor of 7 in this system. This is a significant scale

distortion. The droplet size is reduced by a factor of 3. In

comparison, the system dimension is reduced by a factor of 10.

Thus, there is a scale distortion in the surface area by a factor

of 3.

ii) Water-Air (1/10 scale, reduced pressure 1.4 MPa, 5 times break

area for gas)

The entrainment rate is 0.52 g/cm2 s and the droplet size is

0.30 mm. The entrainment rate is about 1/6 of the prototypic

case, and the entrainment time is I sec. Here the smaller density

of the water has a very strong effect. The entrainment time is

reduced by a factor of 15. The liquid film transport velocity is

4 m/s, which is comparable to the prototype. Hence, the film

transport time is reduced by a factor of 12.5. Therefore, the

ratio of the entrainment time to the transport time is distorted

by a factor of only 1.2. The entrainment is slightly accelerated

in this system, but overall the agreement is good. The droplet

size is reduced by a factor of 22. In comparison the system

dimension is reduced by a factor of 10. However, this distortion

can be eliminated if the break area for the gas is three times the

scaled value. In this case the droplet size is 0.6 mm, which is

about 1/10 of the realistic case. Then the geometrical scales ire

well matched between the system scale and the internal scale

(droplet size).

iii) Wood Metal-Air (1/10 scale, reduced pressure 1.4 MPa, 5 times

break area for gas)

The entrainment rate is 0.38 g/cm2 s and the droplet size is

1.6 mm. The entrainment rate is roughly 1/8 of the prototypic

case. The corresponding entrainment time is 10.6 sec., which is

comparable to the reactor case. The liquid transport velocity is

N-20



1.44 m/s, hence the liquid film transport time is reduced by a

factor of 5. Therefore,the ratio of the entrainment time to the

transport time is increased by a factor of 3.6. This implies that

the relative importance of the entrainment is significantly

reduced. The droplet size is reduced by a factor of 4, which

should be compared to the linear system scale-down factor of 10.

Hence the internal surface area is reduced relative to the system

surface area by a factor of 2.5. It is noted that this system

behavior is similar to the 1/10 scale corium-steam system.

Furthermore, by reducing the break area for gas flow, the droplet

size can be increased to about 3 mm, which is much closer to the

physical dimension of the droplet in the reactor case than that in

the water-air system.

The above sample calculations demonstrate the usefulness of the

bottom-up scaling method in evaluating various possible experimental

conditions. It is noted, however, the numbers obtained for various

parameters are based on the best available phenomenological models and

correlations. As mentioned above, the data base for these correlations at

the prototypic conditions is missing. Hence the verification of both the

phenomena and correlations at conditions similar to the reactor conditions

is necessary. Furthermore, the present discussion has been limited to the

hydrodynamic effects in the corium dispersion. The effects of water in the

cavity or the solid materials in the molten corium have not been addressed

here. Both of these effects can have a significant influence on the corium

dispersion phenomena. These should also be evaluated by further

researches. However, the methodology of.the bottom-up scaling and its

effectiveness in analyzing the key phenomena are clearly demonstrated.
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NOMENCLATURE

AC
Af1
AV,

d
dmax

Dh

g

h9
if

JjLB
Lc
Mcor

MW

N Ag
Pt

Pv
R
Ref
Rej

T
Vfj
Vft
Vpr

We
Wed
Wegr
Weim

reactor cavity flow area
cavity flow area
vessel break area
cavity whole wall area

droplet diameter
maximum droplet diameter
spherical limit droplet diameter
cavity hydraulic diameter

discharge jet diameter
gravity
height above corium film
liquid volumetric flux

total volumetric flux of jet
jet break-up length
cavity total length
total corium mass discharged

gas molecular weight
viscosity number based
viscosity number based
break throat pressure

on liquid
on gas

vessel pressure
universal gas constant
Reynolds number of film
Reynolds number of jet

temperature
liquid jet velocity
gas discharge throat velocity
volume of primary system

Weber number of entrainment
droplet Weber number
gas Weber number based on relative velocity
impact Weber number
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GREEK LETTERS

OIJ Jet void fraction
Ap density difference
Sc corium thickness from whole wall static spreading
S1 initialcorium film thickness

Smin minimum corium film thickness
Smax maximum corium film thickness
Sf corium film thickness in cavity
C entrainment rate

pf viscosity of liquid
pg viscosity of gas
Pf density of liquid
pg density of gas

a surface tension
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APPENDIX 0
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SUMMARY

The Ishli-Katoaka entrainment correlation for fully developed steady-state

annular two-phase flow was modified for application to the undeveloped and

transient conditions prevailing during blowdown from a reactor pressure

vessel into a reactor cavity during Direct Containment Heating (DCH). Good

correlation for the debris dispersion or entrainment fraction was obtained

for the Winfrith simulant data obtained with a constant gas flow rate in a

1:25 scale of the Sizewell reactor cavity. The same correlation was found

to apply to an equivalent circular reactor cavity over scales ranging from

1:132 to 1:21. The five fluids utilized in the Winfrith constant pressure

reservoir tests were brought together by the gas Euler number and the

property grouping 2 PcJ2Pc t/rJpf where Pc is the reactor

cavity pressure, a and pf the fluid surface tension and density,

and t is the blowdown time.

Blowdown tests with simulant fluids in the Sizewell, Zion, Surry and Watts
Bar scaled reactor cavities were correlated by the same equation and they

exhibited the same dependence upon the initial gas Euler number, the same

property grouping and an equivalent blowdown time. However, in contrast to

the constant gas flow rate tests, the gas density was found to influence

debris dispersal during blowdown tests. Also, a significant decrease in

entrainment was obtained with the use of woods metal as a simulant. The

decrease appears to be associated with increased Euler numbers and it may

be related to a change in flow pattern entrainment or a slowdown of the gas

velocity by the accelerating debris particles.

All tests showed a dependence upon the size of the orifice simulating the

reactor vessel hole. This could be due to the fact that the orifice size

may influence the thickness or the velocity of the gaseous boundary layer

formed above the fluid being entrained.

Blowdown conditions required to initiate entrainment can be predicted from

the correlations developed herein. The values so determined for constant

gas flow rate approach the Kutateladze prediction when they are adjusted
for the actual blowdown gas velocity in the boundary layer near the floor
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of the cavity. The Euler numbers for entrainment inception decrease with

orifice (vessel hole) size. For blowdown tests, they increase with reduced

gas and increased debris density.

For illustration purposes, the methodology was applied to predict debris

dispersion in the Zion and Surry plants. The predicted dispersions are

high when the reactor vessel hole is large or the vessel blowdown pressure

high.

0.1 INTRODUCTION

During a severe nuclear reactor accident, degradation of the fuel in the

reactor may lead to a significant accumulation of molten and solid debris

from the core upon the bottom head of the reactor pressure vessel. Due to

decay heat generated by the debris, the bottom head of the vessel can fail

and the reactor pressure will eject debris from the bottom head into the

reactor cavity located below it (see fig. 0.1). Debris discharge is

followed by blowdown of the primary system and the high velocity gases

escaping from the vessel are expected to entrain some of the debris from

the cavity unto the reactor building. Hot debris particles reaching the

containment will-pressurize and heat it. This process is called Direct

Containment Heating (DCH) and is of particular importance to pressurized

water reactors (PWRs).

Several small-scale tests have been performed to understand and predict DCH

conditions and, in particular, the fraction of debris dispersion or

entrained material i.ito the containment (1-a). Most of the tests have

employed simulant fluids and inert gases at low temperatures to avoid the

heating and chemical reactions that might occur in the reactor cavity

during a severe accident. The purpose of this report is to develop a

methodology for predicting debris dispersal under such simplified DCH

conditions. It was felt that success with this first set of data was a

prerequisite to expanding the methodology to the more complicated case of a

reactor accident.
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DIMENSIONS IN mm

Figure 0.1. Reactor cavity or vault under PWR pressure vessel.
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The methodology developed herein consists of five steps:

1) Available small-scale simulant tests with no chemical reactions are

reviewed and their results summarized. Special emphasis is placed upon

the physical aspects of the phenomena observed during the tests.

2) Existing entrainment correlations are considered and modified for

application to DCH under two different sets of blowdown conditions. In

References (1) to (j) the simulant fluids and gases are ejected from a

storage tank to reproduce reactor conditions. In References (A) to

(a), the simulant fluid is placed upon the reduced scale cavity floor

and gases are introduced into it at a constant flow rate over a

selected period of time.

3) Formulated correlations are applied to the available test data to

evaluate their merit and capability to deal with a variety of

geometries, fluids and gases. They are also compared to formulations

developed by Brookhaven National Laboratory.

4) Conditions for initiation of entrainment are derived and compared to

test results as well as to previously published correlations.

5) The correlations are applied to predict debris dispersion in two

full-scale nuclear power plants and to illustrate the impact of reactor

pressure and vessel hole upon debris dispersion.

