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NRC-04-07-094 NRC TASK ORDER 004

ADDITIONAL TASK ORDER TERMS AND CONDITIONS

A.1 CONSIDERATION AND OBLIGATION--TASK ORDER

(a) The total estimated amount of this Task Order (ceiling) for the products/services ordered, delivered, and
accepted under this contract is $239,248.00.

(b) The amount presently obligated with respect to this Task Order is $65,000.00. This obligated amount may
be unilaterally increased from time to time by the Contracting Officer by written modification to this contract.
The obligated amount shall, at no time, exceed the Task Order ceiling as specified in paragraph (a) above.
When and if the amount(s) paid and payable to the Contractor hereunder shall equal the obligated amount, the
Contractor shall not be obligated to continue performance of the work unless and until the Contracting Officer
shall increase the amount obligated with respect to this contract. Any work undertaken by the Contractor in
excess of the obligated amount specified above is done so at the Contractor's sole risk.

Page 2



STATEMENT OF WORK FOR TASK ORDER NO. 004

CONTRACT NO. NRC-04-07-094 ENTITLED
"THERMAL-HYDRAULIC EXPERIMENTAL AND MODEL DEVELOPMENT SUPPORT FOR

TRACE"
Task Order No. 004 Title: "P-cHF :H•,eat:. :ransfer•and H.dynamics"

Contractor: Purdue University/UCLA
Site: Purdue University/UCLA
Principal Investigators: M. Ishii (765-494-4587)

lthcaecn.purdue.edu
Vijay K. Dhir (UCLA) - (310-825-8507)

NRC Project Manager: Joseph M. Kelly (301-415-6852)
irnkl anrc.qov

BACKGROUND

The USNRC's system thermal-hydraulic analysis code TRACE (TRAC RELAP Advanced
Computational Engine) is being developed to provide a best-estimate accident analysis
capability for both operating pressurized and boiling water reactors as well as the next
generation of evolutionary water reactor designs. To perform auditing calculations for best-
estimate analyses of large and intermediate break loss-of-coolant accidents, the post-CHF
models of the TRACE code must provide for a realistic treatment of the involved phenomena
without undue conservatisms.

An "interim" reflood model was implemented in TRACE 5.0 to overcome the severe problems
encountered with the previous TRAC-PF1/Mod2 model. As part of this remedial model
development effort, a number of areas were identified where the post-CHF models need further
improvement. This Task Order addresses two of those areas:

* Heat transfer just downstream of the quench front, and
* Entrainment modeling during bottom reflood.

Just downstream of the quench front, there exist a region of low-quality film boiling generally
referred to as inverted annular film boiling. Further downstream, as the liquid subcooling is lost,
the vapor superficial velocity rapidly increases causing the breakup of the liquid core and
entrainment of the liquid in the form of dispersed droplets. In turn, this dispersed flow provides
the heat sink for the fuel rod decay heat at the point where the peak clad temperature occurs.
Therefore, accurate modeling of the inverted annular film boiling regime and its transition to
dispersed flow are a prerequisite for the accurate computation of figures of merit for typical
TRACE audit calculations: peak clad temperature and, eventually, clad oxidation.

Two-fluid codes such as TRACE frequently use ad hoc models for wall and interfacial heat
transfer as well as interfacial shear in the inverted annular film boiling flow regime. Similarly,
the current reflood entrainment model is based on data for gas bubbling through a pool rather
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than on actual reflood data. For TRACE 6.0, a droplet field is being added to overcome some of
the modeling limitations uncovered in the recent assessment. Consequently, one of the high
priority model development tasks is the development of a reflood entrainment correlation.

This Task Order is designed to complement the data obtained in the previous Rod Bundle Heat
Transfer (RBHT) reflood tests to facilitate this model development. Specifically, by conducting
steady-state film boiling tests, it is possible to determine the local flow conditions downstream of
the quench front so that the needed models can be developed. For the RBHT tests, the
determination of the local flow conditions is much more uncertain due to the transient nature of
the quench front heat release and the precursory cooling just downstream. For steady state
tests, the calculation of the necessary mass and energy balances to determine the local
conditions is straightforward. Therefore, this Task Order will conduct steady state low-quality
film boiling tests in a rod bundle geometry through the usage of a "hot patch" technique to
freeze the quench front.