0.2 SUMMARY OF SMALL-SCALE LOW TEMPERATURE TESTS WITH

NO CHEMICAL REACTIONS

In Reference (1) tests were conducted in an 1:10 scale model of the Zion

reactor cavity with and without internal structures. Water was utilized to

simulate the debris material and both air and helium were employed to

reproduce the reactor vessel blowdown. The results are reproduced in

fig. 0.2. Fig. 0.2(a) shows that it takes a minimum blowdown pressure to

initiate entrainment and that beyond that threshold pressure the fraction

of debris dispersed increases rapidly with the blowdown vessel pressure or

gas velocity. According to fig. 0.2(a) the initial mass of simulant debris

appears to have a limited role. Also, helium exhibits a higher dispersal
0-6
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threshold pressure than air and a reduced dispersal rate as the blowdown

pressure is increased. Fig. 0.2(b) provides an explanation for the

behavior difference between helium and air, i.e. helium blowdown occurs

much more rapidly and is completed in about half the time for air. As

expected, the presence of structures in the cavity interferes with debris

entrainment,:and reduces it as illustrated in fig. 0.2(c). Measurements of

gas flow velocities within thb cavity were also carried out in Reference

(1). The gas flow mapping revealed that a high velocity gas boundary layer

is formed along the bottom of the cavity and that it causes recirculation

and even backflow of gas towards the reactor vessel in the upper parts of

the cavity.

In References (Q) to (1), tests were carried in 1:42 scale models of the

Zion, Surry, and Watts Bar reactor cavities. Water and woods metal were

employed to simulate the debris material and both nitrqgen and helium were

utilized to reproduce the reactor vessel blowdown. All these tests were

performed without structures present in the reactor cavity. The tests of

Reference (2) show that entrainment starts in the Surry scaled cavity only

beyond a threshold pressure which was correlated by a modified Kutateladze

number,

gj2/(pfgc)O.5] (Ul] 2 p 0 5 - 7 (0.1)

where pg is the gas density, Jg the gas velocity based upon the

minimum cross sectional area of the cavity, pf the fluid density, g

the gravitational constant, a the surface tension, L a characteristic

reactor cavity length and d the orifice (vessel hole) diameter.

Helium again produced less dispersal than nitrogen and the increased

density woods metal took higher pressure than water to reach the same level

of entrainment. The reactor cavity configuration tended to impact the

amount of material transported to the containment in direct relationship to

the openness of the flow path to the containment. The Zion reactor cavity

gave the highest entrainment, followed by the Surry and the Watts Bar

cavities. Different orifice sizes were used during the tests. As the
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orifice size 'or vessel failure hole is decreased, the blowdown time from
the same size vessel increases and the amount of material entrained goes up
for the same escape velocity from the hole.

In Reference (5), blowdown tests were performed in a 1/25 scale of the
Sizewell cavity and they were carried with water as the simulant and with
air or helium. The Sizewell results were comparable to those of the Zion
cavity.

The tests of References (f) and (Z) were performe4 with a steady flow of
gas on a 1/25 scale model of the reactor cavity shown in fig. 0.1. The
debris simulant was spread over the cavity floor before gas was allowed to
enter the cavity. Both air and helium were utilized by Winfrith and five
different simulant fluids were employed: water, 10% ethanol-water,
silicone oil 200/5, silicone oil 200/10 and flutec PP9. A few tests were
performed with different times of gas flow and, as expected, fig. 0.3 shows
that the amount of liquid entrained increases with time. Most tests were
carried out with a discharge time of 10 seconds and they were plotted
against the Euler number, Eu

Eu - pg J/2 Pc (0.2)

where PC is the initial cavity pressure. As shown in fig. 0.4, the
constant pressure reservoir Winfrith results show no gas dependence as long
as the entrained fraction is plotted against the Euler number. Here again,
we observe the need for a threshold Eu to initiate entrainment.

Entrainment appears to increase as Eu raised to an exponent of 2 to 2.5.
Even though fluid properties were varied over a wide range, it was not
possible to correlate the results with a definitive grouping of properties.

Winfrith also performed a series of tests with an equivalent tube geometry

at different scales (4). Their results are plotted in fig. 0.5 and they
show no scale dependence for air-water tests as long as they are correlated

in terms of the Euler number. Finally, the Winfrith tests confirmed the

gas flow mapping behavior and the impact of structures reported in
Reference (1).
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Observation of flow within the reactor cavity were made during many of the
simulant tests. In the Winfrith tests (5), it was reported that the
simulant was pushed into the reactor cavity and that a wave front was

formed by the initial gaseous discharge. Spray formation occurred at the
wave front and most of the spray so formed impinged on the vertical end
wall and ran back onto the vault floor before being reentrained by gas out
of the cavity. In the Brookhaven National Laboratory tests, high-speed
movies showed that an early jet of slmulant fluid was directed towards the
cavity floor. During that early phase of the blowdown, the simulant spread
along the floor with some fraction climbing the vertical walls and some
fraction splashing in various directions. When gas blowdown began, the
simulant was still in motion and no pool of simulant was observed to exist
along the cavity floor. The gases underwent considerable recirculation in
all tests and they entrained simulant from all walls where it was present,
particularly from the lower half of the cavity.

9

In References (9) to (12) entrainment tests were performed with high
temperature simulants and they generally were more energetic, than the low
temperature tests because of the transfer of energy from the simulants to
the reactor cavity atmosphere. Still, they exhibited behavior similar to
that observed in the Brookhaven, Sandia and Winfrith simulant tests, which
sdpports the present efforts to correlate the simplified tests of
References (1) to (8).

0.3 ENTRAINMENT MECHANISM AND EXISTING CORRELATIONS

0.3.1 EXISTING CORRELATIONS

A considerable number of studies of entrainment have been performed with
gas-liquid flows. The earliest work was carried out by Ricou and Spalding
(f3) who rep6rted measurements of entrainment from turbulent Jets.
Subsequently, Harwell (_4, 15) dealt with cocurrent pipe flows which led to
the correlation of the concentration of entrained droplets in terms of the
non-dimensional grouping (itS/o) where Ti is the

interfacial gas to liquid film shear stress and 8 is the film
thickness.
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The most recent and comprehensive work on droplet entrainment in two-phase

annular flow was reported by Kataoka and Ishii (1k). They started from

Paleev and Fillipovich's correlation for diffusion controlled droplet

deposition,

.k 0.022 Re-02  ~ .26 fa1 .2 (0.3)g2 PfJ 

0.' 

f

where k is the mass transfer coefficient, Reg the gas Reynolds number or

pgjgD/pg, D the diameter, C the droplet concentration, and

Ag the gas viscosity.

Katoaka and Ishii approximated C through

C pf e (0.4)
S9

where e is the entrained fraction of liquid and jf is the total liquid

superficial velocity.

They also employed an expression developed by Ishil and Mishima (17) for

the entrained fraction e,

e = 7.75xi0-7 We1 "2 5 ReffO.25 (0.5)

where Reff is the liquid film Reynolds based upon the liquid flow in the

film, PfJffD/Pf, and We is the entrainment Weber number

We = (0.6)

The term [(pf - pg)/p g ]1/ 3 was incorporated into Eq. (0.6) to

account for the inertia of the liquid droplets present in the gas core.

Substituting Eq. (0.5) into Eq. (0.3) and recognizing the similarity

between entrainment and deposition rate, katoaka and Ishii obtained
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fD 2767L f1~ l~
f 7 74fl 185 925uF

5f 'J.6xAI RRi R f ffr 2

(0.7)

where Mf is the entrainment rate per unit of interfacial
and Ref the liquid Reynolds based upon total liquid flow
pfjifD/Pf.

0.3.2 MODIFICATION OF KATOAKA-ISHII ENTRAINMENT
APPLICATION TO WINFRITH TESTS

surface area,

or

RATE FOR

Eq. (0.7) can be rewritten as

•fD Ref 0.4
,i = 6x1 °7 [Reffj

(We Reff)0.925 
1[gJ 0.26

[,,f I

One can also write that

d6f = - Pf dt

where 6 is the liquid film thickness on the floor of the cavity as a
function of time. Combining Eqs. (0.8) and (0.9), there results

(0.8)

(0.9)

-d (6/6i) = 6.6x10" 7 flt ]Ref 0.4 0.26
LD 1pfJ1ReffJ 14fJ

(0.10)

r~ j2 D
PfjffD

Pf
L-P ]1/3]0.925

where 8t is the initial film thickness at t = 0.

The liquid film flux, Jff, can be related to the gas flux by recognizing
that the liquid film pressure drop, (dP/dz)ff, is equal to the gas
interface pressure drop, (dP/dZ)g for fully developed annular flow, or'
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(dP/dz)ff - (dP/dz)g (0.11)

where z corresponds to distance in the flow direction.

Also, (dP/dz)ff can be expressed in terms of the total liquid pressure

drop, (dP/dz)f

(1-)= 2 (dP/dz)ff - (dP/dz)f = (82(dP/dz)ff (0.12)

where a is the gas volume fraction. By employing the Wallis relation

(18) for annular gas pressure drop, one gets

d -q 2 (1 +.300 (0.13)(dP/dZ)g 2 Pg 9 g

and

ff 2(dP/dz)f - T pf Jf (0.14)

where fg, ff are single-phase friction factors.' From Eqs. (0.12,

(0.13) and (0.16), there results

iff 4S gg 113oJf__ 4 Pf 1,1 + 300 S (0.15)

g = Pf ff (

If we assume that the liquid and gas flows are highly turbulent so that

fg - ff - constant we get

iff 4S q____!9f - 300 S (0.16)
g IPf Df
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and substituting Eq. (0.16) into Eq. (0.10) yields

-d (6/6t) r 6.640 7 [Pfdlt rRef 10.74 L10.26[(6/61 f1+300 6/D] 0 9 25  6x0 Ref f
(0.17)

[_q ). j2i 1 2~PD PP 1/3 ]0.925c I f J ýl"'ý.
Eq. (0.17) can be integrated to calculate 8 as a function of time.
However, before doing so, several adjustments are in order:

1. For simplificat-ion purposes, we shall treat the cavity as a single
node. Since new gas is injected continuously at the entrance of the
cavity, we can drop the term [(PL - Og)/PL11/3.
Also, to be consistent, we sh,;l evaluate Ref/Reff at that same
entrance location, or Ref/Reff - 1.

2. The Winfrith tests of Reference (Z) show that entrainment when plotted
versus the Euler number is independent of the size of the cavity or D.
Eq. (0.17) leads to a slight dependence upon D, or D"0*075. That
dependence can be eliminated by changing the exponent in Eq. (0.8) on
the Weber number from 0.925 to 1. By adopting that change, Eq. (0.17)
is simplified considerably to give

-__d_(6/6i1 Kc 5 I. 26 2 Pc 2 Pc

Kd(6/6) 1 0c -- a fdt (0.18)

where Kc is a characteristic constant of the cavity geometry.

3. The entrainment correlation of Eq. (0.18) was derived from
steady-state, fully developed flow conditions. The liquid film during
DCH blowdown tests varies as a function of time, t, and the cavity
distances are very small compared to those required for fully developed
conditions. We can expect the entrainment to be greater in the DCH
blowdown tests than for fully developed conditions because we start
with an unusually
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thick liquid film. We can recognize undeveloped flow conditions by

modifying Eq. (0.18) with an entry length function Fent which we hope

will be a function of only the Euler number. There results

- d 16/61) . faE'. /qI.6Fn(u 2PcE1.5 r1 0aO 26  MP C(6/6 i ) + E/ FfJ F u --E- a If dt (0.19)

0.3.3 CORRELATION OF WINFRITH CONSTANT RESERVOIR PRESSURE TESTS

Eq. (0.19) can be integrated from time zero to time t to get

'f 0.26 a Pf I log ["(67D 1 J130 ] (0.20)

2 2c t JI+300• og -1 J1+300 S1/0 +1

M Kc EuI. 5 Fent (Eu)

In order to evaluate the merits of Eq. (0.20) we can plot the grouping on

the left hand side of Eq. (0.20) versus Eu. Such an approach will

determine the constant Kc and the validity that Fent is only a function

of Eu. It should be noted that

S S 8i •i

D Ti F 1 (I-E)g (0.21)

where E is the integrated entrained or dispersed debris fraction over time

t.

We can rewrite Eq. (0.20) as

Y(E, 6i/D) / ( I-2 t A =cK F(Eu) (0.22)
r- Pf [Il

where Y(E, 6t/D) replaces the logarithmic function in Eq. (0.20) and

is a function of the entrained fraction E and the ratio of the initial

fluid film thickness 6i to the cavity hydraulic diameter D,

Si/D. In Eq. (0.20) Kc is a characteristic constant of the cavity

derived from the
0-18



Entrainment Tests at 1/25 Scale
Various Gases &, Liquids

10- aI

A
*

*
A'

C

C

E
C

L5

10"*,
0

KOO0
13

4.

A ,ý,iO

10 -10-

In -I-

* Y
A

0

.1..
gV

I i i i i i
10u N 10--4

Euler Number
10-3

ooooo Silicone (200/5) & Air
aoaoaSilicone (200/10) & Air

&AA&& Water & Air
00000 Flutec & Air
***** Ethanol & Air
+++++ Silcone (200/5) & Helium

xxxx Silcone (200/10) & Helium
•***4 Water & Helium
***** Flutec & Helium
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data and F(Eu) is an anticipated exponential function of the Euler

number.

Eqs. (0.20) and (0.21) were applied to the data of Reference (k) where all

tests were started with a liquid film St - 4.4 mm which assumes that

the sump volume at the end of the reactor cavity of fig. 0.1 was filled

with fluid which did not participate in the entrainment process. This

liquid film thickness corresponds to 100 tons of debris material of

10,000 kg/m 3 density in the full scale reactor. For 0 we used the

hydraulic diameter of the minimum cavity cross section even though only the

bottom of the cavity is covered initially with debris and more than the top

half of the cavity cross section is involved in recirculating or secondary

flows. The test results plotted in fig. 0.6 were obtained with a 12.5 -m

rounded orifice located 330,mm upstream of the end of a 25 mm bore vertical

steel pipe projecting just beyond the pressure vessel bottom of fig. 0.1.

The non-dimensional entrainment group plotted in fig. 0.6 corresponds to

the left hand side of Eq. (0.22), i.e.

[2P9 / 2c t ( 0I 026Y/ P ft

It is seen that the entrainment grouping is only a function of the Euler

number and that the data for the various fluids are brought together rather

well by the proposed formulation. The overall correlation spread is close

to that of the experimental data for the various fluids tested. The

straight line drawn in fig. 0.6 through the test results corresponds to

Y M 0.14 Eu2 .3 2Pc t (0.23)a - pf [O.

It should be noted that the Euler number in Eq. (0.23) can be related to

the blowdown reservoir pressure, P, by

+ I

Eu - Ac 2 I 1 (0.24)2 ~c (Ad Pci [vJ
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here Ah and Ac are respectively the vessel hole (orifice) and minimum

cavity flow areas and f is the specific heat ratio of the blowdown gas.

Fig. 0.7 shows the data obtained for different blowdown times. Here again,

acceptable correlation is obtained for times from a few to about one

hundred seconds. Eq. (0.23) is plotted in fig. 0.7 and it gives good

agreement with the data.

Fig. 0.8 reproduces the data obtained with air and water in an equivalent

circular geometry with a constant gas flow rate over 10 seconds. These

tests were carried out by matching the cavity circular area to the minimum

reactor cavity cross-sectional area. For the full scale plant of fig. 0.1,

the corresponding tubular cavity would have a diameter of 3.45m. Also, in

all tests of fig. 0.8 (with the excqption of one series of tests discussed

below) the ratio of break (orifice) area to the cavity flow area was kept

constant, or Ah/Ac - 1/160. As depicted in fig. 0.8, the blowdown

orifice was located at the end of a 25 mm vertical pipe, connected to the

air supply and just projecting below the core plate. The distance from the

cavity floor to the location of the orifice was also scaled geometrically.

This arrangement is different from that of the results of fig. 0.6 where

the orifice was located 330 mm upstream of the end of the 25 cm vertical

bore pipe.

The groupings utilized in fig. 0.8 are the same as those found in fig. 0.6.

They provide good correlation of the circular test data even though the

scale was varied by a factor of six. Eq. (0.23) is plotted in fig. 0.8 and

gives surprisingly good agreement with the circular geometry data. At

first it was believed that the agreement of Eq. (0.23) with the data

plotted in fig. 0.8 might be fortuitous in view of the differences in
Figs. 0.6 and 0.8 in the cavity geometries and in the location of the break

size with respect to the cavity floor. However, by comparing the Euler

number to

initiate entrainment in both configurations, it was found that they were

identical and that the overall impact of orifice size and location may have

been made equivalent. Thus, the agreement between the results of the

equivalent circular geometry and those of the actual reactor cavity may be

justifiable.
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The impact of break size upon entrainment is illustrated in fig. 0.8 where

for the 90 mm or 1/44 scale circular cavity two orifice sizes were

utilized: 7.07 mm corresponding to the 1/44 scale, and 11.03 mm

corresponding to a 1/28 scale. The 7.07 mm orifice data agrees with the

test results at all other scales, while the 11.03 mm or 1/28 scale orifice

gives reduced values of the entrainment group as shown in fig. 0.8. The

decreased entrainment associated with the 11.03 mm orifice may be caused by

an increased gas boundary layer thickness and therefore reduced interface

gas velocity above the debris material for the same Euler number.

The data for the 11.03 mm orifice was approximated by the dashed line

corresponding to

2 ~ 2 c1  2 f~ 0.26
Y -0.14 [11.03J Eu2  FJ - (0.25)

In other words, it appears that the constant Kc needs to be adjusted by

the orifice diameter ratio when the orifice size is varied. Similar

results were reported in Reference (k) where the 12.5 mm orifice employed

in fig. 0.6 was moved from being located 330 mm upstream of the end of the

25 mm bore pipe to its end. Locating the orifice closer to the cavity

floor gave the same gas flow rate but increased entrainment because the gas

boundary layer thickness above the liquid film was reduced and the gas

velocity increased. When the orifice was located 330 mm upstream of the

end of the pipe, it was comparable to having an orifice of 25 mm at the end

of the pipe but producing the same flow rate as the 12.5 mm orifice. The

fluid entrainment fraction was increased by a factor of 4 to 5 by moving

the orifice closer to the cavity floor. This corresponds to the diameter

ratio being raised to an exponent of 2 to 2.3.

0.3.4 APPLICATION TO BLOWDOWN TESTS

In the blowdown tests, the blowdown reservoir pressure P and the gas

velocity jg in the reactor cavity decrease with time. From Eq. (0.24),

we get for an isothermal expansion
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'yQ(12 yr -I . rAh, 2 [L~ -1a2

Ac 22 PC +j -i 2 r (0.26)2P~ Ac i 2 [11 AC ~ [PCJ

where P1 is the initial vessel pressure at time zero and C is equal to

'Y+1

2 V 1) b-•J(0.27)

Wulff (12) showed that for an isothermal expansion of the gas during

blowdown

P/Pi e -A7/-r (0.28)

where

7 Ah/rT t (0.29)

where R is the constant in the gas pressure-temperature relation, Ti the

initial gas temperature, and V is the blowdown vessel volume.