Hot patches are basically a localized high power region, typically implemented using a copper
block with embedded cartridge heaters, and have been used in the past to perform steady state
film boiling tests in tubes. When the working fluid is water, the power required to stabilize the
quench front is high so that a large copper block is required, rendering this technique unsuitable
for a rod bundle. Furthermore, with water as the working fluid, the film boiling temperatures are
such that radiation heat transfer becomes significant. To minimize non-prototypical effects
caused by thermal radiation from the heater rods to the housing and subsequent heat losses,
this requires the test bundle to be as large as possible. For example, in the design of the RBHT
facility, it was determined that a 7x7 array was the minimum size necessary. Both of these
experimental difficulties can be surmounted by the usage of a refrigerant as the working fluid.
This is the technical approach called for in this Task Order.

II. OBJECTIVES

The primary objective of this Task Order is the generation of an experimental database
sufficient to develop improved models and correlations for reflood entrainment and inverted
annular film boiling heat transfer and interfacial shear in the region just downstream of the
quench front. An experimental study of conditions near the quench front using a 3x3 rod
bundle and a refrigerant working fluid will be performed. To facilitate model development, the
rod bundle experiments will employ a "hot patch" t"echnique to freeze the quench front thereby
allowing for steady state film boiling tests to be conducted at low quality conditions. To assist in
understanding these phenomena, visual observations of the quench process are to be made
using high speed photography. Local thermodynamic non-equilibrium in both the liquid and
vapor phases are to be determined.

Specific objectives are:

1. To develop a "hot patch" technique capable of stabilizing the quench front and suitable
for implementation in a rod bundle test section;

2. To perform low-quality film boiling tests to generate a database sufficient to develop
improved models and correlations for reflood entrainment and inverted annular film
boiling.
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Ill. WORK REQUIREMENTS

This work consists of the following three tasks: Hot Patch Testing, Construction of the Rod
Bundle Test Section, and Steady-State Low-Quality Film Boiling Tests. Task 1 will provide the
necessary information to design the hot patch to be used to freeze the quench front in the rod
bundle tests. Task 2 is to complete the construction and shakedown testing of the rod bundle
test section in the refrigerant loop. Task 3 is to conduct steady state film boiling tests to provide
the database for model development and assessment.

Task 1: Hot Patch Testing

The contractor shall conduct single heater rod tests in the refrigerant flow loop to determine the
requirements for effective operation of a "hot patch" for the rod bundle test facility. The role of
the hot patch is to freeze the quench front so that steady state film boiling can be established at
low quality (subcooled) conditions without using elevated rod powers that would lead to non-
prototypic conditions. The goal of this task is to design and test a hot patch that will effectively
freeze the quench front but without significantly distorting the inlet conditions. This requires that
the hot patch be as short as possible, use the minimum power, and be instrumented well
enough that the deposition of heat into the fluid can be accurately calculated.

The hot patch design and required operating conditions shall be documented by the contractor
in a letter report.

Deliverables Est. Completion Date

Letter report on hot patch design and 4 months after award
operating requirements.

Task 2: Construction of the Rod Bundle Test Section

The contractor shall complete design, construction and shakedown testing of a 3x3 rod bundle
in the refrigerant flow loop. This test section shall be capable of performing both steady state
film boiling and quench experiments and have a heated length somewhat greater than the axial
extent of one grid span in a prototypic reactor fuel bundle. Furthermore, the bundle housing
should be designed so that the "heated equivalent diameter" for the subchannels on the
periphery is the same as that for the interior subchannels. Appropriate instrumentation shall be
provided for:

1. Bundle inlet conditions: flow rate and temperature,
2. Applied bundle and hot patch powers,
3. Bundle exit pressure,
4. Axial profile of rod temperatures and heat fluxes downstream of the hot patch,
5. Subcooled liquid temperatures downstream of the hot patch at a minimum of two

axial locations,
6. Superheated vapor temperatures for each interior subchannel at a minimum of
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three axial elevations,
7. Axial profile of void fraction in the film boiling region,and
8. Determination of the extent of the inverted annular film boiling region, that is, the

axial elevation at which dispersed flow begins.