Utilizing Eq. (0.22) one gets by postulating that F(Eu) = Eu2 "3

Y0K.O36V u42.3 [1 _ t 4.62Pc- fc 0.26
Y Kc A0h i Eu 2 [i [Pic)] I 1f,0.26(0.30)

P1 is the initial pressure in the reservoir tank and Eu1 is the Euler

number corresponding to the initial pressure Pi. Comparison of

Eq. (0.30) and Eq. (0.22) shows that the grouping of 0.36V/AhIRTi
plays the role of an equivalent time and it shall be referred to as

blowdown time. The comparison also reveals that, due to the presence of

1/jRTi, the entrainment parameter Y is dependent upon gas properties

as well as the Euler number.
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0.3.4.1 ROLE OF ORIFICE SIZE AND GAS PROPERTIES IN BLOWDOWN TESTS

Most blowdown tests have been performed with several orifice sizes and

different gases and it was necessary first to establish how the blowdown

tests depend upon orifice size. Fig. 0.9 shows the entrainment or debris

dispersal fraction results measured by Brookhaven National Laboratory for

the Watts Bar cavity. A comparison of the data obtained for the same

gas-fluid combination reveals that there is a strong dependence upon

orifice size. Fig. 0.10 plots the same data in terms of Y versus the Euler

Number Function of Eq. (0.30) [i.e., left-hand side of the equation

excluding Kc] but adjusted by the same orifice factor developed for the

constant flow rate Winfrith tests. It is seen that the blowdown results

taken with three different orifices are brought together by the same ratio

(ds/d) 2 where ds is the standard orifice diameter to which all other

orifices are corrected.

Close examination of fig. 6.10 exhibits a remaining dependence upon gas

properties because the helium data tend to always fall below the nitrogen

data. Applying a factor comparable to that developed for orifice sizing,

it was found that the data for nitrogen and helium were brought together as

shown in fig. 0.11 for the Watts Bar reactor cavity tests.

The entrainment parameter during blowdown tests with differing gases and

orifices can therefore be correlated by

°d'2  Ti (2P r .26
Y K c sJIR T1IT Eu1 2. Ici C (0.31)

. [Ld I i A h W-1 I f fI
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1/42 Scale Watts Bar Blowdown Tests
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where Kc is the cavity constant determined with a standard orifice d.

and a standard gas with a constant Rs at a temperature Tis.

Eq. (0.31) was applied to blowdown tests carried out in the 1/25 scale

Sizewell cavity, the 1/10 scale Zion cavity, and the 1/42 scale Surry and

Watts Bar cavities. They show that the corrections developed for orifice

sizing and gas properties in Eq. (0.31) work satisfactorily for many

reactor cavities.

0.3.4.2 WATTS BAR BLOWDOWN TESTS

The Watts Bar 1/42 scale blowdown tests used water and woods metal with

nitrogen or helium (4). Overall correlation of the Watts Bar data is shown

in fig. 0.11. It is adequate but not as good as for the Winfrith constant

gas flow rate tests. Some of the scatter, also, may be caused by the

inherent deviation in the blowdown experimental data. In fig. 0.9, Watts

Bar measured entrained fractions are plotted versus Euler number. Data

reproducibility is seen to be difficult because of the sharp rise in

entrained fraction versus Euler number. Also, for two of the test runs

carried out with the 9.53 mm orifice, there is an observed flattening of

the entrainment rate as the entrainment fraction approaches one. A

different entrainment mechanism (e.g. thin film) may be more appropriate

for such points. There is one other reason for the increased scatter in

figs. 0.9, 0.10, and 0.11. We observe that the woods metal data tend to be

significantly lower than the water results. The difference may be

associated with the increased gas velocity required to disperse woods metal

and it is possible that the higher gas velocities may have produced a

different entrainment flow pattern. Another possibility is that the gas

may be slowed down significantly by the accelerating heavy woods metal

particles.

The Watts Bar Kc values were found to be Kc=l.0 for water and Kc=0.06

for woods metal. The Kc values were calculated for ds=0.00953 mm and

Rs and Tis taken for air at a 295 K temperature for the water tests

and at 440-474 K temperatures for the woods metal results. The blowdown

time was about 0.11 sec for the standard orifice of 0.00953m and for

nitrogen.

0-30



0.3.4.3 SURRY BLOWDOWN TESTS

The Surry 1/42 scale blowdown tests used water and woods metal with

nitrogen or helium. They utilized three orifices: 0.00467 m, 0.00675 m,

and 0.00953 m. The Surry data are plotted in fig. 0.12 and they are seen

to segregate into two distinct sets as the Watts Bar data: water results

which fall along a line with Kc=0.8 and woods metal data which gather

along another line with Kc=0.0 16 . The Kc values were calculated for

ds-0.00953 m and Rs and Ti,s taken for air at a 295 K temperature for

the water tests and at 440-474 K tank temperatures for the woods metal

test. The blowdown time was about 0.11 sec.

The original Surry Brookhaven data are plotted in fig. 0.13 in terms of

entrainment fraction versus Euler number. Comparison of figs. 0.12 and

0.13 show that Eq. (0.31) dbes a good job of bringing together water and

woods metal results obtained with three different orifices and with two

different gases. Also, as noted with the Watts Bar measurement, the woods

metal correlation requires a significant lower value of the constant Kc

because increased Euler numbers are required to initiate entrainment for

woods metal by comparison to water.

The 1/25 scale Sizewell blowdown tests were performed with water and air or

helium (5). Three orifice sizes were used: 6.27 mm, 9.45 mm, and

19.05 mm. An acceptable correlation of the data is obtained in fig. 0.14

with Kc-O.020 for ds=0.0125 m and Rs and Ti,s taken for air at a

293 K temperature. The corresponding blowdown time was about 0.2 sec.

An orifice size of 0.0125 m was used in fig. 0.14 to allow comparison with

the constant reservoir pressure tests. The results, however, show that,

while they employ many of the same non-dimensional groupings as the

constant gas flow rate tests, they depend upon the gas utilized and they

require different values of the cavity constant value Kc even when oneCI

takes into account the 10 sec injection for constant gas flow versus the

0.2 sec blowdowm time. In other words, there are differences in the

dynamic behavior of the two sets of Sizewell tests which had to be

compensated for by the cavity constant Kc and a gas property adjustment
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1/42 Scale Surry Blowdown Tests
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JRsTis/RTi. One typical dynamic difference, for example, is
that the debris bed is moving during blowdown tests instead of being
stationary.

0.3.4.5 ZION BLOWDOWN TESTS

The Zion 1/10 scale blowdown tests were performed by Sandia with a 0.038m
orifice and water and air or helium (1). The results are plotted in
fig. 0.15 and they are brought together by the same Eq. (0.31) with
KcO.Ol, ds-0.038, and Rs and Ti,s taken for air at a 293 K tank
temperature. The blowdown time was about 0.47 sec. Fig. 0.14 tends to
indicate that the helium data could benefit from additional correction and
that the initial mass of debris used in the tests did not have a
significant impact upon the results.

0.3.4.6 DiscussioN OF BLOWDOWN TESTS

The most remarkable feature of figs. 0.9 to 0.15 is that the test results
obtained for a variety of cavities and test conditions were capable of
being correlated by the same basic Eq. (0.31). This result is most
encouraging to this and future bottom-up efforts of correlating debris

dispersal during DCH.

For the two reactor cavities in which water and woods metal were employed,
woods metal dispersal required increased gas velocities, i.e. lower Kc
values, over those needed for water. An obvious correction factor which
could bring the two fluids closer would be an empirical density ratio.
However, it was felt that additional tests with woods metal simulant may be
needed because the Surry and Watts Bar woods metal data exhibited
differences in behavior not readily fixed by just a density ratio
multiplier. Also, the Kc values obtained with woods metal for the Surry
and Watts Bar were much more in line with the Kc values obtained with
water in the Zion and Sizewell tests. Finally, it was not clear where
woods metal data would have fallen for the Zion and Sizewell cavities.
Additional woods metal simulant tests could be helpful in clarifying this

entire situation. It may be worthwhile in performing such tests to enlarge
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the reactor tank volume to see if it reduces the experimental scatter and
if it can be shown that the role of the tank size is as predicted by
Eq. (0.31). Also, some tests with constant gas flow rates may help
elucidate the role played by debris of very high density.

Similarly, better understanding of the gas boundary layer near the cavity
floor would be desirable particularly if it can explain the orifice sizing
factor derived from the test data. Also, available tests do not include a
systematic investigation of the orifice distance from the cavity floor and
future tests should consider it because reactor vessels are not all located
at the same distance from the cavity floor.

0.4 INCEPTION OF ENTRAINMENT

The inception of entrainment is an important parameter for several
reasons. First, the NRC and industry have been evaluating methods to
reduce the impact of DCH. One prime candidate is to reduce the reactor
vessel pressure and thus reduce if not avoid entrainment or dispersion of
hot particles into the containment. Second, the values for inception of
entrainment provide another opportunity to develop groupings of fluid
properties to bring together various fluids. Third, the impact of orifice

or vessel blowdown hole sizes as well as gas and fluid property differences

can be rechecked by looking at the start of entrainment.

There are two published correlations for the inception of entrainment.
Both show no dependence upon the type of gas employed. The first was
developed by Kutateladze (20).

Pgj;/2Pc - 3.7 [gapfJ] 0 5 /2Pc (0.32)

Another expression recommended by Ishii and Grolmes (12) for turbulent

liquid and gas flows can be rewritten as

Pgji/2Pc Wo2 Pf Nc. 6/pf (2Pc) for Np < 1/15 (0.33)

Pgi•/2Pc - 0.1146 a2 pf/pf (2Pc) for N, > 1/15

where

NJ,= _ f /[pfG!o/g(pf - pg)] 1/2
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Euler numbers corresponding to entrainment inception for the constant gas

flow rate Winfrith tests have been calculated from Eqs. (0.32) and (0.33)

and they are compared to Winfrith values as well as Inception Euler numbers

obtained from Eq. (0.23):

ISHII-
FLUID WINFRITH KUTATELADZE GROLMES Ea. (0.23)

EULER EULER EULER EULER

Water 0.035x10- 3  1.81x10- 3  1.45x10 3  0.052x10 3

Silicone 200/5 0.042x10-3  0 .91x10 3  0.26x10 3  0.050x10"3

Silicone 200/10 0.045x10-3  0.91x10"3  0.16x10"3  0.050x10" 3

Flutec 0.50x10- 3  1.3x10" 3  0.33x10"3  0.043x10 3

The large difference between the Winfrith inception values and those

predicted by Eqs. (0.32) and (0.33) can be traced to the fact that the

gaseous "velocities near the cavity floor are more than 5 times greater

than the average" velocity based upon the entire cavity cross-sectional

area (§). Fig. 0.16 taken from Reference (5) supports the need to multiply

the inception Euler numbers from the Winfrith tests by a factor of 52 or

25. When this factor of 25 is applied to the Winfrith inception values,

they approach the values calculated from available correlations and

particularly Kutetaladze Eq. (0.32). However, both Kutetaladze and Ishli

and Grolmes predict increased fluid property impact upon entrainment

inception than measured at Winfrith.

The values derived from Eq. (0.23) were obtained by setting

6/Si=0.99 and calculating the Euler number and the parameter Y

corresponding to one percent entrainment or debris dispersion. As one

would expect, the calculated critical Euler numbers were in close agreement

with the Winfrith results.

In the case of blowdown tests, test data can be employed to deduce the

entrainment inception Euler numbers. For example, for the Surry 1/42

cavity the experimental data in fig. 0.13 were extrapolated to an entrained
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Tunnel Width 134 Im

Negative values signify backward flow.

Measurements made in vertical plane at minimum valut cross section
position.

Gas discharge: air at 50 pslg from rounded hole 12.5 m diameter at
bottom end of simulated PWR pressure vessel.

Figure 0.16. Normalized gas velocity distribution measured in 1/25 scale
model of vault at Winfrith.
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fraction of one percent and the following estimated inception values were

obtained:

Orifice of 4.67mm, N2 and water Euc - 6.5x10• 5

Orifice of 4.67mm, He and water Euc - 1.6x10"4

Orifice of 6.75mm, N2 and water Euc - 1.4x10 5

Orifice of 6.75mm, N2 and woods metal Euc - 2.3x10" 3

Orifice of 9.53mm, N2 and water Euc . 2.5x10 4

Orifice of 9.53mm, He and water Euc - 6.2x1O" 4

Orifice of 9.53mm, N2 and woods metal Euc - 5.Ox1O03

We note from the preceding that during blowdown tests Euc changes with

orifice sizing and gas and fluid properties. These same characteristics

are predicted by Eq. (0.31) which can specify critical Euler numbers from

the standard Euc,s for other orifices and gas conditions as follows.

Euc = EUc, Rs 4  /2.3

(0.34)

Eu3, Y [ v 0.99) / Kc [- [-- 2 0.36V

C's Pf Af) Ah./RSTi,s

Eq. (0.34) predicts that the critical Euler ratio would vary as the gas

density ratio raised to the 1/2.3 power; in other words, the helium

critical Euler would be about 2.3 times that with nitrogen. Similarly,

Eq. (0.34) would predict a decrease in critical Euler number with the

orifice diameter to the 1.74 power, so that the critical Euler number would

increase by a factor of about 1.9 in going from an orifice size of 4.67 mm

to 6.75 mm and from an orifice of 6.75 mm to 9.53 mm. Finally, a factor of

about 17 is obtained for going from water to woods metal critical Euler

numbers if the changes in Kc values of fig. 0.12 are taken into account

as well as the changes in fluid density and surface tension. All of these

trends agree with the patterns shown by extrapolated critical Euler numbers

from fig. 0.13.
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A critical Euler number for one percent entrainment in the 1/10 scale Zion
cavity with an orifice of 0.038 m was calculated similarly from Eq. (0.34)

with Kc-O.O1. It was'found that EUc-5.64x0O4 for an air water
blowdown compared to the measured values of 1.1x10" 3 and 1.9x,0O3 for

six percent entrainment.

The close agreement obtained between measured and predicted critical Euler

numbers and their variation with orifice sizing, gas and fluid properties
lends considerable further support to the methodology developed herein.

The success also suggests that measurement of a critical Euler number for a

specified fluid gas combination and reactor cavity could be very useful in
predicting debris dispersal because it can be extrapolated to different

hole sizes and gases through Eq. (0.34). Also, entrainment or debris
dispersion values at other Euler numbers than the critical value can be

derived from

Eu 2.3 (0.35)
Y-Y(6/6i = 0.99) _Eu-_2*3  (.5

Eq. (0.35) could be very helpful in reducing the number of required

simulant tests.

0.5 COMPARISON TO BROOKHAVEN CORRELATIONS

Brookhaven National Laboratory has employed a non-dimensional analysis to
debris dispersal and it has been able to utilize least squares optimization

methods to specify constants and exponents for specified non-dimensional
groupings to get good fits'to test data. Two such correlations have been

developed for the Sizewell and Watts Bar blowdown tests. While good

agreement was obtained with the test data in both cases, the form of the

correlations as well as the values of most of the constants and exponents
were quite different for the Watts Bar and Sizewell debris dispersal

measurements.

For the Watts Bar 1/42 scale cavity, the fraction of retained debris was
found by Brookhaven to be a function of a parameter X, where
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1.618 •o "' os)
N 1.18f [10.44 N1.63  0.522X P15 1f (1+0.273 N ) / (1+3.783 Nf

where L is a characteristic cavity length scale and

(0.36)

2 a
N5 P W N C . ; and N15 ,/Pfgor t 4 c L 3 12

pggL

A comparison of the parameter X to the Euler number function of Eq. (0.30)

can be made in the special case where

0.273 N4
1 .63>> 1 and 3.783 N0. 5 2 2 >> 1

0.962 0.44

X = N5 (] Eu i331 .4 4

Expression (37) can be rewritten

0.962 1.022 2 1 L

f) Euý 3 1  2 c I L9Pf

The function X is very similar to the Euler

In fact,
BROOKHAVEN X

2•337
Euler number Eu.(

, so that

N10.522 (0.37)

.+1
.618 Y1]085c 2

.68Ac LV 1.63[2'-+I'

(0.38)
number function of Eq. (0.30).

EULER NUMBER FUNCTION

Eu .30
Eu1

Surface tension

Orifice diameter

Reservoir Volume

IL1.022

aI

d-4.878

V1.63

2Pc/o

V
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L+u- [-0.8115
Other fluid r2Pc 1~ 06 2 y11 r2P-)1 1
properties [Lpfj[J L[4+]] 2i J [7 - i

The close agreement about the role of Euler number, surface tension, and

even the orifice diameter is especially gratifying. However, there is a

difference in the dependence upon reservoir tank volume, i.e. V1"63

versus V. And, in the case of other fluid properties, one finds that the

Brookhaven group is close to the grouping in the Euler number function

multiplied by about pf-0.962. In order to test the Brookhaven

property group, the Watts Bar and Surry data plots of figs. 0.11 and 0.12

were multiplied by the ratio of water density to woods metal. The results

are shown in figs. 0.17 and 0.18. While excellent agreement was obtained

for Watts Bar in fig. 0.17, the Surry data of fig. 0.18 do not perform as

well. Additional tests with woods metal could help resolve this

discrepancy.

The Brookhaven correlation for the Sizewell blowdown tests was formulated

in terms of a comparable parameter X where

X 4 ] 0N5 (1+1.399 No" 6 2 5 ) / (1+1.847 N"109) (0.39)

Eq. (0.39) can be rewritten for the special case of 1.399 N4 0.6; 1

and 1.847 N "109 >> I as

-+] -0.3125

i r 0.428 0 89 )UPP10.625 1
X Eu 2 tfJ UL 06 c A V ___(0.40)

1 (1 I Cgp0f Ah L3 2 1
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0-44



U0i11 0J - IU aLUS U! JIU '

I
0
ci

0
U)

0

9,-

I

0

0
0

0•

0

4

0
K *

E EE E
E EE E

Nr- Ln p W)P.

* 0~ 00 0O

n.0 a

00404 
+N@00405 +Xwoo

00404 + x It
004041+X 04

• x

*+ #

0

0 0 a

.w 4f
00

NO •x

00

•44.

* 0 0 0

0

+

x

E

CL

.0*~E

I,

wA

0

I.. 0. . . . . . . II I I | i I I . ... . . . . . . ... . . . . . .

0

A 'JDOIW0JDd IUGWU!DJIU3

0

.7
0

Figure 0.18. Surry blowdown data corrected for liquid density.

0-45



Relation (40) is different in every respect from Eq. (0.38) and the Euler

number function of Eq. (0.31). The significant changes between Eq. (0.38) and

Eq. (0.40) may be due to the exclusive emphasis put on least squares

optimization of the constants and exponents in the Brookhaven fits. It is

clear that such correlations could have benefited of the physical perspective

provided by the present methodology to retain some resemblance between the two

fits.