If practical, high speed digital photography should also be used to measure the entrained
droplet diameter. A bundle design and instrumentation review meeting shall be held with the
NRC project manager prior to bundle construction. Finally, shakedown tests shall be conducted
to demonstrate the ability of the bundle hot patch to freeze the quench front and operate in a
steady state mode.

A letter report shall be prepared documenting the rod bundle design, the shakedown tests, and
bundle heat losses.

Deliverables Est. Completion Date

Letter report documenting the bundle 12 months after award
design and shakedown tests

Task 3: Steady-State Rod Bundle Low-Quality Film Boiling Tests

The contractor shall conduct a series of steady-state film boiling tests in the 3x3 rod bundle
geometry with low-quality (subcooled) inlet conditions. The test matrix shall include at least two
pressure levels, four inlet velocities and three inlet subcoolings. The test matrix shall be
proposed in a letter report and concurred upon by the NRC project manager. Data generated
from these matrix tests shall be provided to the NRC in electronic format to facilitate model
development. Specifically, a MS Excel workbook shall be provided with the data from each
individual test comprising one worksheet. Also, functions to calculate the refrigerant
thermodynamic and transport properties shall be included as user defined functions in a Visual
Basic module.

A final letter report shall be prepared describing the experimental results and the data
transferred to the NRC in the specified electronic format.

Deliverables Est. Completion Date

Letter report on proposed test matrix. 1 month after award

Final report and data in electronic format. 24 months after award

IV. RESEARCH QUALITY

The quality of NRC research programs are assessed each year by the Advisory Committee on
Reactor Safeguards. Within the context of their reviews of RES programs, the definition of
quality research is based upon several major characteristics:
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Results meet the objectives (75% of overall score)
Justification of major assumptions (12%)
Soundness of technical approach and results (52%)
Uncertainties and sensitivities addressed (11%)

Documentation of research results and methods is adequate (25% of overall score)
Clarity of presentation (16%)
Identification of major assumptions (9%)

It is the responsibility of the contractor to ensure that these quality criteria are adequately
addressed throughout the course of the research. that is performed. The NRC project manager
and technical monitor will review all research products with these criteria in mind.

V. REPORTING REQUIREMENTS

1. Monthly Letter Status Report (MLSR)

A MLSR should be submitted to the NRC Project Manager by the 20th of the month
following the month to be reported with copies provided to the following:

Project Manager/Technical Monitor (Joseph M. Kelly, Mail Stop T-10K08)
Division Management Analyst, (Sharon Haggerty, Mail Stop T-1 0E50)
Contracting Officer, (Heriberto Col6n, Jr., Mail Stop T-712)

The MLSR shall identify the title of the project, the job code, the Principal Investigator,
the period of performance, the reporting period, summarize each month's technical
progress, list monthly spending, total spending to date, and the remaining funds. Any
administrative or technical difficulties which may affect the schedule or costs of the
project shall be immediately brought to the attention of the NRC project manager.

VI. DELIVERABLES AND DELIVERY SCHEDULE

1. Letter report describing the proposed test matrix for Task #3 to be delivered one month
after the award date.

2. Letter report detailing the hot patch design and operating requirements to be delivered 4
months after the award date.

3. Letter report describing the test bundle design, shakedown test results and bundle heat
losses to be delivered 12 months after the award date.

4. Final letter report describing the experimental results and the test data in electronic

format to be delivered 24 months after the award date.

VII. MEETINGS AND TRAVEL REQUIREMENTS

For domestic travel, the contractor is expected to attend an annual meeting at the NRC in
Rockville, MD, for research review and a national conference. The trips will be of approximately
two days duration. All trips have to obtain approval from the NRC project manager in advance.
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VIII. TECHNICAL DIRECTION

Technical direction will be provided by the Project Manager (Joseph M. Kelly), who can be
reached at:

U.S. Nuclear Regulatory Commission
Mail Stop: (T-10K08)
Washington, D.C. 20555-0001
Phone: (301) 415-6852
Fax: (301) 415-5160
Email: (imk1 @nrc.gov)
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