0.6 APPLICATION TO NUCLEAR PLANTS

Debris dispersion in full-scale nuclear plants can be predicted from

Eq. (0.31). Before doing so, it is important to note that the debris

dispersal, E, and the entrainment parameter Y are most dependent upon the

initial Euler number and, therefore, the initial pressure ratio, Pi/Pc.

Gas velocity and cavity cross-sectional flow area are just as significant.

Next in order of importance comes the pressure hole size because debris

dispersal will increase with the area of the hole. Also, because the blowdown

time is proportional to V/Ah, a full-scale plant will be subject to an

entrainment parameter Y ten times that of the Y value predicted for a 1/10

scale model*There is one final cavity characteristic which enters the

calculation: it is the cavity floor area which determines the value of

initial debris thickness, 6i, for a specified release of debris from the

reactor vessel. This parameter, or the ratio of Si/D, however, has a

minor role.

Cavity important parameters are summarized in table 0.1 for the various

cavities tested to date. The corresponding full-scale values are shown in

parentheses. Also, because of their influence upon entrainment, the size of

the tank reservoir, orifices used in the tests as well as the distance of the

orifices to the cavity floor, the volume of debris (excluding sump volume),

and the cavity hydraulic diameter are listed. Table 0.1 shows that there is

considerable variation in many of the key parameters which impact the

entrainment parameter Y and the constant Kc among the facilities tested.

* Brookhaven carried identical woods metal tests with two different sizes
of reservoir and the entrainment parameters measured were directly
proportional to the reserevoir volume as predicted by Eq. (0.31).
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In order to get some perspective on debris dispersal in a full-size cavity,

calculations were carried out for the Zion plant with Eq. (0.31) for a

vessel hole size of 0.4m and a primary system volume of 340 m3 (Z).

Steam was used as the blowdown gas and it was assumed to be at saturation

pressure. We used Rsteam41. 6 1 Rair and f-1.28. The constant Kc

was set at 0.01. The corium properties utilized were o-0.45 N/m,

pf-O,00 kgs/m3 and pf=6xlO- 3 kg/msec.

The debris volume was taken as 8 m3 , giving Si/D=0.0983 and the

calculated values of Y and E are plotted in fig. 0.19. High debri's

dispersal (90 percent or higher) is obtained at reactor vessel pressures of

P1 -3 MPa and above. Depressurization to pressures below I MPa would be

necessary to reduce debris entrainment to less than 10 percent. As shown

in fig. 0.19, a decrease in hole size has a significant impact upon the

entrainment parameter Y. Decreasing the hole to 0.04 m gives only 10

percent debris dispersal at full reactor pressure. Debris dispersions for

the Surry plant are plotted in fig. 0.19 for a primary system volume of

268 m3 (Z). The constant Kc was taken at 0.016. Surry performs better

than the Zion plant but it still leads to high dispersions with an 0.4m

vessel hole. It should be noted that the debris dispersions shown in

fig. 0.19 assume that no structures are present in the reactor cavity and

such structures have been shown to significantly lower debris dispersion.
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0.7 CONCLUSIONS

1. The entrainment fraction during DCH simulant tests can be predicted

from modified entrainment correlations for two-phase annular flow.

Good correlation of test data was obtained for the Winfrith tests where

gases were allowed to flow over a variety of fluids at a constant flow

rate for a specific period of time. For transient blowdown tests

simulating reactor conditions, the correlation of results was not as

good but it shows promise for application to DCH plant circumstances.

An adjustment factor needs to be developed for high density debris and

additional woods metal simulant tests would be desirable.

2. A threshold gaseous reservoir pressure is needed to initiate

entrainment. Prediction of the inception criterion requires knowledge

about the gaseous velocity near the floor of the cavity. The gas

velocity in proximity of the fluid being entrained is several times the

average velocity in the cavity. The measured values for entrainment

inception exhibit deviations from accepted steady-state correlations.

They show dependence upon the orifice or vessel hole size and increased

dependence upon the gas and liquid density. More attention should be

paid in simulant tests to accurately measure the inception of

entrainment because the results might help in improving the prediction

of entrainment fraction.

3. The size of the orifice employed to scale the reactor vessel hole has

an impact upon entrainment fraction. This was surmised to be caused by

a different velocity or thickness of the gaseous layer above the

entrained fluid. Careful scaling of orifice size and of its distance

form the cavity floor is desirable in future tests to understand their

impact.

4. Examination of table 0.1 suggests that a more systematic approach to

some test variables would be desirable. Efforts should be made to

standardize upon a small number of debris volumes to be ejected, hole

sizes, and reservoir volumes, and types of fluid simulant and blowdown

gases. Such efforts will ease the comparison of test results from

various facilities.
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P.1 INTRODUCTION AND SCOPE OF ANALYSIS

After a postulated melt-through failure of the reactor pressure vessel

bottom, molten core debris will be ejected at high velocity through the

bottom break opening into the reactor cavity. The fragmentation of the

liquid debris jet into debris droplets, the chemical reactions of the molten

debris with steam, and the heat transfer from the droplets, by convection to

the gas and by radiation to the gas, the water and the solid structures in

the cavity, may have to be investigated by experiment, to predict

containment pressurization through direct heating of the atmosphere in the

cavity.

The experiments would have to be carried out in small-size test facilities

in such a way that scaling criteria are met which assure the applicability

of the test results to full-size nuclear power plants. The scaling criteria

require that scaling groups which represent the dominant processes of debris

dispersal, chemical reactions and heat transfer, be the same for the

experiment and the nuclear power plant.

Scaling groups for the global processes in direct containment heating are

derived through top-down modeling in preceding appendices [1, 2, 3].

Scaling groups for the local, small-scale process of debris break-up and

dispersal are presented by Ishii [4]. This appendix presents the scaling

analysis for the chemical reaction of Zircaloy in the molten debris with

steam, and for the heat transfer from the debris particles to the gas in the

cavity.

P.2 OBJECTIVE

The thermal response time r and five scaling groups, are to be

derived, namely: the normalized initial excess debris temperature above the

gas temperature AT*D,O, the normalized asymptotic debris excess

temperature AT*D0 s, the ratio of molecular over thermal diffusion

frequencies 0*, the normalized reaction frequency w, and the radiation
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number U*, all of which characterize chemical reaction of debris and
steam, and heat transfer from the debris to the surrounding gas by
convection and by radiation.

The equations governing temperature and particle size of the debris will
be numerically integrated for the case of-constant gas temperature and the
condition of a particle in the interior of a large cavity, where the debris
exchanges heat only with the surrounding gas. The results will serve to
determine if distinct reaction regimes could exist, namely a regime with a
debris temperature excursion, limited only by the total consumption of the
debris particle, or another regime with a self-limiting debris temperature,
where the chemical reaction is either turned off or small enough to be
completely balanced by cooling. Thus the numerical solution will
demonstrate the importance of satisfying scaling laws in the design and
operation of experiments, lest the experiments produce reaction regimes,
which differ from those occurring in the full-size reactor.

The results obtained from integrating the equations governing the particle
temperature and size will also be used to determine how much of the combined
thermal and chemical energies contained in the debris will be transferred to
the gas during the short time that the gas resides in the cavity.

P.3 HEAT TRANSFER ANALYSIS

P.3.1 THE TRANSFER PROCESS

Consider the convective and radiative cooling of a spherical droplet,
which reacts exothermally with the surrounding gas. Below are discussed the
three processes of heat transfer and chemical reaction, along with the
governing parameters for the reference case, which is the common basis for
the scaling analyses in the other appendices of this volume.

The convection is due to the terminal velocity of the particle relative to
the gas flow, which keeps the particle in suspension by balancing drag and
pressure forces on the particle against its weight. The corresponding
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convective heat transfer coefficient hc is computed by Valente [5] in an

attendant appendix.

hc = 456.6 W/(m 2 K) (P.1)

Radiation Heat Exchange takes place between the particle, the gas (only

the vapor is radiatively active) and the neighboring particles. It has been

estimated [5] that only 17% of the total view from the particles is blocked

by neighboring particles. Therefore, the effect of neighboring particles is

ignored and the radiative exchange between particle and gas is approximated

by

q"net, rad 1 1/2 (ED + 1) [QGDED - EGEG] (P.2)

Where E = at4 , black body emissive power,

a - radiative absorbency,
e -radiative emittance,

and subscripts 0 and G designate, respectively, the debris and the gas,

while the subscript GD indicates the dependence of the nongray gas emittance

on the debris temperature. The gas radiative properties are computed

according to Siegel and Howell [6], figs. 17-1 and 17-17, pp. 623 and 625.

The results are:

cGD - 0.418, EG = 0.525 (P.3)

and show that the gas is not gray. The grayness numbe 4

G - EG/ &GD = 1.26 (P.4)

differs from 1.0 for nongray gases, but approaches 1.0 as To -> TG

(Kirchhoff Law). It depends on the ratio of debris to gas temperatures, the

product of vapor partial pressure times equivalent mean beam length of the

gas, and the total gas pressure. The molten debris is taken to be

radiatively black (Lambertian), having the debris emittance ED = 1.0.
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The Chemical Reaction rate for the molten zirconium droplet, reacting
exothermally with steam, is modelled in accordance with the parabolic
reaction law by Baker and Just (see Tong and Weisman (7], p. 288,
Equations 5-91). By combining the reaction rate at the debris particle
surface with the mass balance for a spherical particle, one obtains

1b
S 2d exp (-E

(P.5)

(P.6)
2 -Ltddt

where
d

D

PE
Ea

TD

particle diameter, initially
M molecular diffusivity,

= debris density,

M activation energy,
a debris temperature,

do 6 mm

D - 3.93x10" 6 m2/s

PD- 10,000 kg/m3

Ea/R 22,648 K

TD,- 2,500 K.

P.3.2 THE GOVERNING EaUATIONS

The Single Particle Energy Conservation Equation balances stored energy in
the particle with the net gain from chemical reaction and the convective and
radiative heat losses:

6 (3 dt
6- (PC)D dt f fd2 [MU AHr- hc(TD - TG)

- 1/2 (e +D1) (OGDED - EGEG)] (P.7)

where (pc)D = 5.50 NJ/m3
debris, AHr = 6.05 NJ/kg
the radiative emittance of
Eq. (P.4).

is the volumetric heat capacity of the
is the reaction enthalpy, and eD is
the debris particle, as defined previously below
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The Particle Mass Balance gives the rate at which the particle diameter d

decreases due to Zircaloy oxidation and oxide removal. The two right-hand

sides of Eqs. (P.5) and (P.6) give

d 2 Ea
dtd) ( - 2D exp(RT ) (P.8)

where all the symbols have been defined before. Eqs. (P.7) and (P.8) define

debris temperature and size as a function of time, and thereby the energy

transferred both instantaneously and accumulatively over time from the

debris to the gas, provided that the gas temperature is given. For the

scaling analysis here, the gas temperature is considered to be the given

constant TG - 2,000 K.

P.4 SCALING ANALYSIS

Eqs. (P.7) and (P.8) are normalized to provide the sought-after scaling

groups. The convective response time

7 - do (pc)D/(6hc) (P.9)

is selected as the characteristic time, because convection prevails at all

circumstances, whether chemical reactions take place or not, and whether or

not the temperatures are sufficiently high for radiation to be important.

For the same reason, the gas temperature is used as the reference

temperature, and the initial debris excess temperature over the gas

temperature as the temperature scale. Based on these choices, one obtains

the following normalized parameters for:

the independent variable, i.e.,

normalized time t* - t/T, (P.10)
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the dependent variables, i.e.

normalized debris temperature

normalized debris diameter

normalized gas absorptivity

gas grayness number, see Eq. (P.4)

o - (TD - TG)/(TD,O - TG),
d*M d/dO,

eGD - aGOY'GDO,

G- EG,/GD,

(P.11)

(P.12)

(P.13)

(P.14)

the scaling groups, i.e.,

normalized initial excess
debris temperature

normalized asymptotic excess
debris temperature

normalized radiation number

normalized reaction frequency

ratio of thermal over chemical
response time

AT*D, 0  -

AT Do =

U*

TD, G/TG - 1,f (P.15)

AHrm o/[hc(TD,o-TG)], (P.16)

(cD+1)&GD,OaT 4G/[2hc(TD,O-TG)] (P.17)

exp[Ea/(RTG)], (P.18)

D = 2-D/(d 0
2w) . (P.19)

The normalized asymptotic excess debris temperature AT*D, 0 in

Eq. (P.16) is that temperature which the debris would approach

asymptotically if radiation were insignificant and if the rate of chemical

reaction were constant and equal to its initial value.

Substitution of the normalized parameters, given in Eqs. (P.10) to (P.19)

reduces the two governing equations, Eqs. (P.7) and (P.8) to these forms,

first for the normalized debris temperature

2! I/AT 0 + 0d = ATD,(.L) 2 DO+

dt d d

[(1 +AT 0) 4 -G]
d* GD D,O

(P.20)

G(o) = 1
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then for the particle diameter

0

dt (d*) 2  -D I/ATD 0 +(P.21)

d (0) 1 1

In summary, we now have the scaling groups, Eqs. (P.15) through (P.19),

two radiative property groups, given in Eqs. (P.13) and (P.14) and the

governing equations in scaled form, Eqs. (P.20) and (P.21), which give the

normalized dependent variables, namely debris temperature and particle size,

respectively, these, in turn, are defined by Eqs. (P.11) and (P.12), while

the independent variable, the normalized time, is defined by Eq. (P.10).

P.5 DEBRIS TEMPERATURE HISTORY AND REACTION REGIMES

Eqs. (P.20) and (P.21) have been integrated numerically by the

fourth-order Runge-Kutta method on an HP-28S pocket calculator. The

resulting normalized debris temperature 9 is shown in fig. P.1 versus
the normalized time t*. The bold curve represents the reference case, as

used throughout this report for developing the scaling groups. The

parameters for the reference case are specified in Section 3 above. The

five scaling groups associated with the reference case are presented as the

fifth entry in table P.1 below, starting with the gas temperature of

2,000 K. The integration of the equations for debris temperature 8 and
particle size d, Eqs.(P.20) and (P.21), was performed with the

simplification of keeping the radiative gas properties constant:

*GD -1, and G - Go - 1.26. Both of these properties depend,

however, on the time-dependent debris temperature. The inclusion of the

temperature variations of a*GD and G requires an analytical fit to

the two-dimensional gas emittance data presented, for example, by Siegel and

Howell [6].

P-8



TIME, r

Figure P.1. Debris temperature history dependence on gas temperature.

1.0

0

I
I

GO Tempermm
TG--2,= K
M DebrIs Tempemhn
TAo4= K

d ()=I mm

dow6mm

I I I I1.0
0 0.4 0.8 12 1is 2.0

TIME, r

Figure PM2. Debris temperature history dependence on
size.

initial particle

P-9



Table P.1. Scaling Groups used for Debris Temperature Predictions.

doTG AT*D,o AT*D, 0D*0 0 U*

K 10-2 10-4 104 mm

2#450 0.0204 335.63 25.834 1.0343 37.404 6.00
2,400 0.0417 138.42 21.308 1.254 17.221 6.00
2,300 0.0870 45.918 14.137 1.8901 7.2628 6.00
2,200 0.136 19.566 9.036 2.957 4.0532 6.00
2,000 0.250 4.193 3.338 8.278 1.6610 6.00
1,600 0.563 0.1373 0.190 140.42 0.3780 6.00

2,000 0.250 0.1520 11.520 8.278 1.0039 1.00

For definition of scaling groups see Section 4 above.

Eqs. (P.20) and (P.21) were integrated also for the six additional gas

temperatures of 1,600, 2,200, 2,300, 2,350, 2,400, and 2,450 K. The results

are shown also in Fig. P.1, as the thin curves. Fig. P.2 shows the effect

of starting out with the smaller initial debris particle diameter of

do = 1 mm.

The results for the particle size of 6mm in fig. P.1 show that:

(1) For the reference case, the debris temperature approaches the gas

temperature rapidly, in spite of the exothermal Zirconium oxidation. In

fact, the comparison of the individual contributions to the initial rate of

debris temperature drop reveals that convective cooling is 2.5 times

stronger (-40.9 K/s), and radiative cooling is 4.9 times stronger than the

heating from chemical reaction (+16.5 K/s). This supports the assumption

made in setting up the global energy balance for the reactor cavity [3],

namely that the energy from the exothermal reaction is deposited directly

into the gas, rather than first into the debris and then transferred to the

gas. The reaction energy,.being generated at the surface, is removed by

strong convection and radiation, before it is conducted into the interior of

the debris particle.

P-1O



(2) If the gas temperature were as high as 2,350 K, then the debris
temperature would remain nearly constant (1 1 8 • 1.025), as convective
and radiative cooling just compensates for the heat generated by Zirconium
oxidation. For gas temperatures above 2,350 K, the debris temperature rises
above its initial temperature, until the debris excess temperature becomes
high enough for the debris to reject the heat generated by the Zirconium
oxidation.

(3) The debris temperature TD levels off for all possible gas
temperatures TG • TD,0 below the initial debris temperature TDO of up
to 2,500 K, as radiative and convective cooling prevents a chemical
excursion. Initial debris temperatures higher than 2,500 K are needed to
obtain chemical excursions.

The integration shows also that for the particle diameter of 6 mm, the
debris mass loss is insignificant during the time it remains suspended In
the reactor cavity atmosphere. The fractional diameter reduction varies
during the first 24 seconds of oxidation, between 0.1% and 1.1%,
respectively, in the range of gas temperatures between 1,600 K and 2,480 K.
For gas temperatures below 1,600 K, the reduction is even less. However,
smaller particles suffer greater weight losses. At the reference gas
temperature of 2,000 K, the fractional mass reduction during the first 24.5
seconds increases by a factor of 25 when the initial debris diameter is
taken to be 1 mm instead of 6 mm, as shown in the seventh entry of
table P.2, following fig. P.3.

It is shown in Appendix L of this report, that it takes at the beginning
of the blowdown only rc - 0.148s to replace the gas volume Vc in the
reactor cavity. The single debris particle analysis in this appendix shows
that for particle diameters of 1 and 6 mm, respectively, only 1.6% and 0.16%
of the available combined chemical end thermal (sensible) energies of
6.32 NJ/kg can be transferred from the suspended debris deoplets to the gas
during the short gas residence time rc. Fig. P.3 shows how
little the debris temperature decreases during the gas residence time rc
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Figure P.3.

The smaller the particle size is of a given mass of debris, the larger is

the amount of heat transferred from the debris to the gas in a given time.

The rate of chemical heating is proportional to the square of the reciprocal

of the particle diameter, while the particle cooling rate by convection is

proportional only to the reciprocal of particle diameter, taken to some

power less than unity. The radiative cooling rate is independent of the

particle diameter. The consequence of this is that, for the reference case

with the debris temperature of 2500 K, and the gas temperature of 200 K, the
P-12



Table P.2. Effect of Particle Size on Debris Mass Loss and Accumulated Helt
Transfer from Debris to Gas (evaluations for t - 24.1s, when t- 2
for do - 6 mm).

Particle diameter do 6 mm 1 mm
Characteristic time T 12.05 s 1.21 s
Actual time , t 24.10 s 24.48 s
Normalized time t -t/T 2 20.2
Normalized temperature 0 0.181 0.275
Normalized diamete; d/d 0  0.998 0.947
Mass reduction @ t

1- (d/do) 3  0.6% 15.1%
fraction of total heat

transferred to gas @ t*,
1-(d/do) 3 [AHor+cp(TD-T°)]/

[AH~r+cp(TD,O-T°)] # 3.7% 17.4%

* AH~r is the heat of reaction at the reference temperature To - 298.15K.

ratio of chemical heating to combined convection and radiative cooling rates

grows with decreasing particle size. The growth is proportional to

d- 0 -889 , and the ratio becomes unity for d - 0.64 mm, where d is the

droplet diameter, as shown in fig. P.4. Droplets of diameters smaller than

0.64 mm are likely to burn up, until all the Zirconium is oxidized.

However, the mass of the droplets with diameters less than 1 mm is small
when compared with the mass of all the suspended molten debris droplets.

Thus the small droplets may not contribute much to the pressurization of the

reactor cavity.
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P.6 CONCLUSIONS

Five scaling groups govern the physicochemical processes of debris gas

interaction, which is described in terms of two scaled state variables and

two non-dimensional gas properties. The state variables are the normalized

temperature and particle diameter, the two properties are the normalized gas

radiative absorptance and the grayness number. The scaling groups are

defined by Eqs. (P.15) to (P.19).

Radiative cooling is more important than convective cooling. The combined

convective and radiative cooling rates are Initially eight times higher than

the heating rate from Zirconium oxidation.

There is no chemical excursion expected for debris temperatures up to

2,500 K. For the debris temperature of 2,500 K, debris heating by oxidation

is balanced by convective and radiative cooling if the gas temperature is

approximately 2,350 K. For higher and lower gas temperatures, respectively,

the debris temperature levels off above and below its initial temperature.

Smaller debris particles heat up the gas faster. Small particles have a

larger ratio of surface area to heat capacity and achieve, therefore, faster

equilibration with the surrounding gas than the large particles. In

addition to the greater cooling rate, small particles have a greater rate of

heat generation from chemical reaction than the large particles. For

particles with diameters below 0.64 mm, chemical heating exceeds convective

and radiative cooling, and the particle will burn up in a thermal excursion.

Only 0.04%, 0.14% and 0.75% of the combined chemical and sensible energies

of 6.32 MJ/kg, contained in the suspended Zirconium debris droplets of 20, 6

and 1 mm, respectively, are transferred to the gas, while the gas passes

through the reactor cavity, under the initial conditions.
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APPENDIX Q
FLOW REGIMES AND FORCES DURING THE CLEARING OF THE REACTOR CAVITY

Prepared by
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0.1 INTRODUCTION

The question of how dispersed the melt is when it is ejected from the

cavity by the steam-hydrogen mixture which follows the melt out the break in

the vessel is one of the keys to predicting how much direct containment

heating occurs. One aspect as to how finely dispersed the liquid is, is

whether the melt is entrained and swept out in the form of drops, or,

whether it forms a slug and is ejected as a great lump. The area for

corium-gas heat transfer is greatly different for these two cases. Some

experiments recently completed at MIT shed light on this question. In this

appendix, these experiments will be described and conclusions drawn as to

what flow configuration is to be expected during cavity clearing in the DCH

transient.

0.2 EXPERIMENTAL PROGRAM

Two recent theses at MIT [1, 2], provide insight into the processes

occurring during the clearing of a pool of liquid, from the bottom of a

pipe, by a high velocity gas stream. The first thesis [1] describes how a

plug of liquid is accelerated and eroded as it is forced down a pipe by a

gas stream. The second thesis [2] describes how these results can be

applied to a nominally horizontal pipe which has a low point in it which

contains a pool of water. This pool may or may not be deep enough to bridge

the pipe. Before presenting the results of these experiments, the

apparatus, measurements and observations will be described.

Fig. Q.1 shows the apparatus used in reference [2]. A horizontal pipe with

a dip in it, in which a pool of water was placed, was installed down stream

of a choked flow orifice (to meter the flow) and upstream of a free standing

bend that turned the clearing flow 90 degrees. This bend and a force
transducer allowed us to measure the needed restraining forces and

incidentally allows us to infer the flow regime that existed as the air and

entrained water passed around the bend.

A sample of the force-time traces for a clearing velocity of 35.8 m/s is

shown on fig. Q.2 for three different initial liquid fractions. It is clear
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Dimensionless Peak Force vs. Liquid Fraction
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Figure Q.2. Dimensionless peak force as a function of initial liquid
fraction, with typical force-time traces for stratified
wavy, large-wave stratified, and slug flow.
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that, until the liquid fraction exceeds about 0.25, the peak force observed

is very small. This is due to the low density of the air-water mixture

which is passing around the bend. The low density reflects a stratified,

annular, or annular dispersed flow regime. It does not, in any case,
reflect slug flow.

It is clear from fig. Q.2 even when the liquid fraction is large, if the

clearing velocity is high enough, the maximum density of the material

passing around the bend is reduced from that of pure liquid both by the air

penetrating into the rear of the slug and the air entrainment into the front

of the slug as it proceeds down the pipe. A pure liquid slug represents an
upper bound. We can use this bound to define a nondimensional maximum force

as is done in Eq. Q.1.

F2* -(Q.l)
(PfV 2nominal)A

where F is the measured peak force, pf is the liquid density,

Vnominal is the nominal, superficial velocity of air in the pipe, and A is
the cross sectional area of the pipe. It is also clear from fig. Q.2 that,

by assuming solid liquid in the slug and using the nominal of the air
driving the slug (atmospheric pressure), the peak force on the bend is

fairly well predicted. The deviations are due to the details of the slug
dynamics.

The peak force on the bend is always reduced as the slug, if there is one,

is eroded by the liquid left behind while the slug travels down the pipe.

This is most easily seen on fig. Q.3 in which the peak force is reduced to a
very small value when the dimensionless distance travelled, D*, is greater

than 6. In this case the dimensionless distance is defined as in Eq. Q.2.

L

0* - (Q.2)
Ln

L is the distance shown on fig. Q.1. Ln is the nominal slug length which

is defined as the volume of water in the pool divided by the pipe cross
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Figure Q.3. Dimensionless peak force as a function of dispersion distance.

sectional area. It is evident that the liquid is invariably quite dispersed
by the the time the slug has travelled a distance of D* = 6 or more.

Though this is a single experiment, the value of D* at which gas

penetrates the whole slug can also be calculated from the drift flux model

and steady state slug flow data, data which has been taken in a large

variety of systems and fluids. The amount of liquid left behind as a slug

of pure liquid is propelled down a pipe by a gas piston is about l-a, or

0.2 for a tube. It appears that the kinematics of slug flow are the same

whether the flow is steady or transient.
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U.3 APPLICATION TO THE DCH TRANSIENT

These findings bear on the DCH transient in several ways.

they apply, we should begin by describing the system.

To show how

A schematic of the lower cavity configuration for a Zion type PWR is shown

on fig. Q.4. It is assumed that the vessel ruptures at the bottom and the

mixture of molten fuel and cladding is discharged onto the floor of the

tunnel. This discharge is followed by a burst of steam and hydrogen that

clears and disperses the mixture up into the containment. A great variety

of reactor cavity configurations are found in American plants. Most;

however, have their essential features in common with this one. These

features are a place for a pool of corium to collect after vessel rupture

and a large passage connecting the lower vessel to the containment.

An idea of the size of these features can be obtained by scaling the

proportions from fig. Q.4. Assuming a *standard" melt and a vessel that is

6.0 m in diameter, we obtain the following values:

Feature

Melt volume

Tunnel'length

Tunnel width

Tunnel height

5.5

13.0

6.0

4.0

in3

in

in

in

Source

this report
fig. Q.4
typical proportions
fig. Q.4

The

as:

above values give an undisturbed pool depth in the bottom of the tunnel

d - 0.07 m

The resulting liquid fraction in the tunnel is therefore:

1-a = 0.0175

This is such a long way from the liquid fraction which leads to slug

formation (0.2) that it can be asserted categorically that slug flow in the

tunnel is impossible.
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Configuration is typical of

Figure Q.4. Schematic of the lower reactor cavity configuration for a Zion
(Type A) plant.

Q-8



Further justification for this statement can be obtained from fig. Q.2
where we see that we are not in slug flow when the liquid fraction obtained
is this small. The dimensionless peak forces measured during pipe clearance
are either imperceptible or well below the value of one, expected from a
pure liquid slug. The flow is either stratified, annular, or annular
dispersed. The structure, which might be heavily impacted by the pool
entrainment and accompanying hot gases does not experience exceptionally
large forces as it would from an impacting slug of liquid. This conclusion
is further reinforced by the peak force vs dispersion distance data that is
shown in fig. Q.3. This curve shows that, even if there were enough liquid
in the pool to allow transition to slug flow, the slug flow would not
persist because of liquid left behind as the slug proceeds down the tunnel.
This means that the liquid is in the form of drops and ligaments whose size
and properties can be estimated from existing information.
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